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ABSTRACT: The coordination chemistry of Cm(III) with _
aqueous phosphates was investigated by means of laser-induced
luminescence spectroscopy and ab initio simulations. For the first
time, in addition to the presence of Cm(H,P0O,)*, the formation
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of Cm(H,PO,)," was unambiguously established from the ‘Dz | 8,
luminescence spectroscopic data collected at various H*
concentrations (—log,, [H'] = 2.52, 3.44, and 3.65), ionic Iy o058 0.0030 0.0032
strengths (0.5—3.0 mol-L™" NaClO,), and temperatures (25—90 8 g %./ K-
°C). Complexation constants for both species were derived and g 2 ,
extrapolated to standard conditions using the specific ion g S ’ AgHp
interaction theory. The molal enthalpy AgHY, and molal entropy S . ARSY,
AgSy, of both complexation reactions were derived using the Srp | >

integrated van’t Hoff equation and indicated an endothermic and

entropy-driven complexation. For the Cm(H,PO,)," complex, a more satisfactory description could be obtained when including the
molal heat capacity term. While monodentate binding of the H,PO,~ ligand(s) to the central curium ion was found to be the most
stable configuration for both complexes in our ab initio simulations and luminescence lifetime analyses, a different temperature-
dependent coordination to hydration water molecules could be deduced from the electronic structure of the Cm(III)—phosphate
complexes. More precisely, where the Cm(H,PO,)*" complex could be shown to retain an overall coordination number of 9 over the
entire investigated temperature range, a coordination change from 9 to 8 was established for the Cm(H,PO,)," species with

increasing temperature.

1. INTRODUCTION

The coordination chemistry of actinides (An), particularly
involving strong inorganic ligands such as carbonate,
hydroxide, and phosphate, is an important factor governing
their environmental behavior and subsequently their mobility
in the (sub)surface.’ > Depending on the actinide and
inorganic ligand in question, soluble complexes may form in
solution, which do not adhere on solid phases due to, e.g,
charge constraints, consequently increasing the mobility of the
actinide in the surrounding. Alternatively, the solubility of an
actinide-bearing solid phase such as hydroxide, oxide,
carbonate, or phosphate can be exceeded, leading to
precipitation and, potentially, to the immobilization of the
actinide. Thus, in order to predict the mobility of radioactive
contaminants in natural aquatic systems, especially with regard
to the safety of nuclear waste disposal, reliable thermodynamic
data such as complexation constants, solubility products, and
enthalpies and entropies of reaction are required.

Inorganic phosphates (mainly orthophosphates) in the
environment originate from the natural decomposition, or
the solubilization mediated by microbial processes, of
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phosphate-containing rocks and minerals.”” Anthropogenic
sources such as fertilizer runoff and the use of phosphate-based
detergents locally add to the phosphorus content in the
environment.””” In addition, phosphate-containing glasses or
crystalline phosphate-based ceramics such as lanthanide (Ln)
orthophosphates with the monazite structure (LnPO,) may be
used for the immobilization of HLW streams for safe storage in
deep underground repositories in the future,'*”"* which could
locally increase the occurrence of phosphate in the repository.
In this context especially trivalent actinides (Cm*, Am®")
present in, e.g.,, spent nuclear fuel (SNF) reprocessing waste
and plutonium (Pu) originating from the dismantling of
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Table 1. Published Complexation Constants at Infinite Dilution (log,, #°) for Cm(III)— and Am(III)—Phosphate Complexes

literature method complex logyo A T (°C) complex formation reaction
curium
Jordan et al."* TRLEFS (4, = 396.6 nm)* Cm(H,PO,)* 2.59 + 0.19" 25 Cm* + H,PO,” = Cm(H,P0,)*
2.73 + 0.16" 40
2.83 + 0.24" 50
2.96 + 0.16" 60
3.11 + 0.16" 80
Moll et al.'® TRLES (A = 396 nm)* Cm(H,PO,)* 246 + 0.13 RT.S Cm* + H,PO,” = Cm(H,PO,)*
Cm(HPO,)* 6.21 + 0.80 Cm* + HPO,>~ = Cm(HPO,)*
Morgenstern'® TRLES* Cm(H,PO,)* 2.71 + 0.047 RT.C Cm* + H,PO,” = Cm(H,P0,)*
Moskvin'” N.AC Cm(H,PO,)* 2.40 N.AC Cm* + H,PO,” = Cm(H,PO,)*
Cm(H,P0,)," 3.60 Cm** + 2H,PO,” = Cm(H,PO,),"
Cm(H,PO,);° 5.61 Cm*" + 3H,PO,” = Cm(H,PO,),’
Cm(H,PO,),” 6.20 Cm*" + 4H,PO,” = Cm(H,PO,),”
americium
Rao et al.'® solvent extraction Am(H,PO,)*" 2.13 + 0.08 30 Am** + H,PO,”= Am(H,PO,)*
Am(HPO,)* 4.14 + 0.08 Am** + HPO,*” = Am(HPO,)*
Borisov et al."’ cation exchange Am(H,PO,)* 2.51 20 £ 2 Am* + H,PO,” = Am(H,PO,)**
Moskvin'” N.A.° Am(H,PO,)* 2.39 N.A.° Am* + H,PO,” = Am(H,PO,)*
Am(H,PO,)," 3.63 Am* + 2H,PO,” = Am(H,PO,),"
Am(H,PO,),° 5.62 Am’* + 3H,PO,” = Am(H,PO,);"
Am(H,PO,),” 6.30 Am** + 4H,PO,” = Am(H,PO,),”
Lebedev et al.” spectrophotometry Am(H,PO,)* 2.73 + 0.06" 23 +2 Am* + H,PO,”= Am(H,PO,)*
Am(H,PO,)," 3.72 + 0.02/ Am* + 2H,PO,” = Am(H,PO,),"

“TRLFS: time-resolved laser-induced fluorescence spectroscopy. “Recalculated using the values published by Jordan et al."* and the log;, ° and
ARHY, values for the reaction H* + H,PO, = H,PO, at each temperature from Grenthe et al.>' “R.T.: room temperature. “From the value
recalculated by Moll et al."® for the equilibrium Cm** + 2H* + PO,*~ = Cm(H,P0,)*". °N.A.: not available. fAs mentioned by Silva et al,>* the
reaction involves exchange between ligands and solvation water molecules and the equilibrium constant was corrected for changes in water activity.

nuclear weapons are potential candidates for such tailored
waste matrices.

These actinides are, furthermore, of great importance for the
safety case of final waste repositories as Am and especially Pu
will dominate the long-term radiotoxicity of spent nuclear fuel
(SNF). Under conditions prevailing in deep underground
repositories for SNF and high-level waste (HLW) streams,
these actinides are found in the trivalent and tetravalent
oxidation states, of which the former one is more soluble and,
therefore, potentially more mobile.

As already recognized in our previous investigation dealing
with the complexation of Eu(IlI) and Cm(III) with aqueous
phosphates at elevated temperatures,'* studies concerning the
complexation reactions of trivalent actinides with various
phosphate ligands, i.e., H,PO,~, HPO,*, or PO,>", are rather
scarce. One reason for the lack of thermodynamic data for
these An-orthophosphates is the very low solubility of hydrous
AnPOy solid phases, consequently rendering any experimental
determination of the aqueous speciation extremely difficult. In
fact, most of the available data exists for the AnH,PO,**
complex, prevailing in the acidic pH range with some literature
found for AnHPO,* (Table 1).

Note that the values of Moskvin®® determined by ion
exchange are not indicated in Table 1 since only conditional
constants at I = 1.0 mol-L™" NH,Cl were reported and not all
the required ion interaction coeflicients are available for the
extrapolation to infinite dilution (Grenthe et al.”'). Also, note
that the values of the stepwise conditional complexation
constants reported by Moskvin'” for Am(III) and Cm(III) do
not show the expected decrease with the increase of H,PO,”
ligands. For the Am(H,PO,)** complex, Silva et al.** (Nuclear
Energy Agency (NEA) Thermochemical Database (TDB)

Project, vol. 2) recommended a log,;, ° value at 25 °C, based
on the solvent extraction study of Rao et al.'® Later
Morgenstern16 and Moll et al." reported a log;, ° value of
very similar magnitude for Cm(H,PO,)*, derived from
luminescence spectroscopic investigations, which has been
recently confirmed.'* The latest volume of the NEA-TDB>'
recommends a log,, #° value for Cm(H,PO,)*" based on the
study of Moll et al."> and assumes this value to be a good
approximation for Am(H,PO,)*".

No recommended value from the NEA—TDB”"** for the
complexation constant of the AnHPO," complex exists due to
the fact that (i) the stoichiometry of the complex has not been
unambiguously proven in the existing literature and (ii) large
deviations by more than 2 orders of magnitude between
AmHPO," (Rao et al.'"®) and CmHPO," (Moll et al."*) were
reported. Further complexes such as An(H,PO,);’ and
An(H,PO,),” were also reported, but a spectroscopic
verification and confirmation of the stoichiometry of the
proposed complexes are still missing. In addition, structural
data in terms of denticity, bond lengths, and their character,
together with the coordination number of the central ion of the
accepted actinide phosphate complexes, do, to the best of our
knowledge, not exist. Despite the fact that spectroscopic tools
have been used for the derivation of thermodynamic data, the
changes occurring in the electronic structure of the actinide-
complexes under different chemical conditions have not been
used to derive such structural data. Thus, this study aims at (i)
continuing the stepwise determination of relevant An—
orthophosphate complexes and their stability constants and
thermodynamic data, with a focus on the apparent knowledge
gaps in the acidic pH regime and (ii) exploring the
coordination chemistry of these species.

https://doi.org/10.1021/acs.inorgchem.1c01319
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As briefly mentioned, our previous study investigated the
complexation of Cm(III) with aqueous phosphates at acidic
pH (—log [H*] = 1.00) using luminescence spectroscopy. At
this very acidic pH, only the H,PO,” ligand is present in
solution in addition to nondissociated phosphoric acid
(H;PO,), which facilitated the interpretation of collected
spectroscopic data. By conducting the experiments at several
ionic strengths (I = 0.6—3.1 mol-L™"), the specific ion
interaction theory (SIT) could be used for the extrapolation
of the obtained complexation constants to infinite dilution and
to extract the first experimentally determined ion interaction
coefficient (Cm(H,PO,)*"; ClO,”). Temperature-dependent
investigations in the range of 25—80 °C enabled the extraction
of the first thermodynamic function for the Cm(H,PO,)*
complex. The results showed an increase of complexation with
increasing temperature resulting in both a positive molal
enthalpy (AgH®,) and entropy (AgS°,) of reaction.

In the present study, we have extended the range of —log;,
[H*] from 2.52 up to 3.6S. This increases the amounts of
H,PO,” and HPO,’” in solution and subsequently the
possibility for the formation of the Cm(H,PO,),", Cm-
(H,PO,);%, and/or Cm(HPO,)* complexes. Namely, one can
gain an insight into the Cm(III)—phosphate speciation as a
function of pH and total phosphate concentration under
conditions where solid Cm(III)—phosphate precipitation can
be avoided. The complexation studies were conducted at
several ionic strengths (I = 0.5—3.0 mol-L™' NaClO,) to allow
for the use of the SIT approach for the extrapolation of the
conditional log;, f to infinite dilution and to extract ion
interaction parameters (&) for the found species. In addition,
temperature-dependent studies were conducted at —log;, [H*]
= 2.52 from 25 up to 90 °C at I = 1.0 mol-L™" to extract molal
enthalpy and entropy of reaction for the Cm(III)—phosphate
species present in solution using the integrated van’t Hoft
equation.

To understand the underlying reasons for the increased
stability of the Cm—phosphate complexes at elevated temper-
ature, such as changes in the first-shell coordination,
spectroscopic data has been evaluated and compared to ab
initio simulations of the electronic states of these solution
species in 9-fold and 8-fold coordination. Electronic ground-
state calculations were used for a qualitative description of the
energetic stabilities of the various solution species at different
temperatures, while the computations of electronic excited
states have been used to link the observed luminescence
features with the stoichiometry of the complexes and the first-
shell coordination around the Cm*" cation.

2. MATERIALS AND METHODS

2.1. Sample Preparation. 2.1.1. Reagents. All solutions used in
the present study were prepared from high-purity reagent-grade
materials without further purification or treatment. NaClO,-H,O
(Sigma-Aldrich, p.a.,, ACS reagent, >99.5%) and orthophosphoric acid
(85% from Merck, Suprapur) were used as the background electrolyte
and phosphate source in the samples, respectively. For the dilution of
all solutions to the desired concentrations, doubly deionized water
(MilliQ) was used. As the curium source, a 1.15 + 0.1 X 10~ mol-
L' ?"Cm stock solution in 0.01 mol-L™' HCIO, was applied. The
concentration of this stock solution was determined by liquid
scintillation counting (PerkinElmer Tri-Carb 3100TR), taking into
account the isotopic composition of the stock solution. Note: ***Cm
is a radionuclide with a half-life of 3.48 X 10° years, decaying through
a-emission (92%) and spontaneous fission (8%). The use of 8Cm
requires the appropriate infrastructure and personnel trained in the

handling of a-emitting isotopes. All pH-adjustments were conducted
with 0.5—5.0 mol-L™! HCIO, (Sigma-Aldrich, p.a) and 2.0—5.0 mol-
L' NaOH (Carl Roth, >99%) solutions.

2.1.2. Cm(lll)—Phosphate Samples. To account for the Cm(III)
speciation at 25 °C in the presence of aqueous phosphates,
investigations were conducted at different pH values and ionic
strengths. Due to the very low solubility of reported actinide or
lanthanide phosphates such as crystalline LnPO,-0.667H,0O rhabdo-
phane (Ln = La to Dy) with log,, K°, (25 °C) ranging from —25.6 +
0.8 (Pr) to —24.9 + 1.7 (Eu)”* and amorphous AmPO,xH,0 with
log;y K°, (25 °C) = —24.79 + 0.18,>° the first set of experiments
were conducted at rather acidic conditions of —log,, [H*] = 2.52. At
this pH value and ionic strengths of 0.5, 1.0, and 2.0 mol-L7}, the
solubility product of Cm—rhabdophane will not be exceeded for total
Cm(III) concentrations of 8.76 X 1078=1.15 X 1077 mol-L™" and
total phosphate concentrations [Z(PO,)] up to 0.055 mol-L ™! used in
the experiments. At this low pH, however, the phosphate speciation is
dominated by the H,PO,” ligand, while the overall HPO,*~
concentration, even in the samples with 0.055 mol-L™' phosphate
remains very low, at approximately 3 X 107% mol-L™". Therefore, in
order to increase the amount of HPO,*™ in solution, a second set of
experiments were conducted at a higher pH of —log,, [H'] = 3.44 (I
= 1.0 and 2.4 mol-L™) or 3.65 (I = 3.0 molL™"). In these
experiments, the overall curium concentration was decreased to 1.15
X 107% mol-L™" to suppress the formation of Cm—rhabdophane, while
the total phosphate concentration was kept below 0.08 mol-L™".

All the abovementioned samples, independent of the pH, were
prepared by mixing NaClO, and H;PO, to the desired overall ionic
strength and phosphate concentrations, respectively. Thereafter, the
sample pH was adjusted by adding appropriate amounts of either
HCIO, or NaOH to the samples. The measured pH (pHEXP) was
corrected for ionic strength effects using eq 1 to obtain the actual
molar H" concentration.

L -
—log [H'] = pHexp + A, (1)

The coeflicient A, was determined based on eq 2 derived in our
previous study from solutions with known H* concentrations at
different ionic strengths imposed by NaClO, (0.5 to 4 mol-L71),"*
where I is the ionic strength in mol-L™".

A, = 00127 X I’ + 0.1568 X I + 0.0606 2)

The pH measurements were done with combination pH electrodes
(SenTix MIC from VWR) taking into account the different A,
coeflicients for the samples prepared at different ionic strengths. In
order to avoid precipitation of KClO, in the diaphragm of the
electrode, the original junction electrolyte (3 mol-L™' KCl) was
replaced by 3 mol-L™" NaCl solution (Carl Roth, >99.5%). The
electrodes were calibrated using standard buffer solutions (certified to
PTB/NIST) with pH values of 1.679 + 0.02 and 4.006 + 0.02
(WTW). After an equilibration time of at least 1 day, the sample pH
was remeasured and readjusted if necessary followed by addition of
5—50 uL of Cm(III) stock solution to the samples. After Cm(III)
addition, no additional pH adjustment was undertaken to avoid
rhabdophane precipitation as a result of NaOH addition to the
samples. The final curium and phosphate concentrations as well as the
ionic strength in the samples were calculated based on the added
amount of background electrolyte and the added volumes of acids and
bases during the pH adjustments. No separate determination of the
curium or phosphate concentrations in the individual samples was
conducted.

To investigate the impact of elevated temperature on the Cm(III)—
phosphate complexation reaction, the solutions prepared at I = 1.0
mol-L™" and —log;, [H*] = 2.52 were taken and stepwise heated up to
90 °C using an HLCThermoMixer (MKR 23 BlockThermostate,
Ditabis). All experimental conditions are summarized in Table 2.

2.2. Speciation Calculations. The determination of the
complexation constants via slope analysis requires the molality of
free H;PO,, which was calculated using the geochemical speciation
software PHREEQC.”® The activity coeflicients were treated by the

https://doi.org/10.1021/acs.inorgchem.1c01319
Inorg. Chem. 2021, 60, 10656—10673
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Table 2. Overview of the Experimental Conditions Used in
the Various Cm(III)—Phosphate Complexation Rows

I [Cm(TID)] [Z(POL) ] pax
—log;, [H'] (molL™") T (°C) (mol- L") (mol-L™")

2.52 0.5 25 1.15 x 1077 0.055
2.52 2.0 25 8.76 X 1078 0.04

2.52 1.0 25-90 1.15 X 1077 0.055
344 1.0 25 1.15 x 1078 0.070
3.44 2.4 25 1.15 x 1078 0.08

3.65 3.0 25 1.15 x 1078 0.040

SIT apzproach using the ThermoChimie dataset (version 9b0) from
Andra.”” All calculations were performed in the molal scale with
chemical conditions (ionic strength, total phosphate molality, —log,,
myy, and temperature) identical to those applied in the experiments.
The conversion from the molar to the molal scale was done using the
density of NaClO, reported by Sohnel and Novotny.*®

2.3. Luminescence Spectroscopy. Luminescence spectroscopy
was used to study the complexation reaction between Cm(III) and
phosphates. After addition of Cm(III) to the phosphate-containing
samples, measurements were undertaken within a day to avoid sample
aging and the possibility of rhabdophane precipitation over time. For
the luminescence spectroscopic measurements, 3 mL of the sample
was transferred into a quartz glass cuvette with a PTFE stopper. To
ensure complete tightness of the cuvettes during the high-temperature
measurements, a semitransparent, thermoplastic film was wrapped
around the cuvette stoppers and exchanged if necessary. The desired
temperature was achieved by pre-equilibrating the samples in block
thermostats (HLCThermoMixer, MKR 23 Ditabis) followed by an
additional equilibration time of at least 10 min in a heatable cuvette
holder with a temperature control accuracy of +0.05 °C. The
luminescence spectroscopic investigations were conducted with a dye
laser setup (NarrowScan, Radiant Dyes), coupled to a Nd:YAG
(Continuum, Surelite) pump laser. The dye consisted of a 1:1 mixture
of Exalite 389 and Exalite 398. Cm(III) luminescence emission
spectra were recorded between 570 and 615 nm (1200 liness-mm™’,
Cm(III)—phosphate rows at —log;, [H*] = 2.52) or 560 and 630 nm
(600 liness-mm™", Cm(III)—phosphate rows at —log;, [H*] = 3.44—
3.65), 1 us after the exciting laser pulse with a constant excitation
wavelength of 396.6 nm. Thus, the respective wavelength resolutions
achieved in the measurements were 0.18 and 0.25 nm. The laser pulse
energy was measured by a pyroelectric energy sensor and was found
to be between 3 and 5 mJ in each measurement. Luminescence
emission was detected by an optical multichannel analyzer (Shamrock
303i) and an ICCDCamera (iStar, Andor). Luminescence lifetime
measurements were collected for selected samples, by recording the
luminescence emission as a function of delay time between the laser
pulse and the camera gating. A delay increment between 5 and 7 ps
was used for an overall delay time of 260 us.

The collected luminescence data was treated with the programs
Matlab* (2019, version 2) and OriginPro™ (version 2019). Matlab
was used to integrate the collected luminescence emission spectra as a
function of delay time to obtain luminescence lifetime decay curves.
Origin was used for the stepwise extraction of pure component
spectra from the measured composite spectra. The calculation of the
Cm(III)—phosphate species distribution was done with MS Excel
using a least squares fitting method described in detail in Huittinen et
al®' and Eibl et al.** Luminescence intensity (LI) factors for the
correction of relative luminescence intensity variations of the present
species were measured by comparing the intensity of the
uncomplexed Cm(III) aqua ion with the measured Cm(III)—
phosphate spectra and by fitting the LI factors using the same least
squares fit approach. Eventually, the obtained pure component spectra
(aqua ion and Cm(III)—phosphate complexes) were fitted with four
Lorentzian peaks describing the emission from the four crystal field
states (denoted A|—A, by convention) of the emitting electronic level
back to the ground state. For the fit, the area under the peak

(population of the crystal field levels) was constrained to follow the
Boltzmann distribution given by eq 3.

N; [ AE]
— =exp|———
N, kyT (3)

N and N; refer to the population of the various crystal field levels of
the excited state and the ground state, respectively. AE is the band
gap between the excited state and the ground state

(AE = hc(/li - %), h = Planck constant (6.62607 X 1073* J-s), ¢ =
f i

the speed of light in vacuum (2.99792 X 10® m's™"), and 4 = emission
wavelength in meters), T is the temperature in Kelvin, and ky is the
Boltzmann constant (1.38065 X 107 J-K™*). To reduce the number
of free variables in the fit, the FWHM of two consecutive transitions
was constrained to follow FWHM (A,,;) > FWHM (A,), n = 1-3.

The fitted peak positions were thereafter used to compare the
experimental crystal field splitting with the computed ones, as
explained in more detail later in the text (Section 3.3).

2.4. Ab Initio Simulations. In the present study, ab initio
simulations were conducted to (i) investigate the chemical bond
properties as a function of the number of ligands and (ii) to shed light
on the spectroscopic properties by means of excited-state electronic
structure calculations. With this aim, the geometries of the various
species involved in the complexation processes, i.e., H,PO,~, H;PO,,
[Cm(HzO)s,9]3+; [Cm(Hzo)7,3(H2PO4)]2+; and [Cm-
(H,0),(H,PO,),]* were optimized. The appropriate thermody-
namic corrections including enthalpy, entropy, solvent effects, and the
spin—orbit coupling contributions to estimate the Gibbs free energy
values of the complexation reactions were applied. For each Cm-
containing species, the absorption and emission transitions were
computed.

2.4.1. Structures, Bonding Analysis, Thermodynamic Correc-
tions, and Solvent Correction. The structures used for the H,O,
H,PO,”, H;PO,, [Cm(Hzo)s,g]aJr: [Cm(Hzo)zs(HzPOO}“) and
[Cm(H,0),,(H,PO,),]" species were optimized using the second-
order Moller—Plesset perturbation theory (MP2) and Unrestricted
MP2 (UMP2) methods for the open-shell systems combined with
Resolution of the Identity®>** with the appropriate atomic auxiliary
basis functions.”>*® For the Cm(III) complexes, a high-spin octet
state was considered by occupying the seven Sf orbitals of the
Cm(III) cation by the seven unpaired electrons. Relativistic small-
core pseudopotentials (60 e” in core) of the Stuttgart—Cologne group
were employed, associated with the def2-TZVP basis sets
(14s13p10d8f) /[10s9p5d4f3g] for the Cm(IIl) cation.”” Identical
basis sets quality was considered for the lighter elements in all
molecules.*®

To analyze the nature of the curium—ligand chemical bonds, the
quantum theory of atoms-in-molecules (QTAIM) analysis was
applied. In this context, the Gaussian 16 (Revision BO1) quantum
chemistry package®® with the same basis sets was used to generate the
appropriate wave-function extended files (wfx) to be used by the
AIMAIl package.”” To estimate harmonic vibrational partition
functions at 25 and 90 °C and 0.1 MPa, which are necessary to
calculate the enthalpic and entropic contributions to the gas-phase
energies, numerical frequency calculations were also performed.

The Conductor-like Screening Model (COSMO)*" was used to
represent implicitly water as polarizable dielectric continuum and
make it possible to estimate the solvation Gibbs free energies at the
two different temperatures using two dielectric constants for the water
solvent ¢, = 78 at 25 °C and ¢, = 58 at 90 °C. All the calculations were
performed with the Turbomole 7.4.1 package.***

2.4.2. Predictions of the Ground-State Energies and Spectro-
scopic Calculations. To derive the most accurate ground-state
energies of Cm(III) complexes and to compute the transition energies
of the excited states, state-averaged CASSCF (complete-active-space
self-consistent field) scalar relativistic calculations with the Douglas—
Kroll-Hess Hamiltonian**** were performed for all the possible
multiplicities encountered for seven unpaired 5f electrons, i.e., 1 octet,
48 sextet, 392 quartet, and 784 doublet states. Spin—orbit coupling
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contributions to the gas-phase energies were computed with the
Restricted Active Space State Interaction (RASSI) approach,® by
coupling all CASSCF wave functions, while dynamical correlation
contributions to the ground-state energies were accounted for with
the XMS-CASPT2 approach (multistate complete active space
second-order perturbation theory) only for Cm(III) complexes as
light molecules are treated with the single-reference MP2 method. In
the MP2 and XMS-CASPT2 calculations, the 1s core orbitals of the
oxygen atoms and up to the Ss, Sp, and 5d orbitals of the actinide ions
were kept frozen. Absorption and emission energies were computed
shifting the energy of the excited states obtained at the SO-CASSCF
level, by a quantity that corresponds to the spin-free energy difference
of the first sextet state obtained at the CASSCF and XMS-CASPT2
levels. Note that it was impossible to perform XMS-CASPT2
calculations for the other multiplicities (quartets and doublets) as
the states were too numerous. All HF/CASSCF and MP2/XMS-
CASPT2 ground-state energies were extrapolated to the Complete
Basis Set limit (CBS limit), from calculations using the all-electron
Atomic Natural Orbital relativistic core correlation (ANO-RCC) basis
sets optimized by Roos et al.*’”"** with triple-zeta and quadrl}?le-zeta
basis sets, and applying two-point extrapolation formulas.*” " These
relativistic wave-function calculations were performed with the
OpenMolcas program.”>*?

2.4.3. Composite Method for Thermodynamic Estimations and
Chemical Reactions. To estimate the AGY(T) for the following

reactions (n = 9)

[Cm(H,0),P’* = [Cm(H,0),_,I** + H,0 (R1)

[Cm(H,0),_,(H,PO,)]** — [Cm(H,0),_,(H,PO,)** + H,0
(R2)

[Cm(HzO)n—z(H2PO4)2]+ - [Cm(HZO)n_3(H2PO4)2]+ + H,0
(R3)

one has to determine the Gibbs free energy associated with each
reactant and product by adding all contributions listed below.

G(A, T) = Exiie_caspr(A) + E*°(A) + GEZ (A, T)
+ G¥l(A, T)

For a compound A, these contributions encompass the CBS
extrapolated scalar relativistic electronic energy (Egys _ caspr2(A)),
the spin—orbit contribution ES°(A) for the Cm(IIl) complexes, Gibbs
free energy correction GBY.(A, T), and the hydration Gibbs free
energy G (A, T) . Note that for all these reactions listed above, a
correction of RT In(55.34) needs to be added to account for the
change of the standard state for the released water molecule from pure
water (concentration of 55.34 mol-L™') to the reference standard

state 1 mol-L™".>*

3. RESULTS

3.1. Influence of pH and lonic Strength on Cm(lll)
Complexation with Phosphate at 25 °C. 3.1.1. Lumines-
cence Spectroscopy. Cm(I1II) (1.15 x 1077 mol-L™")
luminescence emission spectra collected from phosphate-
containing solutions with [X(PO,)] ranging from zero to
0.055 mol-L™" at 25 °C, —log;, [H*] = 2.52, and I = 1.0 mol-
L™ are presented in Figure 1, top, left. The data corresponding
to [Cm(III)] = 1.15 X 10~* mol-L ™}, [Z(PO,)],,., = 0.07 mol-
L7, and I = 1.0 mol-L™" at a lower proton concentration of
—log,y [H*] = 3.44 is presented in Figure 1 top, right.

Both sets of recorded luminescence spectra show a clear shift
toward longer wavelengths with increasing phosphate concen-
tration, pointing toward a progressing complexation reaction in
solution between Cm(III) and the phosphate ligands. To
obtain the pure component spectra of the individual species as
well as their relative distributions and luminescence intensity
factors, the measured multicomponent spectra were decom-

—log,,[H*] = 2.52
= (POy)

0.055 .

0.01 '

o!

-log,,[H'] = 3.44

1 1 1 1
570 580 590 600 610 620 570 580 590 600 610 620
emission wavelength / nm emission wavelength / nm

—Cm* —Cm(H,PO,>* —Cm(H,PO,)," —Cm(HPO,*

N =y ..., ‘ 1 M.
570 580 590 600 610 620 570 580 590 600 610 620
emission wavelength / nm emission wavelength / nm

normalized luminescence intensity / a.u.

Figure 1. Top: Cm(III) luminescence emission spectra at 25 °C, I =
1.0 mol-L™" in the presence of £(PO,) = 0—0.055 mol-L™" at —log;,
[H*] = 2.52 (left) and [Z(PO,)] = 0—0.07 mol-L™" at —log,, [H*] =
3.44 (right). Bottom: pure component spectra for the Cm(III) aqua
ion and various Cm(III)—phosphate complexes.

posed as explained in Section 2.3. At a higher proton
concentration of —log,, [H*] = 2.52, two components in
addition to the noncomplexed Cm(III) aqua ion could be
obtained (Figure 1, bottom, left). The peak positions of the
two Cm(III)—phosphate complexes are found at 599.2 and
600.4 nm. The former spectrum is identical, both in terms of
the peak position and the overall peak shape, to the one
obtained in our previous study for the Cm(H,PO,)**
complex.14 Thus, the first Cm—phosphate species obtained
in the present study can be assigned to the 1:1
(Cm*:H,P0O,”) Cm(H,PO,)*" species. The second species,
however, may arise either from additional complexation of Cm
with the H,PO,” ligand resulting in, eg, a 1:2 complex
(Cm(H,P0O,),") or from complexation with HPO,*", resulting
in Cm(HPO,)". By increasing the solution pH, an additional
Cm(III)—phosphate complex can be identified from the
decomposed luminescence spectra with a peak maximum at
601.9 nm (Figure 1, bottom, right). The signal-to-noise ratio of
the obtained spectrum is very low, owing to the very low
amount of this species in solution. As this third species is not
present in the lower pH regime for comparable phosphate
concentrations, we tentatively assign the species to the
Cm(HPO,)* complex. Subsequently, the aforementioned
Cm(IIT)—phosphate species, also present at lower pH, is likely
to be the Cm(H,PO,)," complex. A detailed discussion of the
phosphate speciation and the stoichiometries of the derived
complexes will be given in Section 3.1.2.

From the obtained pure component spectra, the relative
distributions of the individual species were calculated, taking
into account the different luminescence quantum yields of the
species relative to the aqua ion (LI factors). The corrected
species distributions using LI factors of 1.00 for the aqua ion
and 0.89 + 0.14, 0.97 + 0.22, and 1.15 + 0.62 for the
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Figure 2. Cm(I1I) species distribution at 25 °C, I = 1.0 mol-L™" in the presence of [£(PO,)] = 0—0.055 mol-L™" at —log,, [H*] = 2.52 (top, left)
and [Z(PO,)] = 0—0.07 mol-L™" at —log,, [H*] = 3.44 (bottom, left). The corresponding slope analyses obtained from the species distributions
are shown for species 1 (Cm(H,PO,)*"), middle, and species 2 (Cm(H,PO,),"), right.

phosphate complexes 1 (Cm(H,P0,)**), 2 (Cm(H,PO,),"),
and 3 (Cm(HPO,)"), respectively, are presented in Figure 2
for —logy, [H'] = 2.52 (top, left) and —log,, [H*] = 3.44
(bottom, left). Species distributions for other ionic strengths at
the two investigated pH values are available in Figure S1 in the
Supporting Information.

As expected, the amount of Cm(III)—phosphate complexes
is slightly higher at —log,, [H*] = 3.44 than at —log;, [H*] =
2.52. In addition, the third Cm(III)—phosphate complex
(Cm(HPO,)*) is only present at the higher pH value in the
investigated phosphate concentration range. The reason for the
enhanced phosphate-complex formation with increasing pH
can be attributed to the increasing amounts of H,PO,” and
HPO,*" ligands in solution as the phosphoric acid (H;PO,)
dissociates. In agreement with our previous study, an increase
of the ionic strength leads to a slight increase of the amount of
Cm(III)—phosphate complexes in solution (see Figure S1).
The derivation and the magnitude of the Cm(III)—phosphate
complexation constants will be discussed in Section 3.1.2.

Luminescence lifetimes (7), which can provide information
on the number of coordinating water molecules around the
Cm(III) cation using (eq 4) proposed by Kimura and
Choppin,™ were collected for selected samples at both
investigated pH values.

0.65 0.88

n(H,0) = 7(ms) (4)

The obtained lifetime curves (the natural logarithm of the
integrated luminescence intensity vs delay time between the
laser pulse and camera gating) all decay monoexponentially
despite the presence of at least two components in all
measured samples (see Figure S2). This implies that the

dynamic exchange reactions in the Cm(III) hydration sphere
between coordinated water and phosphate ligands occur faster
than the luminescence decay of the individual species. In order
to draw a conclusion on the coordination of the phosphate
ligands via the amount of coordinating water around the
Cm(1III) ion in solution, theoretical lifetimes were calculated
according to eq S, assuming lifetimes of 68 us for the Cm(III)
aqua ion (9 H,0), 73 us for Cm(H,PO,)** (8 H,0), and 83
us for Cm(H,PO,)," and Cm(HPO,)* (7 H,0).

1 1

1 1
=a X + b X + (c+d) x —
68 us 73us 83 us

(s)

The factors a—d are the fractions of the individual species
determined from the experimentally derived species distribu-
tions (noncorrected for relative differences in the luminescence
quantum yield). The reported uncertainties for the factors
include the error resulting from the decomposition of the
spectra and the subsequent fits yielding the tabulated fractions.
These assumed lifetimes imply monodentate coordination of
the H,PO,™ ligand, where each coordinated ligand replaces
one H,O in the first hydration sphere and bidentate
coordination of HPO,*™ resulting in the replacement of two
H,O around the Cm(III) cation. The results of the
experimental fits and the calculated lifetimes are summarized
in Table 3.

At a first glance, the experimental and theoretical values are
in very good agreement with one another. This would imply
that the assumed coordination of the phosphate ligands to the
Cm(III) cation follows the denticity proposed above, i.e.,
monodentate to the H,PO,” ligand and bidentate to HPO,*".
The denticity to the latter ligand, however, should be

7(calc. )
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Table 3. Experimentally Determined and Calculated
Luminescence Lifetimes of Cm(III)—Phosphate Solutions
at 25 °C

[2(PO,)]  derived fractions (a—d) 7(exp.)  7(calc.)
—log;o [H*] (mol-L™") of Cm(III) species” (us) (us)

2.52 0.009 a=0.83 +0.04,b=0.17 68 + 2 69
+ 0.01

2.52 0.02 a=0.66+005b=029 70+2 70
+ 0.02, ¢ = 0.0S + 0.01

2.52 0.045 a=043 +0.03,b=041 71 %2 72
£0.03, ¢ = 0.16 + 0.01

3.44 0.02 a=0.57+005b=033 71+3 71
+004, c = 0.07 £ 0.02,
d = 0.03 + 0.01

3.44 0.04 a=038+0.04b=042 73+2 73
+0.05, ¢ = 0.13 + 0.02,
d =0.07 = 0.01

3.44 0.06 a=027+003,b=043 76+3 74
+ 0.0S, ¢ = 0.22 + 0.03,
d =0.08 + 0.01

“a(Cm*), h(Cm(H2P04)2+), ¢(Cm(H,PO,),"), d(Cm(HPO,)*), a +
b+c+d=1

considered merely hypothetical due to the very low amount of
the presumed Cm(HPO,)* species in the samples, sub-
sequently having only a small influence on the luminescence
lifetimes. Due to the uncertainties of the experimentally
determined lifetimes in combination with the very moderate
changes of the lifetimes as a result of phosphate complexation
where only one or two water molecules are removed from the
Cm(III) hydration sphere, computational studies were
performed to support these conclusions (see Section 3.3).

3.1.2. Determination of the Conditional log,, *# and
log, *p° at 25 °C. 3.1.2.1. Determination of the Conditional
Complexation Constants at 25 °C. From the deconvolution
of the luminescence spectra at the different —log;, [H*] and
ionic strengths investigated at 25 °C, the molar concentrations
of the Cm* aqua ion and the Cm(H,PO,)*" and Cm-
(H,PO,)," complexes could be obtained. These concen-
trations were at first converted to the molal scale using the
density of NaClO,, the background electrolyte, reported by
Sohnel and Novotny.”® These molalities were used to calculate
the conditional complexation constants log,, *f# assuming the
two following equilibria:

Cm’" + HPO, = Cm(H,PO,)*" + H", log, *f,  (r4)

Cm’t + 2H,PO, = Cm(H,PO,)," + 2H, log,, A,
(RS)

The asterisk is used here to represent a complexation
reaction involving the deprotonation of the H;PO, ligand.21

In all experiments, the molality of Cm(III) was orders of
magnitude lower than the one of phosphoric acid. Thus, one
can assume that the speciation of the different phosphate
ligands was not significantly impacted by the complexation
with Cm(III). By applying the law of mass action, the following
expressions of the conditional complexation constant were
obtained:

m 24 Myt
Cm(H,PO,) H
X0 = [ el sl S
log10 [)’1 = loglo
Mem3+ My po, (6)

2
WCm(HZPo4);'(mH*)

log *B, = log
1002 1 mCm3+'(mH3PO4)2 (7)

M em(,p0,)

Based on eqs 6 and 7, the terms log | + logo my

mcm3+

MCm(HyPOLT

and log, | + 2 log;y myy* were exemplarily plotted as a

mcm3+
function of logy My po, at an ionic strength of 1 mol-L™!
(Figure 2, middle and right). The results of the slope analysis
for all other conditions are given in Figure S3 for Cm-
(H,PO,)*" and Figure S4 for Cm(H,PO,),". The slopes were
systematically close to 1 and 2, respectively, confirming the
postulated formation of the Cm(H,PO,)*" and Cm(H,PO,),"
complexes. Note that the individual slopes were just aiming at
verifying the stoichiometry of the proposed complexes and
were not used for the derivation of the conditional complex-
ation constants. For the second Cm—phosphate species, the
formation of Cm(HPO,)* based on the following equilibrium

Cm*" + H;PO, = Cm(HPO,)" + 2H*

was also considered but eventually not retained. Indeed, the
slope analysis led to a slope of 2 (Figure 2, right) and not 1.
At constant my* and ionic strength, a conditional complex-
ation constant was calculated at each phosphate concentration
using the law of mass action. These values were averaged and
correspond to the conditional log,, *f summarized in Table 4.

Table 4. Thermodynamic Conditional Complexation
Constants for the Formation of Cm(H,PO,)** and
Cm(H,P0O,)," at 25 °C at Varying Ionic Strengths (log,;, *f
in the Molal Scale)

ionic ionic

strength strength

(mOI'Lil) (m"l'kgil) —log [H'] logi0*fy logi0*f,
0.5 0.51 2.52 —0.20 + 0.10 —0.87 + 0.15
0.6 0.62 1.00 —0.25 + 0.22°
1.0 1.0 2.52 —0.16 + 0.15 —0.82 + 0.25
1.0 1.0 3.44 —0.08 + 0.15 —0.68 + 0.25
1.1 1.16 1.00 —0.14 + 0.10¢
2.0 2.21 2.52 —0.13 + 0.15 —-0.57 + 0.30
2.1 2.33 1.00 —0.06 + 0.11¢
2.4 2.71 3.44 0.02 + 0.20 —0.57 + 0.35
3.0 3.50 3.65 0.05 £+ 0.20 —0.43 + 0.40

“Values were taken from Jordan et al.'*

The highest standard deviation for the log;, *f obtained
within all experiments in this study was 0.07. However, one can
see that the uncertainties in Table 4 are higher, and the
underlying reason will be explained. As already mentioned by
Jordan et al,'* the SIT database from ThermoChimie suffers
from a conflict between the ion interaction model and the ion
association model. Indeed, the ThermoChimie database
contains both complexation constants for the formation of
several ion pairs between Na* and the phosphate ligands, i.e.,
NaH,P0,°, Na(HPO,)”, and NaPO,*” as well as the
e(Na*;H,P0,”), ¢(Na*;HPO,*”), and &(Na*;PO,*”) ion
interaction coefficients. Resolving this contradiction needs
efforts that would exceed the scope of this work. Consequently,
all molalities of the free H;PO, were calculated one more time
without considering the formation of these three ion pairs, and
the respective conditional complexation constants log;, *# (no
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ion pairs) were derived. Eventually, a pragmatic approach was
used, ie., the uncertainties of the conditional complexation
constants log;, *f summarized in Table 4 (calculated using the
raw SIT Thermochimie database) were increased to allow an
overlap with the complexation constants log,, *# (no ion
pairs) (obtained without considering the formation of the
NaH,PO,’%, Na(HPO,)™, and NaPO,*" ion pairs).

According to Table 4, increasing the ionic strength at
constant [H'] or decreasing the [H*] at constant ionic
strength leads to an increase of the conditional complexation
constants derived at 25 °C for both Cm(H,PO,)** and
Cm(H,PO,)," complexes.

3.1.2.2. Extrapolation to Infinite Dilution at 25 °C. The
conditional complexation constants were extrapolated to the
infinite dilution state applying the SIT equation, in which the
basic assumption is that the reactants and products of the
reaction only interact with the ions of the background
electrolyte. No interaction between species bearing the same
charge sign is considered, whereas neutral species are also
assumed to not interact with other ions. The activity coefficient
of a species j (reactant or product) interacting with species k is
expressed as follows

log, 7 = —szD + 2 e(j; k)-my
K (8)

where z stands for the charge of species j, £(j;k) represents the
ion interaction coeflicient between species j and species k, my_ is

the molality of species k, and D is the Debye—Hiickel term:

1+ Bay I, (9)

The term A is the Debye—Hiickel constant. According to
Grenthe et al.,”' A = 0.509 kgl/z-mol_l/2 at 25 °C, whereas the
empirical parameter Ba; is taken to be 1.5 kg"/2mol™"/? for all

o 21
temperatures up to 90 °C.

The relation between the conditional complexation constant
and the equilibrium complexation constant at infinite dilution
is given by the following equation:

log10 *B — AZ’D = Iog10 *po—Ael | (10)

For the two equilibria under consideration (R4 and RS), the
following expressions for Ae are obtained:

Ae = £(Cm(H,PO,)**; ClO,”) + ¢(HY; ClO,7)
- ¢(Cm**; CIO,") (11)

>
™
Il

e(Cm(H,PO,),"; ClO,7) + 2 x e(H*; ClO,")
- ¢(Cm**; CIO,") (12)

The interaction coefficient ¢(H*;ClO,”) was taken from
Grenthe et al,”’ while £(Cm?*;ClO,”) was postulated to be
equal to e(Am*';ClO,”) = 0.49 + 0.03 kg:mol™". Following
the SIT formalism, all ion interaction coefficients of the
uncharged species H;PO, were set to zero.”' Az> = Xz
(products) — Xz* (reactants) were equal to —4 and —6 for
reactions R4 and RS, respectively.

By plotting log,, * — Az’D as a function of the ionic
strength, a weighted linear regression provided log,, *p°
(intercept with the y-axis) and —Ae (slope) (Figure 3).
Detailed explanations on the performance of the weighted
linear regression and the derivation of the uncertainties of the
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Figure 3. Linear SIT regression plot for the Cm(H,P0O,)** (A) and
Cm(H,P0O,)," (B) complexes at 25 °C.

slope and intercept are available elsewhere."* However, in the
present study, we assumed the individual error variance to be
known up to a constant of proportionality k*® and used the
quantiles of the Student’s ¢ distribution with n — 2 degrees of
freedom to compute the intervals of confidence.

The slopes of the SIT regression for the Cm(H,PO,)*" and
Cm(H,PO,)," complexes were found to be 0.18 + 0.02 and
0.31 + 0.04, respectively. The obtained log,, *A° and
£(Cm(H,P0,)**;ClO,”) and &(Cm(H,P0O,),*;ClO,”) ion

interaction coefficients are summarized in Table S.

Table 5. Complexation Constants at Infinite Dilution (log;,
*$°) for the Cm(H,PO,)*" and Cm(H,PO,)," Complexes
and Ion Interaction Coefficients £(Cm(H,PO,)**;ClO,”)
and ¢(Cm(H,P0O,),";ClO,”) at 25 °C

£(Cm(H,PO,),""*ClO,")
reaction I~1)

log,o *p° (kg:mo

Cm* + H,PO, = 045 + 0.04 0.17 + 0.04 (n = 1)
Cm(H,PO,)** + H*
Cm* + 2H,PO, = 0.08 + 0.07 —0.10 + 0.06 (n = 2)

Cm(H,PO,)," + 2H"

The uncertainties on the ion interaction coefficients & were
calculated based on the recommendations in Appendix C in
the most recent NEA volume.*!

O¢(Cm(H,PO,)**;CIO;)

= J(a.)* + o(e(H'; CIO)))* + o(e(Cm*; CIO}))?
(13)

O¢(Cm(H,PO,)};CIO;)

= (@) + (2-0(e(H*; CI0})))? + o(e(Cm’*; CIO;))?
(14)
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3.2. Influence of Temperature on the Complexation
of Cm(lll) by Phosphate. 3.2.1. Luminescence Spectrosco-
py. For the extraction of thermodynamic data for the two
identified complexes, Cm(H,P0,)* and Cm(H,PO,),",
temperature-dependent luminescence spectroscopic measure-
ments were conducted for the sample row prepared at —log;,
[H'] = 2.52 and I = 1.0 mol-L™" in the temperature range
between 25 and 90 °C as explained in Section 2.1.2. Cm(III)
emission spectra recorded at two different phosphate
concentrations as a function of temperature are presented in
Figure S5. Similar to the data collected at 25 °C, a spectral
deconvolution of the measured emission spectra was carried
out for each temperature, yielding pure component spectra as
well as Fl-corrected species distributions. The species
distribution at 90 °C is presented in Figure 4 (closed
symbols), together with the 25 °C data (open symbols).

25°C 90 °C
o CcCm* o Cm*
o CmH,PO,** @ CmH,PO,?
Cm(H,PO,)," ® Cm(H,PO,),"
§ 100 |- o
5wl %
5
2 o f \‘°
o P 2000
g 40 - F o
O 20| °
2 & %ecee
(0]
o O
2] 1 1 1 1

0.000 0.002 0.004 0.006
m(H,PO,) / mol-kg™

Figure 4. Comparison of the Cm(III) species distribution at 25 and
90 °C in solutions containing 0—0.055 mol-L™' [£(PO,)] at —log,,
[H*] =2.52 and I = 1.0 mol-L ™%

As evident from both the temperature-dependent Cm(III)
emission spectra at constant phosphate concentration (Figure
SS) and the obtained species distribution at 90 °C (Figure 4),
the complexation reaction between Cm(Ill) and H,PO,” is
promoted with increasing temperature. Only two phosphate
complexes, described by similar pure component emission
spectra as those obtained at 25 °C, were found over the entire
investigated temperature range, speaking for an unchanged

Cm(III)—phosphate species present in solution also at
elevated temperatures.

3.2.2. Determination of Conditional Complexation
Constants log,, *p at Elevated Temperature and the
Thermodynamic Functions AgH®,,, and AgS°®,,. 3.2.2.1. Deter-
mination of the Conditional Constants at Elevated Temper-
ature. To determine the molality of the free H;PO, for the
slope analysis at elevated temperature, the H" molality was
assumed to be constant from 25 to 90 °C during the speciation
calculations. Indeed, pH measurements up to 80 °C performed
in our former study'* did not reveal significant differences from
the pH,,, values recorded at 25 °C.

Following the same methodology described above, the terms

M em(yp0,)* MCm(HyPOL)T

log + logyo my* and log | + 2 log;o myy

10 me, 3+
were plotted as a function of log;y 1y po, at an ionic strength

of 1 mol-L™! and at 40, 50, 60, 80, and 90 °C (see Figure S6
for Cm(H,PO,)*" and Figure S7 for Cm(H,PO,),"). All
slopes were close to 1 for Cm(H,PO,)*" and close to 2 for
Cm(H,PO,),", indicating no change in the stoichiometry of
the formed complexes upon increasing temperature. All
resulting conditional log;, *# values for Cm(H,PO,)*" and
Cm(H,PO,)," as well as their uncertainties are reported in
Tables 6 and 7.

Table 7. Thermodynamic Conditional (I = 1.0 mol'L™" at
—log,, [H'] = 2.52) and Extrapolated to Infinite Dilution
Complexation Constants for the Formation of
Cm(H,PO,)," at Elevated Temperature (log;, *f in the
Molal Scale)

temperature (°C) log,, *p, log, *,°
40 —0.78 + 0.20 0.16 + 0.20
50 —0.64 + 0.20 0.33 + 0.20
60 —0.56 + 0.20 0.44 + 0.20
80 —0.38 + 0.20 0.68 + 0.20
920 —-0.24 + 0.20 0.85 + 0.20

Upon increasing the temperature, both equilibria Cm* +
H,PO, = Cm(H,PO,)** + H* and Cm* + 2H,PO, =
Cm(H,PO,)," + 2H* were shifted toward the product side,
resulting in an increase of the conditional complexation
constants.

The highest uncertainty for the average log;, *f reported in
Tables 6 and 7 was not exceeding 0.02. The same approach

Table 6. Thermodynamic Conditional (I = 1.1 mol'L™" at —log,, [H'] = 1.00 and I = 1.0 mol'L™" at —log,, [H'] = 2.52) and
Extrapolated to Infinite Dilution Complexation Constants for the Formation of Cm(H,PO,)*" at Elevated Temperature (log;,

*f in the Molal Scale)

temperature (°C) ionic strength (mol-L™")

40 1.1
S0 1.1
60 1.1
80 1.1
40 1.0
S0 1.0
60 1.0
80 1.0
90 1.0

—logyo [H'] logyo *p1 log,o *p1°
1.00 —0.12 + 0.10* 0.53 + 0.10°
1.00 —0.08 + 0.20° 0.59 + 0.20"
1.00 —0.02 + 0.10° 0.67 + 0.10"
1.00 0.02 + 0.10° 0.75 + 0.10°
2.52 —0.08 + 0.10 0.58 + 0.10
2.52 —0.03 + 0.10 0.64 + 0.10
2.52 0.01 + 0.10 0.70 + 0.10
2.52 0.15 + 0.10 0.88 + 0.10
2.52 0.19 + 0.10 0.95 + 0.10

“Values were taken from Jordan et al."* “Uncertainties were recalculated based on the ion interaction coefficient derived in this study.
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described in Section 3.1.2 was applied to reach the final
uncertainties reported in Tables 6 and 7.

3.2.2.2. Extrapolation to Infinite Dilution. Similar to the
approach used at 25 °C, the conditional complexation
constants were extrapolated to infinite dilution applying the
SIT equation. At 40 °C (A = 0.523 kg"*mol™/?) and 50 °C
(A =0534 kgl/ 2.mol™/?), the Debye—Hiickel term was taken
from the values tabulated by Grenthe et al*! At 60, 80, and 90
°C, they were calculated according to Moog and Voigt™” and
were found to be 0.546, 0.571, and 0.585 kgl/z-mol_l/z,
respectively.

For the extrapolation to infinite dilution, the ion interaction
coeflicients derived at 25 °C were assumed to be constant in
the temperature range from 25 to 90 °C, according to Grenthe
et al,,”" who reported a very small temperature dependency of
the ion interaction coefficients between 25 and 200 °C (with
(0¢/0T), < 0.005 kg:mol™"-K™" at T < 200 °C). The obtained
logyo *f° values at 40, 50, 60, 80, and 90 °C for Cm(H,PO,)*"
and Cm(H,PO,)," are summarized in Tables 6 and 7. The
uncertainties on log;, *#°(T) were obtained from the
uncertainties on log;, *(T) and Ae as follows:

— 2 . 2
Uloglo*[fo - \/Ulogm *B + (mClO; GAE) (15)

Note that the conditional complexation constants at elevated
temperatures taken from Jordan et al.'"* were extrapolated to
infinite dilution using the ion interaction coefficients
determined in the present study.

3.2.2.3. Derivation of Thermodynamic Functions. The
standard molal enthalpy of reaction AxH?, and standard molal
entropy of reaction ApSY, were obtained using the integrated
van't Hoff equation (eq 16), assuming the AgS) value to
remain constant between 25 and 90 °C. The same assumption
was done for the molal enthalpy of reaction, assuming the
molal standard heat capacity of reaction ARC;,),  to be constant
and equal to zero.

AHYT)( 1 1
log. K%T) = log. KYT,) + —— %= - =
Oglo ( ) Oglo ( 0) Rll‘l 10 ’Ib T (16)

with R being the universal molar gas constant (8.31451 J-
K™':mol™) and T the temperature in Kelvin (T, = 298.15 K).

Results are shown in Figure S, and explanations about the
weighted least squares regression were already mentioned in
Section 3.1.2.

The derived thermodynamic data are summarized in Table 8
together with the corresponding weighted sum of squared
residuals (WSOSR). Covariance matrices are given in Table
SL.

All thermodynamic functions for both complexes were found
to be positive, meaning that the reactions were endothermic
and entropy-driven. The temperature-dependent complexation
constants were also described with the extended van’t Hoff
equation (see the Supporting Information). Interestingly, for
the Cm(H,PO,)*" complex, considering the standard molal
heat capacity of reaction does not significantly improve the
WSOSR (1.612 vs 1.327) of the fit and delivers a AzC; ,, value
with a large uncertainty (cf. Table S2). The situation for the
Cm(H,PO,)," complex is different. There, the WSOSR of the
fit is improved by almost 1 order of magnitude (0.499 vs
0.073), which allows a better description of the data.
Covariance matrices obtained with the extended van’t Hoft
equation are given in Table S3.
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Figure 5. Van't Hoff plots for the Cm(H,PO,)** (A) and
Cm(H,P0O,)," (B) complexes, based on the data in Tables 6 and 7.

Table 8. Thermodynamic Functions Derived for the
Cm(H,P0,)*" and Cm(H,P0O,)," Complexes Using the
Integrated van’t Hoff Equation

thermodynamic Cm* + H,PO, = Cm** + 2H;PO, =
data Cm(HZPOf)2+ + H Cm(H,PO,)," + 2H"
ARHY, 142 + 1.1 22.7 + 1.8
(kJ-mol™)
ARSY 56.1 + 3.3 773 + 8.7
(J-mol™K™")
WSOSR 1.612 0.499

3.3. Cm(lll) Complex Structures and Coordination.
3.3.1. Ab Initio Calculations. All the Cm(III) complexes with
one or two dihydrogen phosphate ligands are found to host
H,PO,” as a monodentate ligand in the solvated phase.
Indeed, the Gibbs free energy of [Cm(H,0);H,PO,]*" with
exclusive monodentate bonds between the H,PO,™ ligand and
the curium is energetically lower by 10 kJ-mol™" than the one
for which the H,PO,™ ligand is bidentately bound, a tendency
that is reversed in the gas phase. The considered monodentate
complexes are presented in Figure 6.

Figure 6. Complexes of [Cm(H,0);H,PO,]** (left) and [Cm-
(H,0),(H,PO,),]" (right) optimized at the UMP2 level of theory

Cm are in yellow, O in red, H in white, P in violet). Dashed line =
hydrogen bond.

https://doi.org/10.1021/acs.inorgchem.1c01319
Inorg. Chem. 2021, 60, 10656—10673


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01319/suppl_file/ic1c01319_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01319/suppl_file/ic1c01319_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01319/suppl_file/ic1c01319_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01319/suppl_file/ic1c01319_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01319/suppl_file/ic1c01319_si_003.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01319?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

In the 1:1 complexes, the monodentate dihydrogen
phosphate binds Cm at very short distances of 2.260 and
2.297 A for the 8- and 9-coordinated complexes, respectively,
while all Cm—OH, distances, except for a long one at 2.57 A,
lie between 2.44 and 2.53 A, ie, in the range of those
computed for the Cm aqua ion (Table S4). For the 1:2
complexes, the distances to the monodendate oxygen atoms of
the two dihydrogen phosphate groups appear to be longer by
0.05 A for CN = 8 and 0.07 A for CN = 9 than in the 1:1:
complexes because of their mutual steric repulsion (Table S4).
The very short distance between Cm and the interacting
oxygen of the dihydrogen phosphate group plus the anionic
character of the ligand may suggest that the character of this
bond is different from that between Cm and a neutral water
molecule. However, as observed in Table S5, the QTAIM
analysis that compares the Cm(H,PO,)** complex to the aqua
complex shows that the Cm — Oy po, bond is about the same

type as the typical Cm — Oy o bond, which is essentially ionic,

similar to other An or Ln ions interacting with inorganic or
organic ligands.”*~%

The exploration of the relative stability of hydrated species is
also possible owing to the estimation of the Gibbs free energy
of reactions AG,(T), as defined in Section 2.4.3. Before
discussing the computed QM numbers, one has to be aware
that the accuracy of AG,(T) QM calculations might be
impacted by the COSMO solvation energies of charged species
that can deviate by up to 30 kJ-mol™' in absolute terms.’’
These errors are expected to largely compensate when
considering reaction quantities. For reaction R1 involving
exclusively the aqua ion, AG, = +6 kJ-mol™" at 25 °C and +0.7
kJ-mol™" at 90 °C were computed, i.e., a constant number of
coordination of nine is favored at 25 °C (about 90%). Albeit at
90 °C the population of 8-coordinated aqua ion increases, the
coordination is still dominated by the 9-coordinated one. This
result is fully consistent with the Gibbs free energy value AG, =
+5.5 kJ-mol~!, estimated by Lindqvist-Reis et al.”> For the 1:1
complexes, the computed Gibbs free energy of reaction for the
reaction R2 corresponding to the water dissociation process
from the 9-coordinated [Cm(H,0)(H,P0,)]*" is endergonic,
AG, = +2.3 kJ'mol™', suggesting that the solution might
contain a large amount of 9-coordinated species. For the 1:2
complexes, the AG, associated with reaction R3 is estimated to
be at —7.5 kJ-mol ™" at 25 °C, meaning that one would possibly
expect a decrease of the coordination number from 9 to 8, a
tendency reinforced by the rise of the temperature (AG, =
—13.9 kJ'mol™! at 90 °C).

Based on the optimized Cm(III)—complex structures, the ab
initio absorption/emission wavelengths of five considered
[Cm(HZO)”(HZPO“)m](3_'")+ complexes are reported, with n
+m = 8 or 9 and n varying from 6 to 9. The data are available
in Table S6 for a coordination number equal to 9 and Table S7
for CN = 8. They are associated with absorption energies
averaged over the 8 spin—orbit components of the spin-free
octet ground state to the lowest components of the sextet
states. The absolute absorption energies are corrected by an
estimated shift AEyy.caspro (as defined in Section 2.4.2).

For the [Cm(H,0),]*" complex, geometry optimizations at
the CASSCF level for the octet ground state and the lowest
sextet state were carried out and it turned out that the changes
in the Cm—OH, distances did not exceed a few picometers.
This leads to the conclusion that one can compute emission
energies and wavelengths using the ground-state octet

geometry. Note that the resulting absolute absorption/
emission energies might be slightly shifted with respect to
experimental data as the chemical model and the method used
to optimize the geometries might impact them; com?uted first-
shell distances might be about 0.50 A too long.°>** However,
as shown in recent computational studies of Ce(III) spectros-
copy,””** one can expect the computed quantities to be
accurate enough to discuss trends in emission energies with
respect to changes in either the coordination number or the
first-coordination shell ligand.

According to the quantum chemical calculations, the
complexation of Cm with one or two hydrogen phosphate
groups results in a small lowering of the emission energies by
only a few hundreds cm™ compared to the aqua ion, thus
corresponding to a small red shift. This theoretical result is
perfectly in line with the experimental observations (see
Section 3.1.1) as well as our former study,'* even though the
computed redshift is slightly overestimated, as expected
regarding the “computational” constraints.

For the sake of comparison with luminescence spectroscopic
data acquisition, an additional and interesting feature that can
be deduced from the simulations is the crystal field splitting
(CES) of the low-lying excited states of the complexes. Here,
we specifically mean the few lowest components of the sextet
states that are within 1000 cm™ of the lowest one. In the 1:1
complex for CN = 9, the computed splitting AE(A, — A;) of
432 cm™! is slightly larger than the one in the 1:2 comple, i.e.,
378 cm™!, both being larger than what was found for the
[Cm(H,0),]*" aqua ion, i.e.,, 273 cm™" (Table S6). Note that
the reduction of the first-coordination sphere by one water
molecule results in an increase of the crystal field splitting by a
factor of 1.3 for the aqua ion and 1:1 complex and a factor of
1.5 for the 1:2 complex (see Tables S6 and S7, ratio AE(B, —
B)/AE(A, — A,)).

3.3.2. Luminescence Spectroscopy. In order to assess the
complex structures in more detail and to account for potential
changes in the overall coordination number with increasing
temperature, the spectroscopic data in terms of obtained pure
component spectra can be compared with the computed data
for the Cm(IIl) electronic levels in the different complex
coordinations (8-fold vs 9-fold).

From the obtained pure component spectra, the CFS can be
determined when the emission profiles are fitted with four
Lorentzian functions. The prerequisite for the fitting is that the
population of these crystal field states follows the Boltzmann
distribution (eq 3). The obtained peak positions of the four
Lorentzian peaks can thereafter be compared to the computed
crystal field splitting for the two identified Cm—phosphate
complexes with an overall coordination number of 8 or 9.

For such comparison, one has to begin the discussion with
the noncomplexed Cm>* aqua ion. At 25 °C, more than 90% of
the aqua ions have been shown to exist in solution as nine-
hydrated tricapped-trigonal-prismatic Cm(H,0),** cations.”*
The remaining ~10% are 8-fold coordinated Cm(H,0)s**
with a square-antiprismatic structure. With increasing temper-
ature, the amount of 8-fold coordinated Cm>* ions increases,
so that at 90 °C (the highest temperature used in the present
study) approximately 20% of the Cm>®" aqua ions have 8-fold
coordination. The presence of both 8-fold and 9-fold
coordinated Cm(III) can be directly observed in the measured
Cm(III) aqua ion emission spectrum as a shoulder on the red
side of the emission peak (see Figure S9). The emission
spectrum collected at 90 °C has been fitted with two
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Figure 7. Extracted pure component emission spectra (black curves) of the Cm(H,PO,)*" complex at 25 (left) and 90 °C (right) can be described
with four Lorentzian peaks following the Boltzmann distribution depicting the emission transitions from the four crystal field states of the excited
electronic level (A;—A,) back to the ground state. Errors expressed with 99.7% (36) confidence of the fitted Lorentzian peak maxima and the fit
residual (cyan traces) are included in the plots. Arrows indicate the part of the spectrum where the presence of an 8-fold coordinated

Cm(H,PO,)** complex would be expected to appear.

Table 9. Crystal Field Splitting (CFS) Obtained from the Fitted Experimental Pure Component Emission Spectra for the
Cm(H,P0,)*" and Cm(H,PO,)," Complexes Are Compared with the Computed CFS for These Complexes in 8-Fold and 9-

Fold Coordination

ACES 25 °C ACFS 90 °C ACES 25 °C ACFS 90 °C
exp. CFS  exp. CFS  comp. CFS (comp.—exp.) (comp.—exp.) comp. CFS (comp.—exp.) (comp.—exp.)
transition 25 °C 90 °C CN =9 CN =9 CN =9 CN =38 CN =38 CN =38

crystal field splitting of the 1:1 Cm(H,PO,)** complex

A, 0 0 0 0 0 0 0 0

A, 98 +9 117 £ 7 112 14 =5 165 67 48

Ay 217 + 36 233 + 19 291 74 S8 303 86 70

A, 364 + 70 396 + 35 432 68 36 565 201 169
crystal field splitting of the 1:2 Cm(H,PO,)," complex

A, 0 0 0 0 0 0 0 0

A, 170 + 24 162 + 6 128 —42 —34 141 -29 -21

A, 301 + 68 262 + 21 229 =72 -33 241 —60 =21

A, 451 £ 63 437 + 54 378 =73 -59 573 122 136

approaches: (i) considering both coordinations of the aqua
complex by fitting the main transitions (A;) of both
Cm(H,0),** and Cm(H,0)s* and three composite hot-
band transitions describing the 6 crystal field states (A,—A,) of
the two aqua ion configurations and (ii) only considering the
presence of 9-fold coordinated aqua ion with an overall of four
crystal field transitions. The latter fit is clearly unsatisfactory,
highlighting the visible presence of a significant amount of
Cm(H,0)s*" in the measured emission spectrum collected at
this elevated temperature. Further discussion of the obtained
fit and resulting crystal field splitting in comparison to the
computed one is given in the Supporting Information (see text
and Table S8).

To explore the possibility of a change in coordination for the
two extracted Cm(III)—phosphate complexes with increasing
temperature, the extracted pure component spectra were
analyzed in detail. We begin the discussion with the 1:1
Cm(H,P0,)*" complex. The extracted pure component
emission spectra for this Cm—phosphate complex at 25 and
90 °C were fitted with four Lorentzian peaks (emission
transition from the crystal field levels A;—A, back to the
ground state) following the Boltzmann distribution. This fit
assumes that only one complex configuration (e.g, only 8-fold
or only 9-fold coordination) is present in solution at both
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temperatures. As illustrated in Figure 7, this fit reproduced the
experimental data very well. No deviation on the red side of
the spectrum (indicated in Figure 7 with an arrow), which
would point toward the presence of an additional complex
configuration as observed for the Cm(IIl) aqua ion, can be
observed. The largest deviation from the extracted pure
component emission spectrum can be seen at 25 °C around
585 nm, which can be related to the rather large error of the
fitted peak position of the crystal field transition A, (errors for
the Lorentzian peak centers are included in the plots in Figure
7). With increasing temperature, the population of the crystal
field levels increases and the error associated with the
Lorentzian fits of these hot-band transitions decreases. All
fitted parameters with associated errors are compiled in Table
S9.

At 90 °C, for the composite spectrum, the fitted Lorentzian
functions of the Cm(H,PO,)** complex are broader than at 25
°C, owing to inhomogeneous broadening of the spectral lines
with increasing temperature.”” From the obtained peak
maxima of the Lorentzian peaks, representative of the energy
of the crystal field transitions, the magnitude of the crystal field
splitting can be calculated. The results are compiled in Table 9
together with the computed crystal field splitting for the
Cm(III)—phosphate complex in 8-fold and 9-fold coordina-
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Figure 8. Extracted pure component emission spectra (black curves) of the Cm(H,PO,)," complex at 25 (left) and 90 °C (right) can be described
with four Lorentzian peaks following the Boltzmann distribution depicting the emission transitions from the four crystal field states of the excited
electronic level (A;—A,) back to the ground state. Errors expressed with 99.7% (36) confidence of the fitted Lorentzian peak maxima and the fit

residual (cyan traces) are included in the plots.

tion. The magnitude of the crystal field splitting at the two
investigated temperatures is very similar, yielding average
values of 0 (A;), 107 (A,—A,), 224 (A;—A,), and 380 (A,—
A,). This splitting is in excellent agreement with the computed
crystal field splitting for the Cm(H,PO,)*" complex with an
overall coordination number of 9 (see Table 9). Therefore, this
Cm(III)—phosphate complex can with confidence be assigned
to the 9-fold coordinated Cm(H,0)g(H,P0O,)** species. Based
on the identical crystal field splitting at 25 and 90 °C and the
absence of any features in the extracted pure component
emission spectra, which cannot be described using the four
Lorentzian peaks, this coordination is preserved over the entire
investigated temperature range. In other words, a similar
decrease of the coordination number from 9 to 8 as observed
for the curium aqua ion as a function of temperature does not
occur for this phosphate complex.

A similar treatment of the pure component spectra for the
Cm(H,PO,)," complex was done to obtain the crystal field
splitting at 25 and 90 °C. The obtained results for these two
temperatures are shown in Figure 8. The experimental and
computational data of the crystal field splitting are compiled in
Table 9, while a summary of all fitting parameters can be found
in Table S10.

In contrast to the 1:1 species where the computed crystal
field splitting for the 8-fold and 9-fold coordinated Cm-
(H,PO,)*" complex is clearly different, a very similar splitting
is obtained for both coordinations of the Cm(H,PO,),"
complex (see Table 9). The largest difference can be seen
for the A,—A; band gap, which unfortunately inherits the
largest error in the fitted experimental profiles due to the low
population of the highest crystal field level, especially at 25 °C.
When omitting this level from the comparison, a better fit with
the computed data for the 8-fold coordinated complex can be
deduced. If the A, level is included, the 9-fold coordinated
species seems to yield the most consistent result, which is in
agreement with the coordination of the 1:1 complex.
Therefore, a direct conclusion of the coordination of this
species is hard to draw.

In comparison to the fitted profiles of the 1:1 complex, the
fitting residual of the 1:2 complex (cyan traces in Figure 8) is
larger. The worse fit of the latter complex is also visible from
the SOSR values (compiled for all fits in Table S11), which is
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larger by a factor of 2 at 25 °C and by a factor of almost 4 at 90
°C in comparison to the values obtained for the 1:1 complex.
As our computational results point toward a possible presence
of 8-fold coordinated Cm(H,PO,),", the fit was redone with
addition of a fifth Lorentzian function describing the A;
transition of such an 8-fold coordinated complex configuration
(similar to the procedure described above for the aqua ion).
To facilitate the interpretation of the results, pure component
spectra for the 1:2 complex collected at 40, 60, and 80 °C were
included in the data treatment. The results for all five
temperatures are compiled in Figure S10 and Table S12. At 25
and 40 °C, the fits are not improved by the inclusion of this
fifth Lorentzian component depicting the presence of Cm-
(H,PO,)," with CN = 8 (see Table S11). At 60—90 °C,
however, the SOSR become systematically better with five
components rather than four, which serves as an indication for
the presence of 8-fold coordinated Cm(H,0)s(H,PO,)," in
addition to Cm(H,0),(H,PO,)," in 9-fold coordination.
Based on the area under the curves of the main transition
(A,) peaks, the amount of 8-fold coordinated species increases
from 2% at 25 °C to 14% at 90 °C. However, as the individual
hot-band transitions of both coordinations cannot be resolved
and hot-bands of the 8-fold coordinated complex can be
expected to overlap with the main transition of the 9-fold
coordinated species, these values should be taken as tentative,
yielding information of the trends in the system rather than the
absolute speciation.

4. DISCUSSION

Based on our luminescence spectroscopic data, three different
Cm(III)—phosphate complexes could be derived from our
peak deconvolution. Only two complexes could be identified in
solution at the lower investigated pH value of —log,, [H*]
2.52. Based on slope analysis of the derived species
distributions, these two species could be assigned to Cm-
(H,PO,)*" and Cm(H,PO,)," with complexation constants at
infinite dilution of log;, *#° = 0.45 + 0.04 (reaction R4) and
log,, *#° = 0.08 + 0.07 (reaction RS), respectively.
Recalculating these values for the reactions Cm** + H,PO,~
= Cm(H,PO,)** and Cm’** + 2 H,PO,” = Cm(H,PO,),"
using the reaction H* + H,PO,” = H;PO, (log,, f° = 2.14 +
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0.03)*" yields complexation constants of log;o ° = 2.59 + 0.05
and log,, /° = 4.36 + 0.09. The complexation constant for the
1:1 complex is identical to the one derived in our previous
study (2.59 + 0.19);'* however, due to the larger amount of
data points used for the extrapolation and recalculation of the
complexation constant and the slightly different statistical
approach in the present work, the uncertainty is substantially
smaller. This is the first time that a complex stoichiometry of
1:2 for the second Cm(III)—phosphate complex is spectro-
scopically confirmed and that consistent thermodynamic data
are provided since the two most recent studies compiled in
Table 1, accounting for more than one An—phosphate
complex, only report An(H,PO,)** and An(HPO,)" species
(An = Am or Cm).">'® In both the studies of Moskvin'’ and
Lebedev et al.,** however, the formation of 1:2 An(H,PO,),"
complexes has been proposed. In the latter study, slope
analysis of the spectrophotometric data yielded a complexation
constant of 3.72 + 0.02 for Am(H,PO,),", a value that is
substantially lower than the corresponding one for the
Cm(H,PO,)," complex reported in the present study. Lebedev
et al,”® however, worked at very high total phosphate
concentrations (up to 13 mol-L™"), and the ionic strength
was not kept constant in their study. Therefore, this complex
and the postulated complexation constant were not accepted
by Silva et al.** with the explanation that the experimental
conditions in terms of the very high ionic strength could lead
to ionic strength artifacts such as the decrease of the molar
extinction coefficient in the quasi “nonaqueous” media. Thus,
our study is the first one to report a complexation constant for
the 1:2 complex under controlled ionic strength conditions.

The interaction coefficient £(Cm(H,P0,)**;ClO,”) (0.17 +
0.04 kg'mol™') was found to be larger than &(Cm-
(H,PO,),ClO,”) (—0.10 + 0.06 kg'mol™'), which can be
attributed to the higher charge density of the Cm(H,PO,)*"
complex. This is in line with the computed bond length
between Cm and the oxygen atoms of the dihydrogen
phosphate ligand, which is shorter in the Cm(H,PO,)*"
complex (see Section 3.3.1).

As the temperature increases from 25 to 90 °C, the relative
permittivity of water, or more commonly called dielectric
constant ¢, decreases from 78 to 58, due to an increased
thermal agitation in the system, leading to an increased entropy
coming from an increased disorder. This, combined with the
release of one or two H,0 molecules from the first
coordination shell of the aqua ion upon complexation of the
H,PO,” ligand(s), contributes to the overall increase in
entropy, in agreement with the positive ApSY, values derived
from the application of the integrated van’t Hoff equation to
the temperature-dependent data.

Based on our ab initio calculations, both the 1:1 and 1:2
Cm—phosphate complexes with monodentate coordination to
the H,PO, ligand are the most stable complex configurations
at 25 °C. This coordination is supported by our luminescence
lifetime measurements, where a very small increase of the
overall luminescence lifetime was observed with increasing
phosphate complexation. As previously mentioned, the life-
times could be well described by the coordination of 8 or 7
H,O entities to the curium cation in the Cm(H,PO,)*" and
Cm(H,P0,)," complexes, respectively, using (eq 4), proposed
by Kimura and Choppin.>> When preserving an overall
Cm(IlI) coordination number of 9, only monodentate
coordination to the H,PO," ligand is possible.

At elevated temperature, however, our ab initio simulations
predict a different behavior in terms of the coordination, for
the two identified Cm(III)—phosphate complexes. For the
Cm(H,P0O,)*" species, the coordination number is predom-
inantly 9 both at 25 and 90 °C, which is in agreement with the
deconvolution and subsequent Boltzmann fitting of the
luminescence emission spectra (see Section 3.3.2). However,
for the Cm(H,PO,)," complex, a decrease of the coordination
number from 9 to 8 could be favored. Indeed, in this
stoichiometry, the two hydrogens of the phosphate groups
sterically repel each other, inducing a lengthening of some
Cm—OH,0 bond lengths, thus making the water molecules
more labile. Note that the presence of the Cm(H,PO,),"
complex with both coordination number of 8 and 9 leads to an
increased disorder. In addition, both ab initio simulations (see
Section 3.3.1) and deconvolution of the luminescence spectra
(see Section 3.3.2) revealed an increased amount of 8-fold
coordinated Cm** ions with temperature (~14% at 90 °C).
The decrease of the coordination number of the Cm(III) aqua
ion as a function of temperature was found to be entropy-
driven (AS = 25.4 + 1.2 J-mol™"-K™!).°> This could also be a
driving force to the decreased coordination number for the 1:2
Cm(H,PO,)," complex.

The unfavorable enthalpy of reaction observed for both
Cm—phosphate complexes reveals that the heat spent in the
loss of water molecules is not regained upon interaction of the
H,PO,” ligand(s) with the Cm®" ion. Interestingly, the
temperature-dependent complexation data of the Cm-
(H,PO,)*" complex is well described using the integrated
van’t Hoff equation. For the Cm(H,PO,)," complex, the fit
was improved by 1 order of magnitude when the extended
van’t Hoff equation was applied. Both integrated and extended
van’t Hoft equations possess two fit parameters; therefore, the
decreased WSOSR for the extended van’t Hoff equation is not
due to the presence of a different number of variables to be
fitted.

This could be the result of the presence of two Cm-
(H,0),(H,PO,)," and Cm(H,0)¢(H,PO,)," species being 9-
fold and 8-fold coordinated, respectively, with temperature-
dependent fractions (see Section 3.3.2). This would imply that
the “single pure” component spectrum derived from the
luminescence data for the 1:2 complex would in fact
correspond to a mixture of 8-fold and 9-fold coordinated
species. The same is true for the Cm** aqua ion (see Section
3.3.2). Ideally, one should extract the relative distribution of
Cm®*" and Cm(H,PO,)," with CN = 8 and CN = 9 during the
deconvolution of the luminescence spectra. However, this is
not possible as the increase of temperature does not only lead
to an increase of the 8-fold coordinated species but also to an
increase of the hot-band intensities of both the 9-fold and 8-
fold coordinated species. Therefore, a difference spectrum
aiming at extracting the emission spectrum of Cm-
(H,0)s" (H,PO,), would show additional peaks belonging to
the hot-band transitions of the Cm(H,0),"(H,PO,), complex.
With individual components, it would be conceivable to apply
the SIT theory for two species with different coordination
numbers if their relative proportion is known and to derive for
each of them a complexation constant at infinite dilution
together with an ion interaction coefficient. Subsequently, the
integrated van’t Hoff equation could be applied to obtain
enthalpies and entropies of reaction for the 8- and 9-fold
coordinated species. Eventually, the derived complexation
constants at infinite dilution taking into account changes in the
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coordination number could be implemented in thermody-
namic databases, by including the water molecules in the first
hydration shell of the ions/complexes. Common geochemical
speciation software can already handle water molecules in
chemical reactions in which they get deprotonated (e.g.,
hydrolysis reactions) or for solubility products of solid phases
containing water of hydration. Including the water molecules
in the first hydration shell of ions/complexes is currently not
possible and would require further code developments.

The decrease of the coordination number upon increasing
temperature could not only apply to the Cm-—phosphate
system but as well to complexation studies with other inorganic
ligands such as nitrate, sulfate, hydroxide, etc. This
phenomenon is unfortunately simply overlooked in almost all
complexation studies. Our results indicate that this aspect
should be systematically examined, in particular when it comes
to chemical species with more than one ligand in their first
coordination sphere, which was shown to favor a decrease in
the coordination number for the Cm(III)—phosphate system
at elevated temperatures. Nevertheless, the authors are fully
aware that this suggestion represents a significant amount of
work, and if undertaken, it should be at first performed for
species to be found under the geochemical conditions (Ey, pH,
I, etc.) of nuclear waste repositories. Furthermore, greater
uncertainties on the status of the repository, on conceptual and
mathematical models, and on data and parameters will
certainly exist.

When increasing the pH to —log,, [H"] = 3.44—3.65, the
presence of a third Cm(III)—phosphate complex could be
observed in the current study. Due to the overall low amount
of this species, however, a reliable slope analysis could not be
performed and we can only tentatively assign this species to the
Cm(HPO,)" complex identified in the studies by Rao et al.'®
and Moll et al."> At the chosen solution conditions in the
present work, we are very close to the solubility limit of solid
CmPO,-xH,0 based on existing solubility data for amorphous
AmPO,-«H,0> and crystalline LnPO,-0.667H,0 rhabdo-
phane.”* Therefore, finding suitable solution conditions
where an adequate amount of Cm(HPO,)* complex is present
in solution while avoiding Cm—phosphate precipitation will be
challenging even with such a sensitive spectroscopic method as
luminescence spectroscopy allowing for the detection of sub-
nanomolar Cm(III) concentrations. Alternatively, solid
CmPO,xH,0 could be deliberately precipitated from solution
and characterized with luminescence spectroscopy in order to
determine a luminescence emission spectrum for this colloidal
species. This would allow for analysis of suspensions where
both such a precipitate and aqueous Cm(IIl)—phosphate
species coexist in solution. This will require careful planning of
the experiments as the amount of aqueous Cm(III) must be
determined reliably to allow for the subsequent thermody-
namic calculations, which requires a separation method such as
ultracentrifugation, capable of removing nanoparticulate matter
without introducing foreign substances into the system, i.e.,
from nanoporous filter materials. Thus, the further exploration
of aqueous Cm(III)—phosphate species such as the formation
of 1:1 and/or 1:2 Cm(HPO,)* and Cm(HPO,),” complexes
must be the scope of well-designed future studies to be able to
assess the relevance of aqueous An(IIl)-phosphate species in
circumneutral and slightly alkaline (ground)waters.
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5. CONCLUSIONS

In this study, we investigated the complexation of Cm(III)
with aqueous phosphates using luminescence spectroscopy as
the speciation tool. Three complexes could be identified in the
phosphate-containing solutions, namely, Cm(H,P0O,)**, Cm-
(H,PO,),", and presumably Cm(HPO,)". For the former two
complexes, present in sufficient abundance, conditional
complexation constants at several ionic strengths (0.5—3.0
mol-L™" NaClO,) could be derived, which were extrapolated
to standard conditions using the specific ion interaction theory
(SIT). This way, ion interaction coefficients &(Cm-
(H,PO,),5™%Cl0,7) (n = 1, 2) for the charged Cm(III)—
phosphate species interacting with the electrolyte anions could
be obtained. Temperature-dependent complexation constants
were derived from luminescence data collected in the
temperature range of 25—90 °C. By applying the integrated
and extended van’t Hoff equations, the molal enthalpy ApHY,
and molal entropy ApSY of reaction for the two Cm(III)—
phosphate complexes could be derived. For the Cm(H,PO,)**
species, the temperature-dependent data was well described
with the former equation, while a better fit was obtained for
Cm(H,PO,),", when including the standard molal heat
capacity of reaction. The underlying reason for this different
temperature-dependent behavior could be a slightly different
coordination chemistry of these complexes. By combining ab
initio calculations with a thorough analysis of the obtained
luminescence spectroscopic data, we could show that both
Cm(H,P0,)*" and Cm(H,P0,)," complexes with an overall
CN of 9 are stable in solution at 25 °C. This coordination is
preserved for the former complex in the investigated
temperature range up to 90 °C. For the latter complex, an
increasing amount of 8-fold coordinated species could be
established with increasing temperature. Such a coordination
change may be of relevance for the complexation of f-elements
with several other inorganic and/or organic systems, which to
date have only been described with one overall complex
configuration. With the development of new computational
tools and sensitive spectroscopic methods, the possibility for
derivation of individual thermodynamic data for complexes in
different coordination, to accurately describe the speciation of
inorganic and organic complexes and their temperature-
dependent behavior in aqueous systems, should be explored.
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