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reported for the first time.
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ABSTRACT

We investigated the binary Cm-citrate system using time-resolved laser fluorescence spectroscopy (TRLFS),
parallel factor analysis (PARAFAC), and quantum chemical calculations. Evidence collectively suggests the
stepwise coordination and deprotonation of citrate alcohol groups in Cm-cit complexes with two bound citrate
moieties upon increasing pH, which is supported by a bathochromic shift in emission spectra, an observed in-
crease in lifetime measurements, and lower energy minima for citrate alcohol involvement versus hydrolysis of
the Cm-citrate species. Our PARAFAC results agree with a 3-component model for the Cm-citrate system and
offer pure component decompositions, yielding fraction species across the studied pH range that have a corre-
lated slope = 1 as a function of pH. For the first time, evidence of ternary Ca-Cm-citrate complexes was revealed
by TRLFS with increasing calcium concentration at fixed pHy,. The formation of these ternary complexes was
substantiated with density functional theory (DFT) calculations on simple model systems of the complexes.
Shared citrate carboxylate groups between calcium and curium were proposed for all three ternary Ca-Cm-cit
complexes based on DFT-determined Ca-O and Cm-O distances. Moreover, we found that the ternary
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Ternary complexes
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complex with both alcohol groups deprotonated is most stable when it shares both two carboxylate and two
alcohol groups between Ca and Cm. The presence of shared functional groups highlights the enhanced stability of

these ternary complexes. Additional work is warranted to further constrain the stoichiometry, stability constants
and dependence on ionic strength of these complexes for purposes of thermodynamic modeling of repository

settings.

1. Introduction

Understanding actinide (An) mobility in underground repositories
for nuclear waste is integral for safely disposing radiotoxic elements and
limiting their mobilization into the biosphere to within acceptable dose
rates. After repository closure, redox conditions are expected to become
highly reducing mostly due to anoxic corrosion of steel and iron com-
ponents (Schramke et al., 2020). In cementitious environments, as those
considered in many repository concepts for low and intermediate level
waste (L/ILW), hyperalkaline conditions (10 < pHy, < 13.5) and mod-
erate calcium concentrations (10_3 M < [Ca] < 0.02 M) will dominate
the pore water composition (Hicks et al., 2008; Bube et al., 2013). In the
case of the Waste Isolation Pilot Plant (WIPP), alkaline conditions are
expected to develop after interaction with MgO, producing a pHy, of
approximately 9 (United States Department of Energy, 2014). In these
reducing systems, actinides are predominantly expected in the oxidation
states +III and +IV. An(IV) are characterized by low solubility and high
sorption over a broad range of pH conditions, whereas An(III) show
comparatively higher solubilities in weakly alkaline pH conditions, but
become largely insoluble in the hyperalkaline pH regime (Guillaumont
et al., 2003; Altmaier et al., 2019; Grenthe et al., 2020). The presence of
organic ligands may lead to the formation of stable complexes with these
radionuclides, eventually promoting their mobilization into the
biosphere.

Citric acid (C¢HgO7), henceforth cit, is a tricarboxylic acid present in
transuranic waste due to its use as a key decontaminant in the nuclear
industry, and is applied as an additive in the cement industry to control
setting and hardening of cementitious materials (Moschner et al., 2009;
Kusbiantoro et al., 2013; Guidone et al., 2024). With four functional
groups (up to 3 of which are able to coordinate with a metal ion), cit is
known to form strong complexes with actinide ions. In the absence of
metal ions, the hydroxyl (used interchangeably with alcohol) group on
citrate does not deprotonate until pH > 14 (Silva et al., 2009a). How-
ever, the pKa for the citrate alcohol group is substantially lowered in the
presence of metal ions (M = Ni(II), Fe(II), Fe(III), Al(III), Ga(III), Ln(III)),
(Strouse, 1977; Hedwig et al., 1980; Baker et al., 1983; Ohman, 1988;
Kieboom et al., 1977; Chunbo et al., 1995; Silva et al., 2009b; Motekaitis
and Martell, 1984; Clausén et al., 2005; Jackson and du Toit, 1991) and
is likewise expected to be so for trivalent actinide ions. For Ln(III) sys-
tems specifically, alcohol group involvement was found to occur at pH
7.4 (Chunbo et al., 1995). The deprotonation of the alcohol proton is
written as “H_jcit” in the present work. Understanding the coordination
and deprotonation of the citrate alcohol group in actinide-citrate com-
plexes is needed for proper determination of An-cit stability constants
and accurate thermodynamic modeling of the An-cit system, but is made
challenging by the chemically identical nature of hydrolysis versus
deprotonation of the alcohol group.

Numerous studies are available regarding the complexation of
trivalent actinides with citrate. An overwhelming majority of these
studies, however, are confined to the acidic pH region, where the stoi-
chiometry and thermodynamic data of citrate complexes are more easily
and satisfactorily defined. The Nuclear Energy Agency Thermochemical
Database (NEA-TDB) Project compiled and critically reviewed literature
concerning An(III)-cit speciation (with An = Am and Pu), but only four
complexes (mostly relevant in acidic conditions) were finally selected:
Am(Hcit)", Am(Hcit)z, Am(cit)(aq), and Am(cit)g’ (Hummel et al.,
2005). Fewer studies have investigated the neutral to alkaline conditions
that are relevant to nuclear waste disposal (Moutte and Guillaumont,

1969; Bouhlassa and Guillaumont, 1984; Eberle and Moattar, 1972;
Hummel, 1993; Aoyagi et al., 2018). Fewer among these have identified
the stoichiometry and derived stability constants for ternary An(II)-
OH-cit complexes, (Moutte and Guillaumont, 1969; Bouhlassa and
Guillaumont, 1984; Eberle and Moattar, 1972) but these studies were
either not included in the NEA review or not considered reliable enough
for selection of thermodynamic data (Hummel et al., 2005). A detailed
summary of the main thermodynamic studies available in the literature
for the system An(IIl)-cit is provided in the Supporting Information.
Table S1 provides a compilation of the complexation constants used in
this work for scoping geochemical calculations involving the An(IIl)-cit
system.

In the presence of Ca, above pHy, 5, the formation of the stable
aqueous complex Ca(cit)” and solid phase Cag(cit)-4H20(cr) are ex-
pected to limit the availability of this ligand for the complexation with
radionuclides (Hummel et al., 2005). Under equimolar conditions of Ca
and Cm, Cm would clearly outcompete Ca for citrate. However, the
degree to which calcium will outcompete curium under higher Ca con-
centrations and neutral to alkaline conditions as those expected in
specific repository systems, and the formation of possible ternary
Ca-Cm-cit complexes, are principal foci of this study.

In this work, we investigated the interactions between Cm(III) (an
Am(III) analog with favorable fluorescing properties) and citrate in the
presence and absence of calcium. A combined approach using time-
resolved laser fluorescence spectroscopy (TRLFS) and theoretical cal-
culations is applied, with the aim of characterizing the chemical model,
i.e., subset of chemical reactions controlling the binary Cm(III)-cit and
ternary Ca—-Cm(III)-cit systems, in the alkaline to hyperalkaline condi-
tions of relevance in the context of repositories for nuclear waste.

2. Experimental
2.1. Materials

Samples were prepared and stored in an anoxic, Ar-circulating glove
box (T = 22 + 2 °C, Oy < 1 ppm). Milli-Q (Millipore, 18.2 MQ cm at
25 °C) ultrapure water was purged with argon gas prior to use in all
solutions. Citrate solutions were prepared with trisodium -citrate
(Na3CeHs07-2H50(s); Sigma Aldrich, 99-101%) and pH was adjusted
using NaOH (Titripur®) and HCl (Titrisol®). CaCly-2H,0(s) (Sigma
Aldrich, 99-102%) was used in calcium-bearing samples. Ionic strength
was adjusted to I = 0.5 M using NaCl (Sigma Aldrich, >99.5%). Curium
additions were made using a 2.1 x 107> M stock (subsequently diluted
four-fold) with an isotopic distribution of 248Cm = 89.7% (remaining
isotopes: 2**Cm = 0.4%, 2**Cm = 0.3%, 2**Cm = 0.1%, 2**Cm = 9.4%,
27Cm = 0.1%).

2.2. pH measurements

A combination pH electrode (Orion Ross), freshly calibrated against
standard pH buffers (pH = 4-12, Merck), was used for all pH mea-
surements. Experimental pH (pHexp) Was corrected for proton activity
(yu,) and electrolyte background (NaCl) effects on the electrode using
the formula: log my+ = pHexp + A, where —log my+ = pHy, and A is an
empirical correction factor entailing the activity coefficient of H™ and
the liquid junction potential of the electrode for a given background
electrolyte concentration. A values previously reported in the literature
for NaCl system were considered for the calculation of pHy, (Altmaier
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et al., 2003).

2.3. Time-resolved laser fluorescence measurements and parallel factor
analysis modelling

After preparation in an Ar-glove box using quartz cuvettes, samples
were analyzed using TRLFS as a series of pH titrations (pHy = 6-13)
with [cit]ly = 1 mM and [Cm]t=1.3 x 10~7 M as initial concentrations.
Solutions of NaCl-NaOH with I = 0.5 M were used to increase pHp,
without altering the overall ionic strength of the sample. Citrate con-
centration (1 mM) was selected to ensure the predominance of the
complex cm(cit)3~ at pHm = 6, based on speciation calculations con-
ducted with the thermodynamic selection in the NEA-TDB (Figure S1).
This species is taken as an anchoring point in the development of a
chemical model for the Cm(III)-cit system at higher pHy, values. Calcium
titrations were performed on samples with fixed pHy, (5.0, 7.1, 8.9, 10.3,
and 12.1), fixed cit (1 mM), and a starting Cm concentration of 1.6 x
1077 M, with Ca = 0-50 mM. The upper limit of 50 mM was chosen
based on the upper solubility limit defined by Cas(cit)2e4H20(cr) under
the conditions of this study. A minimum equilibration period of 4 h was
allowed between sample preparation and measurement. Measurements
of pH were made before and after each analysis.

TRLFS measurements were conducted with a pulsed Nd:YAG (Con-
tinuum Surelite II) pumped dye laser system using an excitation wave-
length of 2 = 396.6 nm, a spectral window of 580-620 nm, and an input
side slit width of 2500 nm. Where appropriate, a duplicate spectrum was
collected with the spectral window shifted to 590-630 nm to check for
additional peaks. A gate delay of 20 ns and gate width of 1 ms were used.
Gate delay steps varied from 15 to 50 ps for fluorescence lifetimes. The
fluorescence emission lifetime, 7, of each sample was determined by
fitting the area of the experimental integrated fluorescence intensity (I)
at time, t, to the exponential decay equation I(1) = IO(/l)-e("/ 9. The
number of coordinated water molecules to curium in aqueous solution
was calculated using its relationship to the fluorescence decay constant,
kobs, by nHoO = 0.65kops — 0.88 (Kimura and Choppin, 1994). More
details regarding the lifetime fitting procedure are described in
Figure S2.

A series of TRLFS data were acquired over a pH range of 5.0-12.5
and preprocessed to correct for background noise through baseline
subtraction, intensity-normalized using a min-max method from O to 1,
and normalized to a laser power of 12 mW. Due to the low concentration
of Cm, inner-filter effects were considered negligible. The preprocessed
data formed a three-dimensional tensor (13 x 1024 x 16), denoted as X,
representing pH, wavelength, and delay time dimensions, respectively.
The PARAFAC algorithm, implemented through the N-way toolbox for
MATLAB®,(Andersson and Bro, 2000) was employed to analyze the
multidimensional tensor X. A comprehensive description of PARAFAC is
not within the scope of this article; instead, readers are directed to the
literature (Bro, 1997) and the associated references therein for a thor-
ough exploration of the topic. A brief introduction of PARAFAC is pro-
vided in the Supporting Information.

2.4. Density functional theory calculations

Quantum chemical calculations on the complexes were conducted
using DFT-BP86 with the def2-TZVP basis set and the COSMO solvation
model. We optimized the structures of these complexes with DFT
(Hohenberg and Kohn, 1964; Kohn and Sham, 1965). We determined
the equilibrium structures of the proposed complexes and calculated the
vibrational frequencies at the optimized structures to ensure that there
are no imaginary vibrational frequencies and the structure is, indeed, an
equilibrium structure and not a saddle-point. As we are only interested
in the equilibrium structures of the ground states, we employed DFT.
The application of time-dependent (TD)-DFT, which is suited for excited
states, was not required. Calculations were performed using TURBO-
MOLE (version 7.0, 2015) (Ahlrichs et al., 2015; Deglmann et al., 2004;
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Eichkorn et al., 1995, 1997; Schéfer et al., 1992; Treutler and Ahlrichs,
1995; Von Arnim and Ahlrichs, 1999) with the same functional and basis
set as in our previous studies (DFT-BP86 (Ahlrichs et al., 2000),
def2-SVP (Schafer et al., 1992)) (Tasi et al., 2018a, 2018b; Szabo et al.,
2022). For Cm(IlI), we used pseudopotentials (PP) and the corre-
sponding def-TZVP basis set, which considerably simplified the DFT
calculations (Cao and Dolg, 2004).

As a simple minimal model for the proposed complexes, we included
15 water molecules and either 4 Na * or 2 Ca®* counter ions in the first
coordination sphere and optimized the structures of these systems with
DFT calculations. Additional solvent effects beyond the first shell of
solvent molecules were considered using the conductor-like screening
model (COSMO) (Klamt and Schiitirmann, 1993; Klamt, 1995; Baldridge
and Klamt, 1997). Considering the first water/counter ions shell
explicitly and dealing with additional solvation effects by means of
COSMO provides a reasonable approach to investigate structures of
species in solutions. These models should be considered as a rough
approximation to study the possible existence of such complexes. A
detailed study of these species in their chemical environment would
require large scale and more sophisticated molecular dynamics (MD)
calculations.

3. Results and discussion
3.1. TRLFS of aqueous curium(III)-citrate complexes

3.1.1. The binary Cm-cit system

Spectroscopic investigation of the Cm(III)-cit system was conducted
as a function of pH to validate the current speciation regime and to
determine the effect of Cm(III) hydrolysis on speciation under alkaline
conditions. Fig. 1a shows Cm-cit emission spectra normalized to equal
peak height, lifetime measurements, and, in Fig. 1b, water molecules in
the Cm hydration sphere (calculated using the linear relationship to
fluorescence decay from Kimura and Choppin (1994)) when pHp =
5.0-12.5. Evidence of complexation was given by a bathochromic shift
of the Cm aquo ion peak from 593.7 to 599.5 nm and a decrease in nH,O
from 8.6 to 4.5 in the presence of 1 mM cit at pHy, 5.0. The observed
increase in luminescence lifetime of Cm-cit at higher pHp, values is
attributed to the replacement of quenching water molecules by func-
tional groups of citrate in the inner coordination sphere of curium. The
extent of the lifetime increase depends on the degree of complexation
and the coordination mode adopted by the citrate ligands, which can
modulate the non-radiative deactivation pathways involving vibrational
energy transfer to the water molecules and the luminescence efficiency
of curium. Our spectra are in reasonable agreement with Heller et al.
(2012), but the values for nH,0 at pH 12.5 are disparate, possibly due to
precipitation or Cm sorption to the cuvette wall in the Heller et al.
(2012) study, suggested by their low intensity and starting concentra-
tion of [citly = 0 M. Similar results are described for Cm-gluconate
TRLFS at pH 12, where Rojo et al. (2021) propose Cm sorption or pre-
cipitation at lower gluconate concentrations. We likewise observed low
Cm emission intensity in the present work when starting with 0 M cit,
even after increasing the cit concentration to 5 mM. Sorption was, thus,
less pronounced in the present work by starting with Cm-cit complexes
at [cit]lt = 1 mM and pHy, 5.7 and subsequently increasing pH.

A 3-nm bathochromic shift was observed between spectra at pHy, 5.0
and 7.0, where current speciation calculations using selected stability
constants from Hummel et al. (2005) predict Am(cit)g’ as the only
predominant species in this pH range (Figure S1b). While it is known
that the onset of the first Cm hydrolysis product begins around pHy, 6
and becomes predominant at pHp, 8 in the absence of citrate,
(Guillaumont et al., 2003; Wimmer et al., 1992; Neck et al., 2009) it is
unlikely that the observed bathochromic shift from 599.5 to 602.4 nm
would represent a ternary Cm-OH-cit complex, as citrate is likely to
decrease the Lewis acidity of Cm, thus delaying the onset of hydrolysis
for the Cm-cit complex. Given that the second Cm hydrolysis product (4
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Fig. 1. Normalized Cm(III) fluorescence spectra (a) and lifetime measurements (left y-axis, triangles) and calculated number of coordinated water molecules (right y-
axis, squares) (b) as a function of pH in the presence of [cit]r = 1 mM, at approximately 0.5 pH unit intervals, from pH, 5.0 to 12.5. The Cm(III) aquo ion in 0.5 M
Nacl is given by the bold black line (pHy, 2.9). I = 0.5 M Na-Cl-OH-cit. Spectra were normalized using a min-max method from 0 to 1. Uncertainty was propagated
using the uncertainty associated with the lifetime fit and the +0.5 nH50, as determined by Kimura and Choppin (Kimura and Choppin, 1994).

= 603.5 nm)(Fanghéanel et al., 1994) does not form until pH, > 7 (and
isn’t predominant until pHy, 8), (Guillaumont et al., 2003; Fanghanel
et al., 1994) it is likely that, especially if the stoichiometry of Cm-cit
complexes remains the same between pHp, 5 and 7 (per the
NEA-TDB), (Hummel et al., 2005) the manner of citrate coordination to
Cm must change between pHy, 5 and 7. Furthermore, from pHy, 6, the
normalized fluorescence spectra acquired at increasing delay times were
characterized by an asymmetric narrowing of the emission bands and a
slight red-shift. The left side of the peak gradually became narrower at
longer delay times, while the right side remained relatively unchanged
(Figure S3a). This asymmetric behavior suggests that (1) the overall
luminescence decay is composed of contributions from multiple emit-
ting species with distinct luminescence characteristics and lifetimes and
(2) there is a subtle change in the ligand field environment experienced
by Cm, which is attributed to the presence of slightly varied coordina-
tion geometries. Nonetheless, a mono-exponential fit was successfully
applied to model the decay process (Table S2), which indicates a fast
ligand exchange between the two excited species compared to the
radiative decay rate of the excited states. This fast exchange can be
attributed to the similar coordination environments and energetics
involved.

We hypothesize, based on studies with di- and trivalent metals
(Strouse, 1977; Hedwig et al., 1980; Baker et al., 1983; Ohman, 1988;
Kieboom et al., 1977; Chunbo et al., 1995; Silva et al., 2009b; Motekaitis
and Martell, 1984; Clausén et al., 2005; Jackson and du Toit, 1991), that
citrate may convert from a bidentate to a tridentate coordination mode
involving a terminal carboxylate and the central carboxylate and hy-
droxyl groups. Tridentate coordination of one or both citrate molecules
to Cm is further supported by the value of 2.3 for nH,0 at pHy, 7.0, a
decrease of approximately 2H,0 from pHy, 5.0.

Continued bathochromic shift and a decrease in nH,O was observed
until pHy, 10.9, ultimately reaching the lowest observed value of nH;0
= 0.6, suggesting further involvement of the citrate hydroxyl in coor-
dination to Cm. Heller and co-workers proposed the predominance of
the complex Cm(H_lcit)g_ at pH 12.5,49 but reported a lifetime of 155 +
20 ps, corresponding to a difference of nearly 3 coordinated waters
compared to the present study (see Fig. 2b). This discrepancy can be
attributed to the presence of sorbed or precipitated species, as
mentioned earlier. The low intensity of the pH 12.5 sample in the pre-
vious study may have further contributed to erroneous lifetime calcu-
lations for the Cm(H,lcit)g’ species. Note further that for this specific
sample, the authors indicated that the lifetime and corresponding nH,O
value were “reported with reservations since only two analyzable

spectra were measured.” Additionally, rather than mention of citrate
alcohol involvement, chemically equivalent hydrolyzed Am or Cm-cit
complexes have also been postulated, typically involving only one cit-
rate moiety (Moutte and Guillaumont, 1969; Bouhlassa and Guillau-
mont, 1984; Eberle and Moattar, 1972; Hummel, 1993). Moutte and
Guillaumont (1969) are the only previous authors to mention hydro-
lyzed complexes containing two citrate moieties, including Cm(OH)
(cit)‘z" and Cm(OH)z(cit)g’, but they find no experimental evidence for
the latter complex, presumably because of the limited pH range of their
study (pH < 8). We did not see evidence for the chemical equivalent
species (Cm(H_lcit)g_) until pH > 9.

Though peak maxima exhibited continued bathochromic shift until
pHp, 12.5, reaching a cumulative peak center at 4 = 608.5 nm, a
shoulder peak began growing in around pHy, = 10.9, likely attributable
to hot bands (Lindqvist-Reis et al., 2005). The increase in nH30 for pHy,
> 11 may indicate OH™ competition for the Cm metal center, eventually
removing one citrate from the complex, as in Cm(OH),(H_jcit)™
(Rabung et al., 2008). Additional work as a function of citrate concen-
tration for pHpy > 12 may elucidate the nature of citrate and OH™
competition for Cm under hyperalkaline conditions.

3.1.2. The ternary Ca-Cm-cit system

Investigations of Cm-cit complexes were carried out at fixed pHp, as a
function of calcium concentration to probe for potential ternary Ca-Cm-
cit complexes. Fig. 2 shows emission spectra for samples with pHy, from
5.0to 12.1 and [Ca]t = 0-50 mM. A pronounced bathochromic shift was
observed for samples with pH, = 5.0 and 7.1, suggesting the presence of
multiple distinct species with increasing calcium concentrations. The
dominant peak at pHy, 7.1 and [Ca]lt = 20 mM, attributed to a ternary
Ca-Cm-cit species, had a maximum at 605 nm—about a 5-nm red-shift
from the Ca-free sample. Regardless of hydroxyl coordination, each
citrate moiety in a 1:2 Cm-cit complex would have at least one unco-
ordinated carboxylate group, which is thus available for complexation
with Ca.

Some estimates can be made regarding the coordination of the Ca-
Cm-cit complexes based on the TRLFS spectra. In addition to a bath-
ochromic shift, the calculated number of coordinated waters decreased
from 4.5 to 3.1 and 3.1 to 2.3 for samples with pH,, = 5.0 and 7.1,
respectively, from [Calr = 0-50 mM (Fig. 2f-Table S3). One possible
explanation for this phenomenon could be the coordination of the Cm
ion with a deprotonated alcohol group of citrate. Hence, the coordina-
tion with Ca is expected to enhance the acidity of the alcohol group,
resulting in deprotonation at a lower pH compared to Ca-free systems.
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Fig. 2. Normalized Cm(III) fluorescence spectra as a function of calcium concentration (0-20 or 0-50 mM) at fixed pH,, values (a—e) and their associated emission
lifetime measurements (f), all in the presence of [cit]r = 1 mM and I = 0.5 M Ca-Na-Cl-OH-cit. Initial [Cm]t = 1.6 x 1077 M. Spectra were normalized using a min-
max method from O to 1. Uncertainty was propagated using the uncertainty associated with the lifetime fit and the +0.5 nH,0, as determined by Kimura and Choppin

(Kimura and Choppin, 1994).

Samples with pH, > 8.9 had peak centers that would overlap the
605 nm peak associated with a ternary Ca-Cm-cit complex, but some
preliminary assessments can still be made about these higher-pH Ca-
bearing samples. Notably, a shoulder at ~612 nm appears in the pHy, 8.9
sample with increasing Ca, suggesting a new ternary Ca-Cm-cit or qua-
ternary Ca-Cm-OH-cit species. In the absence of calcium, we do not see
evidence for Cm(cit)(H,lcit)“' and Crn(H,lcit)g’ until pHp, 7.0 and 9.4,
respectively. However, if incorporation of calcium into these complexes
lowers the Lewis basicity of citrate, thus advancing the pH at which

citrate alcohol coordination to Cm occurs, it is possible that the shoulder
at ~612 nm can be attributed to either deprotonation of the second
citrate alcohol group (e.g., CaoCm(H_;cit)2) or hydrolysis of a Ca-Cm-cit
species (e.g., CaoCm(OH)(cit)(H_jcit)"). Either scenario is supported by
lifetime measurements of this sample, where a loss of 0.8 water mole-
cules was observed between [Calt = 0-50 mM.

Changes in spectra at pHy, 10.3 with increasing calcium were more
subtle (due to overlapping peaks), but at higher calcium concentrations,
equilibrium between binary Cm-cit and ternary Ca-Cm-cit complexes is
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speculated. A gradual hypsochromic shift was observed for pHy, 12.1
spectra with increasing Ca, likely signaling a shift in predominance of
Cm(H_1cit)3~ to a mixture also containing ternary Ca-Cm-cit complex
(es). As was seen in the binary Cm-cit system, lifetimes in the presence of
Ca increased by almost 1.0 nH50 as the pHy, increased from 8.9 to 12.1,
which may indicate concurrence of Cm hydrolysis species and minor
contributions from ternary Ca-Cm-OH species (Rabung et al., 2008).

3.2. PARAFAC decomposition of the binary Cm-cit system

Parallel factor analysis (PARAFAC)(Andersson and Bro, 2000) was
used to deconvolute pure components of the Cm-cit system. The core
consistency (CC) diagnostic and the sum of squared residuals (SSR) were
calculated as a function of the number of factors, as shown in Table S4. A
three-component system was determined to be the most reliable, to
which we assigned the generic naming scheme “Species 1,” “Species 2,”
and “Species 3”. The pure spectral components derived from PARAFAC
can be found in Fig. 3, along with an example fit using these compo-
nents. Successive fitting iterations were conducted with the percent
components suggested by PARAFAC until a reduction in chi-squared
values was observed.

The lifetimes determined with PARAFAC were 125.8 + 0.4, 356 +
4.5, and 405 + 0.5 ps for Species 1, Species 2, and Species 3, respec-
tively, which correspond to 4.3, 0.9, and 0.7 coordinated water mole-
cules. We note that Species 2 and 3 have similar lifetimes, which may
correspond to similar chemical environments of the Cm ion, as suggested
by DFT calculations. Still, the structures of the two complexes are
different enough to produce the observed bathochromic shift with
increasing pH, and suggest a possible limitation of the linear relation-
ship determined by Kimura and Choppin (1994). Another example of
distinct bathochromic shift with little influence on lifetime measure-
ments is found in the Cm-F TRLFS study by Skerencak et al. (2010)
where the authors used DFT to demonstrate that fluoride pulls waters
from the second coordination sphere closer to Cm, resulting in increased
fluorescence quenching. The lifetime remained at 65 s, despite clear
evidence for additional Cm-F species.

Fraction species calculations (Fig. 4a) using PARAFAC-derived
component analysis demonstrated the predominance of Species 2 from
pHm 8-10, a 50-50 mixture of Species 2 and Species 3 at pHy, 10.4, and
the subsequent predominance of Species 3 at pHp, > 10.4. Pure
component spectra were fit to experimental spectra according to the
fraction species shown in Fig. 4a, assuming the coordination and
deprotonation of one citrate alcohol group occurred with each succes-
sive species. Multiple iterations of the spectral fits were then performed
to improve the fit and subsequent chi-squared values. Calculated
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fluorescence intensity factors did not result in improved spectral fits and
were, thus, considered unity in the present study. Slope analysis as a
function of pHy, (Fig. 4b) revealed a reasonable agreement to a slope =1
for the formation of each species pair with increasing pH, supporting the
loss of one proton in the stepwise complexation reactions. Considering
the predominance of Cm(cit)s™ at pHp = 5 and [cit]lr = 1 mM as an
anchoring point (as calculated using the NEA-TDB selection), we
conclude that the subsequent species dominating the aqueous speciation
of Cm(III) are Cm(cit)(H,lcit)4' and Cm(H_;cit)3”. Note that the pre-
dominance of these species is only claimed at [cit]y = 1 mM (i.e., large
excess of citrate). Other species with a Cm:cit ratio of 1:1, as well as
possible hydrolysis of 1:1 species, are likely to form at lower ligand
concentration regimes instead of the proposed 1:2 complexes.

3.3. Theoretical molecular modeling using DFT

Quantum chemical calculations were conducted using DFT(BP86)/
def2-TZVP and optionally with the COSMO solvation model. Both
theoretical facets support the predicted Cm(cit)%‘, Cm(cit)(H_lcit)“’,
and Cm(cit)3~ complexes as having the lowest energy minima and
provide bond distances in close agreement with one another (with de-
viations < 4 pm). Each complex possessed a coordination number of 8
and was embedded in four [Na(H0),4]" groups, resulting in net charges
of +1, 0, and —1 for Cm(cit)3~, Cm(cit)(H_1cit)*, and Cm(H_1cit)3™,
respectively. The structure of the Cm(cit)(H,lcit)4' complex, as calcu-
lated with DFT, is illustrated in Fig. 5a. Hydrolysis of water, in lieu of
deprotonation of one citrate hydroxyl group, becomes more feasible for
the curium ion in the case of Cm(cit)g’, but this complex was still found
to have a slightly lower energy than Cm(OH)(cit)(H_;cit)>", suggesting
that the predominance of hydrolyzed Cm-cit species under alkaline
conditions is less likely. We speculate that such hydrolyzed species form
at higher pH values than those investigated in this work, or otherwise at
lower ligand concentrations, where 1:1 complexes form and, thus, a
greater number of water molecules are directly coordinated to the Cm>*
ion.

Deprotonated alcohol groups exhibited the strongest Cm-cit inter-
action, evidenced by the shortest bond distances (see Table 1). Partici-
pation of protonated citrate alcohol groups in the inner Cm coordination
sphere is still predicted for Cm(cit)3 ™, given their calculated Cm-O bond
distances of 246.2 and 250.4 p.m., which are slightly longer than the
Cm-O distances to the carboxylate groups (234.7-250.9 pm). The
carboxylate bond distances increased with each complex as the alcohols
became deprotonated, further highlighting the favorability of alcohol
coordination, with the closest Cm—COO™ distance being 234.7 and 239.7
pm for Cm(cit)gf and Cm(H_1cit)3 ™, respectively. It was also found that
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Fig. 3. Pure spectral components derived from PARAFAC (a) and example fit of experimental pH,, 9.4 spectrum using the PARAFAC-derived components (b).
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Fig. 4. Fraction species derived from PARAFAC, assuming deprotonation of 1 and 2 citrate alcohol groups for Species 2 and 3, respectively (a) and slope analysis of
the three components as a function of pHy,, corresponding to log molarity of ([Cm(H(x_z))(cit)i(s’x)]/ [Cm(H(x_l))(cit)Q(‘H)]), where x = 1, 0 (b). Lines in (a) are meant

to guide the eye.
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Fig. 5. DFT-calculated structures of Nas[Cm(cit)(H_;cit)](aq) (a) and Caz[Cm(cit)(H_;cit)](aq) (b). Legend: curium: yellow, sodium: grey, calcium: green, carbon:
orange, oxygen: red, hydrogen: white. Red dashed lines indicate hydrogen bonding. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Table 1

Calculated Cm-O bond distances for binary Cm-cit complexes using DFT (def2-TZVP/BP86). COO~ = carboxylate, CO~ = alcohol. Distances are given in pm.
Species COO~ COO™ COO™ COO0~ CO™ CO™ H,O Hy0
Cm(cit)3” 234.7 235.7 243.5 251.0 246.2 250.4 250.5 257.2
Cm(cit)(H_ycit)* 239.9 245.5 246.7 247.0 225.1 255.1 257.7 260.1
Cm(H_;cit)3~ 239.7 244.1 244.9 255.6 225.9 234.9 269.4 277.5

the Cm-HyO distances increased with each alcohol deprotonation,
ranging from 250.5 to 257.2 pm for Cm(cit)3 ™ to 269.4 and 277.5 pm for
Cm(H_;cit)3" . These longer Cm-HO distances support our observations
of increasing fluorescence lifetimes with increasing pH, as Cm(cit)
(H,lcit)“' and Cm(H_icit)3” become more predominant: We would
already expect displacement of water molecules in the Cm hydration
sphere upon coordination of the citrate alcohol group, but an increased
Cm-H,0 distance may further inhibit quenching by OH oscillations from
nearby waters, which may explain the nH20 < 1 seen for samples with
10 < pH < 12 and the increased lifetimes determined by PARAFAC for
Cm(cit)(H_jciN* and Cm(H_jcit)3™. This highlights a limitation of the

linear equation used to derive the number of inner sphere waters for Cm
determined by Kimura and Choppin (1994) as it does not factor in
Cm-H>0 distances. In this case, we observed structural changes in the
Cm coordination environment between Cm(cit)(H,lcit)4’ and Cm
(H_1cit)3™, evidenced by bathochromic shift and DFT calculations, but
the lifetimes, including those determined by PARAFAC, were less telling
of the nature of each complex.

DFT calculations also support the formation of ternary Ca-Cm-cit
complexes (Fig. 5b), where two Ca2" serve to charge-stabilize instead
of four Na™. Like the binary complexes, a CN = 8 was assigned to each
ternary complex. Regardless of alcohol coordination, two calcium ions
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were found to be stable within each complex. For all three species,
Cay[Cm(cit),] ™, Cas[Cm(cit)(H_;cit)]1(aq), and Cay[Cm(H_;cit),] , there
are shared carboxylate groups between calcium and curium with Ca-O
bond distances ranging from 243.0 to 249.3 pm (Table 2). The Caz[Cm
(H_;cit)3]” complex was found to have two shared alcohol groups, in
addition to two shared carboxylate groups, between Ca and Cm. A
greater number of shared functional groups likely enhances the overall
stability of these complexes. Note that although the number of coordi-
nated Ca atoms has been fixed to 2 in this exercise, the formation of
complexes involving 1 or 3 Ca atoms can be also envisaged, depending
also on the overall Ca concentration and ionic strength. Future work is
warranted to better constrain the stoichiometry of these complexes, and
to determine their stability constants and ionic strength dependence for
use in thermodynamic and geochemical model calculations.

3.4. Proposed chemical model for the binary Cm-cit system

The evidence obtained in the present work, which includes a corre-
lated slope = 1 for our 3-component Cm-cit system, suggests the pre-
dominance of Cm(cit)g_ from pHp, 5.0-7.0, Cm(cit)(H_lcit)“’ from 7.0
< pHp < 10.5, and Cm(H_;cit)3~ for pHm > 10.5 in the presence of
excess citrate. Similar findings were highlighted in Moutte and Guil-
laumont (1969) who propose a Cm(OH)(cit)‘z" complex that becomes
predominant with [cit]lt > 0.5 mM at pH 8. We have demonstrated,
however, that deprotonation of the citrate hydroxyl group is more
favorable, and, therefore, the complex that the authors are referring to is
Cm(cit)(H_lcit)“’. Eberle and Moattar (1972) proposed the formation of
Am(H_;cit)” or Am(OH)(cit)” for pH > 6 based on spectrophotometric
measurements. However, given the >50-fold excess of citrate used in
their study, it is more probable for their proposed complex to possess
two citrate moieties. The authors provide an absorption spectrum of
[Am]t = 1.8 mM and [cit]t = 100 mM at pH 9.28. The > 3-nm red-shift
exhibited between pH 6.12 and 9.28 agrees with similar spectroscopic
observations for Cm-cit in the present study. The pH 9.28 spectrum from
Eberle and Moattar also exhibits a shoulder of approximately similar
predominance as the proposed fraction species of Cm(cit)(H_;cit)*" and
Cm(H_;cit)3” in the present work (Fig. 3b).

Further evidence is given for citrate hydroxyl coordination and
deprotonation in Jackson and du Toit, 1991, where the authors used
approximately equimolar concentrations (4-8 mM) of Gd and cit in
combination with potentiometry and '3C NMR to investigate the for-
mation of Gd(H_;cit)” above pH 5, establishing a tridentate configura-
tion for citrate involving the hydroxyl group. In this study, the authors
also indicate the formation of Gd(OH)(H_lcit)Z’, which becomes pre-
dominant above pH 8.

Tamain et al. (2020) used a suite of analytical techniques, including
ultraviolet-visible (UV-Vis) and nuclear magnetic resonance (NMR)
spectroscopies, TRLFS, DFT, capillary electrophoresis, and extended
X-ray absorption fine structure (EXAFS) to investigate Am-cit
complexation at pH 1 and 3. The authors suggest that alcohol coor-
dination/deprotonation occurs at pH 1 for 1:1 and 1:2 Am-cit com-
plexes, but no alcohol involvement was inferred for pH 3 complexes. As
mentioned by Tamain et al. (2020), a pH of 1 may be too low to allow for
the deprotonation of additional carboxylate groups, and, instead, the
hydroxyl group enters the Am coordination sphere. The observations
described in Tamain et al. (2020) for pH 3 are in agreement with those

Table 2
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described in the present work, where we have no evidence of citrate
hydroxyl involvement at pH 5.

Finally, Heller et al. (2012) report the only other previously known
Cm-cit TRLFS study (combined with DFT and FT-IR), where the authors
used variable [cit]t up to 1 mM at multiple fixed pH values, from 2.4 to
12.5. Based on their combined DFT and FT-IR results, the authors
correctly assume that the citrate hydroxyl group becomes coordinated to
Cm and deprotonates with increasing pH. Up to pH 8.1, the spectra and
calculated lifetimes agree with those observed in the present work.
However, due to their method of starting with no ligand at pH 12.5, their
results at such high alkalinity are likely overcome by irreversible sorp-
tion to the cuvette and/or precipitation, which was observed and sub-
sequently avoided in the present work by increasing the pH of a solution
already containing Cm and excess citrate. (In fact, this method was
applied to a sample in the work of Heller et al. (2012) shown in their
supplementary information, where a sample containing 1 mM cit was
titrated up to pH 12.3 and can be seen to match our observed TRLFS
spectra more closely, with Ana.x &~ 608 nm) The authors nevertheless
propose a model where Cm(cit)3 ™~ is predominant from 6 < pH < 9 and
Cm(H,lcit)g’ becomes predominant above pH 9. The deviation between
this speciation scheme and the one proposed in the present study may
stem from the absence of Cm(cit)(H,lcit)4’ in Heller et al. (2012). The
deprotonation of both alcohol groups in one step, as proposed by Heller
et al. (2012) is unlikely and contradicts our own observations. Such a
reaction would likely manifest as a distinct isosbestic point in the TRLFS
spectra, which was not observed here. Thus, we propose the stepwise
coordination and deprotonation of the citrate alcohol groups as the most
plausible fit for our combined emission spectra, lifetimes, multi-way
decomposition and slope analysis, and quantum chemical investiga-
tion. Note, however, that behavior in a lower ligand concentration
regime (i.e., roughly equimolar Cm:cit concentrations) may differ, in
that the formation of ternary complexes Cm(OH)X(H,lcit)”"1 is ex-
pected under hyperalkaline pH conditions, as demonstrated in Jackson
and du Toit, 1991 for Gd.

4. Conclusions

We provided an updated speciation regime for the binary Cm-cit
system under neutral to hyperalkaline conditions that defines the stoi-
chiometry and demonstrates successive coordination and deprotonation
of the citrate alcohol groups with increasing pH. This, along with
knowledge of newly described ternary Ca-Cm-cit species, sets the basis
for new thermodynamic studies to come and future applications
modeling the chemical behavior of An(III) under geochemical condi-
tions of relevance for environmental applications and in the context of
repositories for nuclear waste disposal.
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