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ABSTRACT

We present a combined theoretical and experimental study of the Cm(lll)-EDTA system in alkaline
aqueous solutions. Time-resolved laser-fluorescence spectroscopy and vibronic side-band spec- K_iYV{ORIl)S )
troscopy measurements are performed with [Cm] = 10~7M,[EDTA]Jtot = 10-3M and 7 < pH < 12. The Vibrational spectroscopy;

evaluation of the TRLFS spectra and corresponding fluorescence lifetimes hints towards the
predominance of Cm(EDTA)— at pH 7, with the subsequent formation of the hydrolysis species

laser-fluorescence
spectroscopy; quantum
chemistry; actinide

Cm(OH)n(EDTA)-1-n with increasing=pH. This speciation scheme is further supported by the excel- chemistry
lent agreement obtained between experimental and calculated vibronic side bands. The relative

stabilities of the complexes Cm(OH),,(EDTA)?,_"_“p withn = 0—2and p = 1—-2are discussed on the

basis of the equilibrium constants calculated from quantum chemical calculations.

Py model structure
2

vibrations

1. Introduction

Solubility phenomena and sorption processes of radionu-
clides can be strongly affected by their interaction with
organic ligands. To assess the potential impact of these
complexes on the retention and mobilisation of radionu-
clides in a repository for nuclear waste, profound knowl-
edge of the chemical and thermodynamic models of rele-
vant actinide ions with the specific ligands is necessary.
Ethylenediaminetetraacetic acid (H4EDTA) is adapted
to differentiate b etween various d egrees of its protona-
tion state, see Figure 1 for the molecular structure) is
known to form stable complexes with tri- and tetrava-
lent actinides. A number of experimental studies avail-
able in the literature are dedicated to the complexa-
tion of Cm(III) with H4EDTA [1-9]. Most of these
studies report only the formation of the 1:1 complex

Cm(EDTA)-, although the predominance of the proto-
nated species Cm(HEDTA)(aq) is also proposed below
pH=~ 2.5 [2, 4]. Recent spectroscopic studies also pro-
vide evidence on the formation of the ternary com-
plex Cm(OH)(EDTA)?>~ in alkaline systems with pH
above &9 [7, 8]. In contrast to the complexes forming
in acidic conditions, no thermodynamic data has been
reported so far for Cm(OH)(EDTA)?~. The formation of
the analogous Am(IIT) complexes Am(HEDTA)(aq) and
Am(EDTA)~ under acidic conditions has been exten-
sively proven by different experimental methods (cation
exchange, solvent extraction, electromigration or spec-
trophotometry, among others) [1, 2, 6-16]. Based on the
changes in the rate of electromigration of Am(III) in
the presence of EDTA, Shalinets proposed the forma-
tion of the ternary complex Am(OH)(EDTA)?>~ above
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Figure 1. Molecular structure of the H4EDTA molecule.
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pH ~10 [4]. In a series of spectroscopic
ments, Delle Site and co-workers investigated the com-
plexation of Am(III) with EDTA within 1 <pH <
12and 1-1073M < [EDTA]sot < 5 - 1072M ([EDTA] ot
denotes the total concentration of the ligand in molar
units accounting for all of its protonated forms) [12].
The authors reported the formation of the complexes
Am(EDTA)~, Am,(EDTA)§™ and Am(EDTA);™ at pH
~ 1.0-2.1, &~ 3.75-7.25 and ~ 7.0-12.0, respectively.
Within the boundary conditions of their experiment
(with [EDTA]st < 5 - 1072M), Delle Site et al. observed
only the weak formation of the 1:2 complex, and indi-
cated also the expected co-existence of a complex involv-
ing the partial hydrolysis of the Am(III) ion. We note
also that the experiments in [12] were conducted at
[Am(III)] = 1-10—3M, for which the precipitation of
Am(OH)s3(am) is expected in alkaline systems even at
high EDTA concentrations.

Extensive theoretical studies of metal EDTA com-
plexes can be found in literature, but structures involving
trivalent actinides or lanthanides are scarce. Heath-
man et al. report structures of aqueous Eu(EDTA)~
complexes from density functional theory (DFT) and
ab initio molecular dynamics (AIMD) [17]. However,
the formation of hydroxo complexes has up to this
point not been investigated with ab initio methods. This
manuscript will provide strong evidence for the forma-
tion of Cm(OH)(EDTA)?~ and higher hydrolysis species.
A thorough investigation by means of time resolved
laser-fluorescence spectroscopy (TRLES), vibronic side-
band spectroscopy (VSBS) and quantum chemical calcu-
lations is performed, providing detailed structural and
thermodynamic data on the Cm/EDTA 1:1 and 1:2
complexes, such as bond distances, stability constants,
reaction enthalpy and -entropy in the pH range 7-12.

2. Experimental setup and theoretical model
2.1. Chemicals and sample preparation

All experiments were performed under argon atmo-
sphere  with the exclusion of CO, and
0O, (<2 ppm) at KIT-INE laboratories. Solutions
were prepared using ultra pure water purified with
a Milli-Q apparatus (Millipore, 18.2 M, 22 4 2°C).
Prior to its application, Milli-Q water was boiled for
several hours while being purged with argon gas.
EDTA-containing solutions were prepared by mix-
ing its sodium salts (Sigma Aldrich) accounting for
the speciation evolution of the deprotonated species:
H4EDTA (purity < 98.5%), Na;H,EDTA (99.0-101.0%),
Na;HEDTA-xH,0 ( < 95%),and Na,EDTA-2H, 0 (99.0-
101.0%). A stock solution with an isotopic composition
of 89.68 % 2*8Cm, 9.38 % 2% Cm, 0.43 % 243 Cm, 0.30
% 24 Cm, 0.14 % 2% Cm and 0.07 % 2%/ Cm at a total

expericoncentration of [Cm]is = 10~7 M in 0.001-0.01 M

HCI media was used as curium source. Final adjust-
ment of the pH in the target solution was performed
by the addition of 0.1 M NaOH or HCI standard solu-
tions (Merck, Titrisol). Between each titration step,
samples were allowed to equilibrate for 24 h before
the fi nal pH values and corresponding spectra were
collected.

2.2. TRLFS and VSBS setup

Time-resolved laser fluorescence (TRLES) measurements
were performed using a Nd-YAG pumped dye (Exalite
398) laser system (NARROWSscan D-R Dye Laser) with
a repetition rate of 10Hz. Cm(III) was excited at a
wavelength of 396.6 nm with a pulse energy of 2-4 m].
Emission spectra were recorded between 575nm and
635nm after a delay time of 1 us (gate width 10 ms).
After spectral decomposition by a spectrograph (Sham-
rock 303i) with 1199 lines per mm grating, the spec-
tra were recorded with an ICCD camera (iStar Gen
III, ANDOR) containing an integrated delay controller.
Fluorescence lifetime measurements were performed by
recording the emission spectra as a function of increas-
ing delay time (with steps of 10-40 us) between laser
pulse and camera detection. The fluorescence emission
lifetime (7) was obtained by fitting the integrated inten-
sity (I) (and also the absolute intensity at peak maxima
positions) as a function of delay time (t) following I(A) =
Io(A)exp(—t/t), where I is the intensity at t = 0. To
measure vibronic side bands, Cm(III) emission spectra
were recorded by increasing the central wavelength in
10 nm intervals up to about 860 nm using 1199 lines per
mm grating. Vibrational energies were calculated using
the positions of the vibronic side bands relative to the zero



phonon line (ZPL), which is the main 6D’7 o 88’7 /2
transition of Cm(III):

Vyib = VZPL — Vside band (1)

2.3. Structure optimisation and vibrational spectra

Density functional theory employing the B3LYP [18, 19]
structures  of

functional was used to optimise
[Cm(OH)(HmEDTA),]>~"~P4=™  complexes ~with
m=20,1,2and 4, n = 0—2, and p = 1—-2. The B3LYP
functional has shown to give reasonable molecular struc-
tures for actinide complexes in earlier studies.

Cm was described by a small-core pseudo potential
ECP60MWB with corresponding basis sets of triple-zeta
quality [20]. All other atoms were described by the def2-
TZVP basis sets as implemented in the TURBOMOLE
software package [21]. After the structure optimisation,
all geometries were proven to be true minima by vibra-
tional frequency calculation. Vibronic side-band spectra
are obtained from the computed vibrational frequen-
cies by scaling the vibrational modes by r—%, with r
being the atomic distances of the involved atoms to the
Cm(III) ion.

2.4. Energy calculations

Gibbs energies for the complexation reactions have been
computed according to a thermodynamic cycle:

AG = AEy + AE;p + AH — TAS + AEg,  (2)

where E, represents the gas-phase energies, E;p is the
zero-point energy, H and S represent enthalpy and
entropy as determined from the vibrational frequen-
cies and Ejy is the solution energy computed using the
conductor-like screening model COSMO [22] with a cav-
ity radius of 1.72 A for Cm(III). Additionally, corrections
for hydrogen bonds [23] and standard state [24] have
been applied to AG.

Valuesfor AG, AH, —TAS and log K have been com-
puted for the complexation reactions

Cm(OH)** (aq) + H,EDTA*~ (aq)

= Cm(H,EDTA)" ! (aq)

+ (1 — m)*(ag) + H0() 3)
Cm(EDTA)™~" (aq) + H,EDTA? (aq)

= Cm(HmEDTA)2"~>(aq) + (2 — 2m)H* (aq)
(4)

as well as for the formation of the ternary complexes
[Cm(OH)»(HmEDTA)]™ "~

Cm(OH)** (aq) + H,EDTA*  (aq)

= Cm(OH)(HmEDTA)™2(aq)

+ (2 — m)H* (aq) (5)
Cm(OH)** (aq) + H,EDTA*" (aq) + H,0(l)

= Cm(OH),(Hu EDTA)™ > (aq)

+ (3 —m)H* (aq) (6)

3. Results
3.1. Fluorescence measurements

Normalised Cm(III) TRLES spectra in the presence of
[EDTA]r = 10~3 M depict one isosbestic point as
a function of pH indicating the equilibrium between
two dominant species (see supporting information
Figure SI.1) with peak maxima positions of 603.9 and
606.9 nm. In the absence of EDTA, the dominant Cm-
species are Cm*+ and Cm(OH)?* up to pH ~ 9 [25].
Hence, the peak at 603.9 nm can only be associated with
the Cm(EDTA)~ binary complex as also reported by
Thakur et al. [7]. The fluorescence lifetime of 231441
us of the given species was found to be larger in con-
trast to the 64141 pus of the aquo ion (Apax = 593.8 nm)
as well as the 7642 and 80420 s of Cm(OH)?** (Amax
= 598.7 nm) and Cm(OH);' (Amax = 603.5 nm), respec-
tively. Following the equation of Kimura [26], this value
translates to a decreased average number of Ny,p =
2.1+0.7 water molecules in the first coordination shell of
the complex. The lifetime of the second species emerg-
ing at 606.9 nm with increasing pH was determined to
be 332141 ps yielding Ny>o = 1.1£0.3. Upon further
increase in pH, although to lesser extent, the forma-
tion of a third species can be seen with a peak max-
imum at 613.9nm. Experimental observations collec-
tively hint towards the gradual formation of hydrolysed
Cm(OH),(EDTA) " species, as previously described
for other M(III)- and M(IV)-EDTA systems, e.g. Fe(III),
Th(IV) or Pu(IV) species [27-29].

3.2. Vibronicside bands

Spectra of the vibronic side bands obtained under pH
= 7-12 referenced to positions of the individual ZPLs
are shown in Figure 2. In all cases, three spectral fea-
tures were identified around 950, 1400 and 1 600 cm ™.
The well-defined red shift of the spectra by 20-30 cm™!
observed as a function of pH can be attributed to the
change in solution speciation. Whilst the spectra at pH
= 7 and 9 are indistinguishable, at pH = 11 and 12, a
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Figure 2. Measured vibronic side-band spectra for the
Cm(lll)-EDTA system as a function of pH = 7,9, 11and 12.
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Figure 3. Structure  of  the

(green), H (white), Na (grey).

new dominant species is present showing vibrational side

bands with seemingly increasing intensity. Based on the

small magnitude of the observed shift, the two species are
likely to share structural similarities. Note also, that the

water bending mode is located around 1650 cm™!, capa-

ble of contributing to the intensity of the 1600 cm—! side

band (see, i.e. [30]). However, owing to the small amount
of water molecules in the fi rst coordination shells of the
complexes, water vibrations are expected to play only a

minor role in the present system.

3.3. Computed structures and energies

Geometric properties of the optimised structures with-
out Na* counterions can be found in the supporting
information (Tables SI.1 and SI.2). All relevant struc-
tures have been saturated by multiple [Na(H,0)4] ™ clus-
ters to simulate experimental conditions. Bond distances
are listed in Table 3. Cm-N distances are substantially

longer and more sensitive to ligand configuration and
water interaction. Computed Cm-EDTA bond lengths
are about 4 pm shorter, whereas Cm-H,O distances
are longer compared to the AIMD results of Heathman
et al. [17], possibly originating from the slightly differ-
ent ionic radii of Eu(III) and Cm(III). To form the 1:2
complex, the nitrogen atoms entirely detach from the Cm
bond with distances larger than 3.5 A. Through charge
compensation in the hydroxide complexes, the nitrogen
bonding is weaker than in the corresponding only water-
containing complexes (see Table 3). Otherwise, the water-
and hydroxide-containing complexes remain structurally
similar with or without Na™ ions.

For all Cm(IIT)-EDTA species the 8-fold coordinated
ion turned out to be the most stable (see Table 1). In
particular the [Cm(H,0)3(EDTA)]~ was not a struc-
tural minimum, in agreement with the average num-
ber of 2.1 H,O molecules obtained from the Kimura
equation on the fluorescence lifetime of the species.
Accordingly, structures with two water molecules (or one
water molecule and one hydroxide ion) were considered
in Equations (3)-(6). To account for the prevailing pH in
the system, reaction energies corresponding to the given
equations were computed starting from Cm(OH)?* and
H,EDTA?~ as main initial species in the investigated
boundary conditions. Resulting energies and stability
constants are shown in Tables 1 and 2. Structural param-
eters are summarised in the supporting information
(tables SI.1, SI.2). Calculated log K values are commonly
higher than experimentally determined ones, just as in
the present case, where for the formation constant of
the species Cm(EDTA) ™, log” B values of 17.1 [31] and
20.43 [9] can be found in the literature (compared to
the analogous, transformed value of log8° = 51.94
calculated from Table 1, corresponding to the chem-
ical reaction Cm3t + EDTA%*~ = Cm(EDTA)™). It is,
however, important to note that calculated stability con-
stants offer a basis for comparing relative stabilities and
depicting trends along a series of similar species. Com-
puted values of stability constants: logKp0 = 41.1
versus log Koy = 42.3 for the corresponding reactions
favour the formation of the hydroxo-complex over the
Cm(EDTA) (aq), especially under alkaline conditions.
For the 1:2 Cm:EDTA stoichiometric ratios, the fully
deprotonated species [Cm(EDTA);])°~ was determined
to be a global minimum with a negative associated Gibbs
formation energy. Hence, at sufficiently high EDTA con-
centrations, the latter species could become predomi-
nant, as it was also reported to form for Am(III) by
Delle Site et al. [12] above 5 mM EDTA total concen-
tration. The Cm(EDTA)S~ was also shown to be an
energetic minimum according to our calculations (see
SI Figure 4 for structure), but its significantly lower
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Table 3. Average Cm bond distances in A of the Na+-saturated
Cm(OH)(H,0)(EDTA) complexes.

do dv dyo don

[Cm(H20)3 (EDTA)]™ - [(Na(H20)4)21%+ 238 270 253
[Cm(H,0)3 (HEDTA)] - [Na(H20)4]* 239 271 255
[Cm(H20)2 (H2EDTA)]T - [Na(H20)4]* 240 273 257
[Cm(EDTA)21>~ - [(Na(H20)4)a]*t 241 351

[Cm(OH) (H20) (EDTA)>™ - [(Na(H20)s)2* 240 285 257 229
[Cm(OH) (H,0) (EDTA)~ - [(Na(H,0))s 3+ 240 281 267 232
[Cm(OH),(EDTA)~ - [(Na(H0)4)41*+ 241 280 242
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Flgure 4, Vibronic side-band spectrum (black, pH =7) and com-
puted spectra for various Cm(EDTA) complexes.

Table 1. Calculated Gibbs free energies in kJ/mol for the forma-
tion of the [Cm(H,0)n(HmEDTA)I™ " and [Cm(HmEDTA),1%™—>
complexes Equations (3) & (4) and corresponding stability con-
stants at T = 298 K assuming H,EDTA in solution.

AH -TAS AG log K
1:1 Equation (3)
m=0,n= —-259 —53.7 —2348 1.1
m=1,n= —-93 —-256 -2179 38.2
m=2n= 82 9.9 —1333 234
m=2n= 86 126 —1315 230
m=4,n= 392 774 80.3 —141
m=4n=3 395 791 1148 -20.1
1:2 Equation (4)
m=20 —419 —36.4 —6.4 1.1
m=2 -29 457 26.2 —46
m=4 494 1255 1188 —-20.8

Table 2. Calculated Gibbs free energies in kJ/mol for the
formation of the [Cm(OH)(H,0)(HnEDTA)™2 complexes
Equation (5) and corresponding stability constants at T = 298K
assuming H,EDTA in solution.

AH —TAS AG logk
11
m=0 —47.2 —97.2 -2415 123
m=2 —-10.3 —26.6 —-119.2 209
m=4 246 4338 35.8 —6.3

associated stability constant suggests a rather minor con-
tribution to the speciation distribution of Cm(III) in the
presence of EDTA.

The Na™ ions stablise hydroxo groups in the ternary
Cm(OH),(EDTA)~!~" structures. Among the different
possible configurations we found three stable structu-
res: [Cm(OH)(H,0)(EDTA)]*~-[(Na(H,0)4),]**,[Cm
(OH)2(EDTA)]*~ - [(Na(H20)4)4]** and [Cm(OH)
(H,0)(EDTA))?>~ - [(Na(H20)4)3]*. The latter struc-
ture is shown in Figure 3, the others in the supporting
information (Figures SI.2 and SI.3). No energetic minima
were found for Cm(OH),(EDTA) =" with n > 3 could
be found.

3.4. Computed vibrational spectra

Figures 4 and 5 depict the computed spectra for some
aqueous 1:1 and 1:2 EDTA complexes against the experi-
mental spectra at pH = 7 and 12, respectively. CN vibra-
tions are determined at 920 cm—!. CO vibrations split
into two separate features around 1400 and 1610 cm~.
The splitting increases with increasing protonation of
the coordinated ligand. Water bending modes are deter-
mined to be located around 1650 cm™!. In comparison
with the experimentally gained spectra at pH = 7, only
the 1:1 and 1:2 complexes with a fully deprotonated
EDTA ligand were found to be in good agreement. Fol-
lowing the relatively large difference in t he calculated
stability constants of the two species and the applied
[EDTA)tpt = 1073M, spectral features at pH = 7 most
likely correspond to the presence of the Cm(EDTA)™
species in solution. Identifi able features in the spectra at
pH = 12 are in accordance with the computed vibronic
side bands for the Na*-stabilised hydrolysed species.
The addition of Na* ions to the moieties was found to
be crucial for the description of the VSB positions as
in the absence of counterions, shifts of up to 150 cm™!
were observed for the vibronic couplings (results not
shown here). As the sodium total concentration suffers
a large variation along the series and spectral character-
istics cannot be resolved, the exact stoichiometry of the
prevailing species remains unknown. Accounting for the
observed shifts in VBS positions from pH = 7to 12 and
the intensity increase of the collected spectra, however,
the competition between different counterion-stabilised,
hydrolysed species is underlined.

4. Conclusion

The present work represents a combined, experimen-
tal and theoretical investigation on the complexation of
Cm(III) with EDTA in alkaline, aqueous solutions using
time-resolved laser fluorescence s pectroscopy, vibronic
side-band spectroscopy and quantum chemistry. The
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pH-dependent, normalised TRLES spectral series dis-
played one isosbestic point with increasing pH, indicat-
ing the predominance of two main species located at
603.9 and 606.9 nm. Trends in computed log K values
for various Cm(OH),,(H,,EDTA)™ "~ species revealed
the increased stability of the deprotonated species and
the prominent stability of Cm(OH)(EDTA)?*~ species
expectedly related to the emerging TRLFS signal at
606.9 nm. Upon further increase in alkalinity, the pres-
ence of a third, potentially hydrolysed Cm-EDTA species
was also visible at 613.9 nm, which was confirmed by
quantum chemical calculations to be most likely the
Cm(OH),(EDTA)*~ species. Comparison of recorded
and computed vibronic side-band spectra proved that
EDTA must predominantly exist in fully deprotonated
state as coordinated to the Cm(III) centre within the
complexes. Derived stoichiometries were further under-
lined by the excellent agreement between the experimen-
tal and theoretical spectral features of the vibrational
side bands. The present study provides unequivocal proof
for the formation of hydrolysed, Cm(III)-EDTA species
dominating the speciation of Cm(III) in the millimo-
lar level of EDTA concentrations under alkaline condi-
tions. The existence of a complex with 1:2 Cm to EDTA
stoichiometry cannot be excluded, although the forma-
tion of this complex expectedly requires a large excess
of the ligand in solution. Based on their similarities in
terms of ionic radii, analogous stoichiometries and rel-
ative stabilities can be predicted for the complexes of
EDTA with other trivalent actinides, e.g. Am*+ or Pu3+
(rema+ = 1.09A, ramsy = 1104, rpy3; = 1.124, all
of them with CN = 8) [32]. The results obtained in this
work provide key insights for the accurate description
of the An(III)-EDTA systems under boundary condi-
tions of relevance in nuclear waste and environmental
applications.
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