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Abstract

(2R,2’S)-2,2’-oxybis-(N,N-didecylpropanamide) (cis-mTDDGA) and (2R,2’R)-2,2’-oxybis-(N,N-
didecylpropanamide) (trans-mTDDGA) were studied using time-resolved laser fluorescence spectroscopy
(TRLFS), vibronic side-band spectroscopy (VSBS), and density functional theory calculations (DFT) to find
reasons for their different extraction properties. Stability constants of the respective Cm(lll) and Eu(lll)
complexes show cis-mTDDGA to be the superior ligand which is in agreement with results from extraction
experiments. ciss-mTDDGA extracts Cm(lll) and Eu(lll) as 1:3 complexes. In case of trans-mTDDGA, 1:2

complexes of the form [M(trans-mTDDGA)2(k'-NOz)(H20)2]2* (M = Cm, Eu) are extracted additionally to the 1:3

complexes. VSBS and DFT confirm the presence of inner-sphere nitrate in the 1:2 complex.
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1 Introduction

Diglycolamides (DGA) are promising ligands for the extraction of actinides.[1-3] Several processes (e.g. DIAMEX,
i-SANEX, ALSEP) for the separation of ftrivalent actinides (americium, curium) using 2,2'-oxybis(N,N-
dioctylacetamide (TODGA) or 2,2'-oxybis(N,N-di-(2-ethylhexyl) acetamide (T2EHDGA) have been developed and
tested on the laboratory scale.[4-8] These processes address the “heterogenous recycling” of irradiated nuclear
fuels.[7, 9] Slightly different processes (e.g GANEX) are developed for “homogeneous” recycling routes,[9] co-
separating the transuranium elements (neptunium, plutonium, americium, and curium). GANEX processes are
generally comprised of two cycles: The 1st cycle separates uranium from dissolved spent nuclear fuel while the 2nd
cycle separates the transuranium elements from the raffinate of the 1st cycle. To allow for sufficient plutonium
loading in the 2nd cycle, the solvent (i. e. the organic phase) contains a mixture of TODGA and a second extracting
agent, bis-(2-ethylhexyl) phosphoric acid (HDEHP)[10, 11] or  N,N-dimethyl-N,N-dioctyl-2-(2-
hexyloxy)ethyl)malonamide (DMDOHEMA),[12-14] dissolved in kerosene (see Scheme 1). However, adding a

second extracting agent complicates process implementation, and should ideally be avoided.

\/\j\/ i
OH
0. N N7

), | 1
o CgHy7 CgHi7

(o]
/_/—<1 o,
CeH1s

Scheme 1 TODGA (R = n-octyl) and T2ZEHDGA (R = 2-ethylhexyl), HDEHP (centre), DMDOHEMA (right).
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Another way to increase plutonium loading capacity is increasing the TODGA concentration. This unfortunately
results in increased co-extraction of unwanted species such as some fission products (e.g. Sr, Mo). To counteract,
the TODGA molecule needs to be modified to obtain lower distribution ratios. Adding one or two methyl moieties
(Scheme 2) progressively reduces the DGA’s affinity for metal ions such as trivalent actinides and lanthanides. This
was shown for both a lipophilic DGA[15] (i. e. an extracting agent, R = n-octyl) and a hydrophilic DGA (i. e. a masking
agent,R = ethyl).[16]
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Scheme 2 Methylated (left) and bis-methylated (right) diglycolamides.

This concept was followed recently, together with replacing the n-octyl moieties by n-decyl: a solvent containing
0.5 mol L-1 2,2’-oxybis-(N,N-didecylpropanamide) (mTDDGA, Scheme 2 right, R = n-decyl) in n-dodecane shows
a plutonium loading capacity superior to that of the TODGA-HDEHP and TODGA-DMDOHEMA solvents. Also, the
co-extraction of some fission products is less pronounced.[17]

mTDDGA exists in three isomeric forms (Scheme 3): the R,S or S,R (meso- or henceforth called “cis-mTDDGA”),
the R,R isomer and the S,S isomer, the latter ones being enantiomers (henceforth called “trans-mTDDGA”). As
already known for the n-octyl analogue,[18] cis-mTDDGA extracts trivalent actinide and lanthanide ions to a greater
extent compared to trans-mTDDGA.[19] DFT calculations indicate that the cis diastereomer is the superior

extracting agent due to the position of the nitrate in the extracted complex and its distance to the metal ion.[18]
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Scheme 3 meso- or cis-mTDDGA (left) and trans-mTDDGA (S,S-isomer, middle and R,R-isomer right).

To better understand the diastereomers’ different extraction behaviour, the complexation of Cm(lll) and Eu(lll)
(respectively representing trivalent actinide and lanthanide ions) with cis- and trans-mTDDGA was studied using
time-resolved laser fluorescence spectroscopy (TRLFS). Fluorescence emission spectra of the complexes formed
upon extraction of Cm(lll) and Eu(lll) from nitric acid solutions were compared to spectra obtained from monophasic
titration experiments in propanol solutions. Additional insight was gained from vibronic side-band spectroscopy

(VSBS) and quantum chemical calculations (DFT).

2 Experimental

2.1 Chemicals

All chemicals were used as purchased without further purification. cis-/trans-mTDDGA were synthetized
analogue to literature procedure[20] and the diastereomers were separated by column chromatography
(Silica, Petrolether:Diethylether (1:3)). In case of trans-mTDDGA, no separation of the R,R and S,S
enantiomers was performed and neither identities or optical purities were determined. Hence, no statement
about the enamtiomeric excess of the trans-mTDDGA solutions can be given.

2.2 Preparation of monophasic samples

For monophasic experiments in dependence of the ligand concentration 4.5 mg cis-mTDDGA or 118.2 mg
trans-mTDDGA were dissolved in 2 mL (cis-mTDDGA) or 1 mL (trans-mTDDGA) of 2-propanol with
5 Vol.% H20 and 1 x 102 mol L' HCIO.u. If needed dilutions were prepared maintaining the solvent matrix.
This solvent is chosen to ensure sufficient solubility of both Cm(lll) and cis-/trans-mTDDGA.
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For monophasic experiments in dependence of the nitrate concentration 0.97 g of Tetrabutylammonium
nitrate (TBAN) were dissolved in 2 mL solutions containing 5.7 x 103 mol L' trans-mTDDGA or
1.1 x 103 mol L' cis-mTDDGA both in 2-propanol with 5 Vol.% H20 and 1 x 102 mol L' HCIOa.

4.7 pL of 2.12 x 10> mol L' Cm(ClO4)s or 9.4 pyL of 1.07 x 10-3 mol L' Eu(ClOa4)3 in 0.1 mol L-* HCIO4 were
dissolved with 995.3 yL or 990.6 pL of solvent resulting in initial Cm(lll) or Eu(lll) concentrations of
1 x 107 mol L-* and 1 x 10-5 mol L. Ligand concentrations were gradually increased by adding aliquots of
the aforementioned solutions every 20 min. This time proved sufficient to attain chemical equilibrium.

2.3 Solvent extraction

Both Cm(lll) and Eu(lll) were extracted from HNO3 with cis- and trans-mTDDGA. Organic phases were
0.5 mol L1 cis- or trans-mTDDGA dissolved in kerosene (Exxsol D80). Aqueous phases were
1 x 107 mol L' Cm(lll) or 1 x 10-5 mol L' Eu(lll) in 5 mol L-* HNOs. 500 uL of each phase were shaken for
1 h at 298 K in a 2 mL screw-cap vial on an orbital vortex shaker (2500 rpm). After centrifugation (2 min,
6000 rpm) 300 uL of the organic phase were investigated by TRLFS and, in case of trans-mTDDGA, by
VSBS.

2.4 TRLFS

TRLFS experiments were performed at 298 K with a Nd:YAG (Surelite Il laser, Continuum) pumped dye
laser system (NarrowScan D-R; Radiant Dyes Laser Accessories GmbH). A wavelength of 394.0 nm
(Eu(lll)) or 396.6 nm (Cm(lll)) was used to excite the metal ions. Spectral decomposition was performed
with a spectrograph (Shamrock 303i, ANDOR) with 1199 lines per mm gratings. The fluorescence was
detected by an ICCD Camera (iStar Gen Ill, ANDOR). A delay of 1 us was used to discriminate short-lived
organic fluorescence and light scattering.

2.5 VSBS

Samples for VSBS contained 1 x 107 mol L-* Cm(lll) and either 1.4 x 102 mol L' trans-mTDDGA or
5.7 x 103 mol L-* and 0.1 mol L-* TBAN in 2-propanol with 5 Vol.% H20 and 1 x 10-2 mol L-* HCIOa4. A third
samples was prepared by extraction (see Solvent extraction).

To detect vibronic sidebands Cm(lll) emission spectra were recorded in a wavelength range of 620 —
800 nm using a 1199 lines per mm grating. As the detection width of this grating is limited to 40 nm the
central wavelength was shifted in 10 nm steps to scan the aforementioned wavelength range.

2.6 Theoretical model

Structural optimizations of trans-mTDDGA and the Cm(lll)-trans-mTDDGA complexes as well as
calculations of Gibbs energies and vibrational modes were performed employing density functional theory
on the B3-LYP[21]/def2-TZVP[22] level using the TURBOMOLE[23] program package. The Cm(lll) ion was
described by an ECP60MWB[24] small-core pseudo potential. Electron correlation was added by Mgller-
Plesset perturbation theory (MP2).

For comparison with the VSB spectra atomic contributions to the vibrational modes were scaled by r¢,
where r denotes the atomic distance to the Cm(lll) ion. Vibrational spectra were obtained using Gaussian
line broadening on determined frequencies.

3 Results and discussion

3. 1 Complexation of Cm(lll) with cis- and trans-mTDDGA
3.1.1 cissmTDDGA. The complexation of Cm(lll) with cis-mTDDGA was studied in 2-propanol with 5 Vol.% H20
and 1 x 102 mol L-* HCIOa. Fig. 1 shows the Cm(lll) emission spectra resulting from the transition éD’72 — 85’72

with increasing ligand concentration.
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Fig. 1 Normalized Cm(lll) emission spectra for the complexation of Cm(Ill) with cis-mTDDGA in 2-propanol with 5 Vol.% H20 and 1 x 102 mol L' HCIO4
as a function of the cis-mTDDGA concentration (¢(Cm(lll)ini = 1 x 107 mol L).

In absence of cis-mTDDGA the Cm(lll) solvent spectrum has two emission bands at 594.6 nm and 597.5 nm
resulting from different numbers of 2-propanol and water molecules in the first coordination sphere of Cm(lll). The
fluorescence lifetime is T = 84 + 4 ys (cf. Sl, Fig S.1).

With increasing ligand concentration a bathochromic shift is observed in the Cm(lll) emission spectra. The shift is
caused by the increased ligand field splitting of the 6D’z state due to the complexation of Cm(lll) with
cis-mTDDGA. Three new emission bands at 597.5 nm, 602.4 nm and 608.2 nm are observed. The emission band
at 608.2 nm shifts hypsochromically by 1.2 nm with increasing ligand concentration probably due to changes in the
second coordination sphere of Cm(lll). For ligand concentrations greater 5.3 x 104 mol L-* an emission band at
607.0 nm and a hot band at 594.2 nm is observed. This spectrum is in good agreement with the emission spectrum
of [Cm(TODGA)s]*+ in alcoholic solution('®! indicating the observed species to be the [Cm(cis-mTDDGA)3]3+
complex. The emission bands at 597.5 nm and 602.4 nm are assigned to the [Cm(cis-mTDDGA)n]3* complexes
(n =1,2) by comparison with the respective Cm-TEDGA complexes.!'¢l

Using peak deconvolution and the relative fluorescence intensity (FI) factors (Fl1 = 1.5, Fl2=1.0 and Fls = 7.2, cf.
SI, Fig. S2) the speciation of the [Cm(cis-mTDDGA)n]3+ complexes (n = 1-3) as a function of the free cis-mTDDGA
concentration is obtained (Fig. 2) The FI factors denotes the fluorescence intensity of a given species in relation to

a reference system — normally the solvent complex.
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Fig. 2 Fractions of [Cm(Solv.)]** and the [Cm(cis-mTDDGA).]** complexes (n = 1-3) as a function of the free cis-mTDDGA concentration in 2-propanol

with 5 Vol.% H20 and 1 x 102 mol L' HCIO4. Symbols, experimental data. Lines, calculated with log B’1 = 5.4, log B’2 = 10.2 and log B’s = 14.2.

The 1:1 and 1:2 complexes form with maximum fractions of 48% and 56% at cis-mTDDGA concentrations of
1 x 10-5 mol L-" and 5 x 10-% mol L, respectively. For cis-mTDDGA concentrations greater than 1 x 10-4 mol L
the 1:3 complex is the dominating species.

The proposed stoichiometries are confirmed by slope analyses according to egn (1).

[ML,_{13* + L = [ML,]3*

c([ML,]*")

8 ML P

= log c(L) + logK', (1)
Plotting log(c([MLnJ3+)/c([MLn-1]3+)) vs. log(c(L)) vyields slopes of mi=1.07 £+0.03, m2=0.91+0.05 and
ms = 1.09 + 0.05 (see Fig. S3), confirming the stepwise addition of one cis-mTDDGA molecule to form 1:1, 1:2 and

1:3 complexes.

Conditional stability constants are calculated according to eqn (2).

S ML
TR ESTE ) LG

They are log B’'1=5.4+0.2,log B2=10.2+0.3and log B'3=14.2+0.4

3.1.2 trans-mTDDGA. The complexation of Cm(lll) with trans-mTDDGA was studied analogously. The Cm(lll)
emission spectra are shown in Fig. S4.

In line with the complexation of Cm(lll) with cis-mTDDGA, three emission bands at 597.5 nm, 602.2 nm and
608.4 nm (shifting to 607.9 nm upon further addition of ligand) are observed. The emission bands are assigned to
the [Cm(trans-mTDDGA)n]3+ complexes (n = 1-3).

The species distribution as a function of the free ligand concentration (Fig. S5) is obtained by peak deconvolution
using the following Fl factors: Fl1 = 1.5, Fl2 = 1.0 and Fls = 5.2 (cf. SI, Fig. S6).

The stoichiometries are confirmed by slope analyses (see Sl, Tab. S1 and Fig. S7). Stability constants are
logB1=4.8+0.2,log f2=9.5+0.3and log B'3=13.1 +0.3.
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3.2 Complexation of Eu(lll) with cis- and trans-mTDDGA

Furthermore, the complexation of Eu(lll) with cis- and trans-mTDDGA in 2-propanol with 5 Vol.% H20 and
1 x 102 mol L' was studied. The fluorescence spectra resulting from the transition 5Do - 7Fn (n = 1,2) for the
complexation of Eu(lll) with cis- or trans-mTDDGA as a function of the mTDDGA concentrations are given in Fig. 3
(left) and Fig. S8.
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Fig. 3 Left: Normalized Eu(lll) emission spectra for the complexation of Eu(lll) with cis-mTDDGA (right) in 2-propanol + 5 Vol.% H20 and
1 x 102 mol L' HCIO4 as a function of the cis-mTDDGA concentration (c(Eu(lll)in = 1 x 105 mol L). Right: Fractions of [Eu(Solv.)]** and the
[Eu(cis-mTDDGA)q*+ complexes (n = 1,3) as a function of the free cis-mTDDGA concentration in 2-propanol + 5 Vol.% H20 and 1 x 102 mol L™
HCIO.. Dots, experimental data. Lines, calculated for cis-mTDDGA with logB’s = 4.1 and log B’s = 13.7.

Without addition of the ligands the Eu(lll) solvent spectrum is observed. It is characterized by an intensive 7F1
emission band at 592.3 nm with a shoulder at 590.0 nm and a comparably small 7F2 emission band with maxima at
612.4 and 617.4 nm. The fluorescence lifetime is T = 135 + 7 ys (cf. Sl, Fig S1). The addition of cis-/trans-mTDDGA
leads to a strong increase in intensity and a splitting of the 7F2 emission bands. No further changes in the Eu(lll)
emission spectra are observed for concentrations greater 2.5 x 10“4mol L' cissmTDDGA or
1 x 10 mol L' trans-mTDDGA.

In line with the complexation of Cm(lll), emission spectra at the highest ligand concentration are assigned to the
Eu(lll) 1:3 complexes. A further species occurring only in small amounts is identified to be the Eu(lll) 1:1 complex
(see below) with cis- or trans-mTDDGA. In contrast to the complexation of Cm(lll) with cis- and trans-mTDDGA no
spectroscopic evidence for a 1:2 complex with cis- or trans-mTDDGA with Eu(lll) could be found

To obtain a speciation diagram peak deconvolution was performed taking the following FI factors (cf. Sl, Fig. S9)
Fli =3 and Fls = 33 for cis-mTDDGA and Fl1 = 2 and Fls = 30 for trans-mTDDGA into account. The corresponding
speciation diagrams are shown in Fig. 3 (right) and Fig. S10.

The 1:3 complex is observed for cis-mTDDGA concentrations greater than 5.9 x 106 mol L' and is the dominant
species in the system for concentrations greater 3.1 x 10-> mol L-'. Approximately one order of magnitude higher
ligand concentrations are required to form the corresponding trans-mTDDGA complexes.

Slope analyses (cf. Fig. S11 and Tab. S1) according to eqn (3) verified the observed species to be 1:1 and 1:3

complexes.

c([EuLn]*")

log _ [EugGolv.yr¥) = ™ * 09 €(L) + logh' (3)

Stability constants are given in Tab. 1.
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3.3 Comparison of the derived stability constants

The stability constants for the complexation of Cm(lll) and Eu(lll) with cis- and trans-mTDDGA are summarized in
Tab. 1.

For the complexation of both Cm(lll) and Eu(lll) higher stability constants are found for cis-mTDDGA. In comparison,
the log B’s values for the complexation with cis-mTDDGA are 1.1 (for Cm(lll)) and 1.8 (for Eu(lll)) orders of

magnitude higher than for the complexation with trans-mTDDGA, confirming cis-mTDDGA to be the stronger ligand.

Tab. 1 Stability constants log B’n for the complexation of Cm(lll) and Eu(lll) with cis- and trans-mTDDGA in 2-propanol with 5 Vol.% H20 and
1 x 102 mol L' HCIOa.

n | Cm(lll) Eu(ll)

54+0.2 41+0.2

102+£03 | -

142+0.4 | 13.7+04

4.8 +0.2 3.9+0.2

trans-mTDDGA | 2 | 9.5+0.3 -

3] 13.1+03 | 11.9+x04

—_

cis-mTDDGA

w N

—_

The stability constants show that the stereocisomerism of the ligand influences its complexation properties. Similar
observations are reported for the complexation of Eu(lll) and Am(lll) with tris-(2-pyridylmethyl)amine[25] or Pu(IV)

with dicyclohexano-18-crown-6 ether.[26]

3.4 Solvent extraction

To determine the speciation under extraction conditions and obtain information on the differing extraction
performance, extraction experiments were performed with both diastereomers. The organic phases (0.5 mol L
cis-/trans-mTDDGA in kerosene (Exxsol D80)) were investigated after extraction using TRLFS. Fig. 4 compares
the normalized Cm(lll) and Eu(lll) emission spectra of the post-extraction organic phases to the emission spectra
of the 1:3 complexes from the monophasic experiments.

With cissmTDDGA, the post-extraction emission spectra (black lines) and the emission spectra of the
1:3 complexes (blue lines) are in good agreement, with small deviations caused by the different diluents. This
confirms that both Cm(lll) and Eu(lll) are extracted as [M(cis-mTDDGA)s](NOs)s complexes.

With trans-mTDDGA, distinct differences are observed between the post-extraction emission spectra (red lines)
and the emission spectra of the 1:3 complexes (green lines). In case of Cm(lll), an emission band with a maximum
at 607.9 nm, a shoulder at 606.0 nm, and a hotband at 598.1 nm is observed in the post-extraction spectrum. For
Eu(lll), the spectrum displays the 7F1 emission band at 592.2 nm and the 7F2 emission band with maxima at
613.8 nm and 616.4 n. This indicates that in case of trans-mTDDGA a mixture of several Cm(lll) and Eu(lll) species
are extracted.

Comparison with the Cm(lll) emission spectra in 2-propanol with 5 Vol.% H20 and 1 x 102 mol L' HCIO4 (see
Fig. S4) indicates the 1:3 complex to be the major species. What is interesting, the shoulder at 606.0 nm does not
result from the presence of the 1:2 complex (having its emission maximum at 602.2 nm, see Fig. S4). Therefore, it
seems likely that in case of the extraction of Cm(lll) from HNOs, a ternary 1:2complex,
[Cm(trans-mTDDGA)2(NOz)n(H20)m](NO3)(s-n) is formed.
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Fig. 4 Comparison of the normalized Cm(lll) (left) and Eu(lll) (right) emission spectra of the organic phases after the extraction (biphasic) and the

emission spectra of the [MLs]** complexes (M = Cm, Eu; L = cis-/trans-mTDDGA) in 2-propanol with 5 Vol.% H20 and 1 x 102 mol L-* HCIO4
(monophasic). Biphasic: Organic phase: 0.5 mol L cis-/trans-mTDDGA in kerosene (Exxsol D80). Aqueous phase: 1 x 107 mol L:* Cm(lll) or
1 x 105 mol L Eu(lll) in 5mol L' HNOs. A/O = 1;t = 1h, T = 293 K. Monophasic: c(cis-mTDDGA) = 1.3 x 102 mol L' (Cm(lll), Eu(lll));
c(trans-mTDDGA) = 1.4 x 102 mol L' (Cm(lll)) or 2.3 x 103 mol L' (Eu(Ill)); c(Cm(Il)i) = 1 x 107 mol L'*; ¢(Eu(lll)in) = 1 x 105 mol L.

3.5 Influence of the nitrate concentration

To verify the formation of a ternary complex, tetrabutylammonium nitrate (TBAN) was gradually added to a sample
containing the [Cm(trans-mTDDGA)s]3+ complex in 2-propanol with 5 vol.% H20 and 10-2 mol L-' HCIO4. The trans-
mTDDGA concentration was kept constant. The resulting Cm(lll) emission spectra are shown in Fig. 5.

In absence of TBAN, the emission spectrum of the [Cm(trans-mTDDGA)s]3+ complex is observed (Amax = 607.9 nm,
Anotband = 594.9 nm). Upon addition of TBAN a hypsochromic shift and a broadening of the emission band occurs.
The continuous shift of the emission band in dependence of the nitrate concentration proofs the coordination of

nitrate in the inner coordination sphere of Cm(lll).
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Fig. 5 Normalized Cm(lll) emission spectra with 5.7 x 102 mol L' trans-mTDDGA in 2-propanol + 5 Vol.% H20 and 1 x 102 mol L' HCIO4 as a function

of the TBAN concentration and Cm(lll) emission spectrum in the organic phase after extraction with 0.5 mol L' trans-mTDDGA from 5 mol L'
HNOs. (c(Cm(lll)ini = 1 x 107 mol L').
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Fig. 5 also shows the emission spectrum of Cm(lll) in the organic phase. A good agreement with the emission
spectrum at 3.48 x 10-3 mol L-' TBAN is observed. This supports the formation of a ternary 1:2 complex
[Cm(trans-mTDDGA)2(NOs)n(H20)m]@-"+ under extraction conditions.

Analogue experiments in dependence of the nitrate concentration were performed for Eu(lll) with trans-mTDDGA
as well as Cm(lll) and Eu(lll) with cis-mTDDGA. The fluorescence spectra are given in the Sl in Fig. S12 — S14.
Both the 7Fo emission bands of Eu(lll) with cis- and trans-mTDDGA and the Cm(lll) emission band with cis-
mTDDGA shift hypsochromically upon addition of TBAN, indiciating the presence of a ternary 1:2 complex.
However, in case of cis-mTDDGA, higher TBAN concentrations are required to produce a shift similar to that with
trans-mTDDGA. This is in good agreement with the higher stability constants for the complexation of Cm(lll) and
Eu(lll) with cis-mTDDGA in comparison to the complexation with trans-mTDDGA. Therefore, cis-mTDDGA is a
stronger competitor for nitrate resulting in higher amounts of nitrate needed to replace one of the ligands
(cf. Tab. 1).

In case of Eu(lll) a vibronic side band is observed at 742 cm-1 for both trans- and cis-mTDDGA. In agreement with
the literature,[27-29] this vibronic side band originates from a nitrate anion coordinated in the first coordination
sphere of Eu(lll). As vibronic side bands can only be observed by TRLFS if the vibrating functional groups are
coordinated directly to the probed metal, this further supports the replacement of a ligand molecule in the 1:3
complex by nitrate, thus forming a ternary 1:2 complex.

To identify the number of water molecules in the first coordination sphere of the ternary 1:2 complex the
fluorescence lifetime at a TBAN concentration of 0.1 mol L' was determined. The measured Cm(lll) fluorescence
lifetime is T=289 + 21 us correlating with 1.4 molecules of water.25 This proofs the presence of one or two

molecules of water in the first coordination sphere of Cm(lll).

DGA are tridentate ligand, occupying six coordination sites in the Cm(lll) and Eu(lll) 1:2 complexes. The remaining
three sites are occupied by either water or nitrate molecules. Consequently, the fluorescence lifetimes are in
agreement with the following three complexes:

o [ML2(n2-NO3)(H20)]2*

e [ML2(n'-NQOs)2(H=20)]*

e [ML2(n'-NQOs)(H20)2]2+
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3.6 Computational results

The mentioned ternary complexes were optimized using DFT to identify the energetically most stable one. The
[CmL2(n'-NOs)(H20)2]2* complex (L = trans-mTDDGA) was optimized with three different arrangements of the
nitrate and water molecules, see Fig. 6 (for the other two complexes, see Fig. S15). Reaction enthalpies are

negative for all structures. Energies relative to the energetically most stable one are given in Tab. 2.

Sidea
2H,0 2 H,0, NO; H,0, NO,
¢
AE
0 0.7 6.4
[kJ/mol]
NO, . H,0
Side b
Fig. 6 Optimized structures of the [Cm(trans-mTDDGA)2(k1-NO3)(H20)2]2+ complexes with different arrangement of the water and nitrate molecules.
Protons of the ligand framework are not shown. Carbon (brown), nitrogen (blue), oxygen (red), hydrogen (white), curium (yellow). Theoretical
level: B3-LYP/def2-TZVP.
Tab. 2 Energy differences between the optimized structures of the [CmL2(NOs)n(H20)m]@-"+ complexes in relation to the energetically most stable one.
Theoretical level: B3-LYP/def2-TZVP.
Stoichiometry Side a Sideb | AE [kJ mol]
2 H,O NOy 0
[Cm(trans-mTDDGA)2(n1-NOg)(H20)2]2+ | 2 H,0, NOg | - 0.7
H20, NOs H.0 6.4
[Cm(trans-mTDDGA)(n2-NOg)(H20) 12+ NOg H.0 50.1
[Cm(trans-mTDDGA)2(n'-NOg)2(H:20)]+ | H20, NOy NO5 108.8

The energetically most stable structure is [CmLz2(n'-NOs)(H20)2]>+ with the two water molecules on one side and
the nitrate anion on the other side. Other arrangements of the water and nitrate molecules result in higher energies
by 0.7-6.4 kJ mol-'. Thus, the arrangement of the water and nitrate molecules does not have a significant influence,
and therefore, an unambiguous conclusion as to their arrangement cannot be drawn from the results of DFT
calculations.

In contrast, [CmL2(n2-NQOgz)(H20)]2+ is disfavoured by 50.1 kd mol-1, [CmL2(n1-NOs)2(H20)2]* by 108.8 kJ mol-1,

ruling out their formation.

10


https://doi.org/10.1515/ract-2021-1134

The Version of Record of this manuscript has been published and is available in Radiochimica Acta 2022, 110 (5), 291-300
26 April 2022 https://doi.org/10.1515/ract-2021-1134

3.7 Vibronic side-band spectroscopy (VSBS)

Vibronic sideband spectroscopy (VSBS).[30, 31] was used to verify the inner-sphere coordinated nitrate molecule
in the ternary 1:2 complex. This technique allows the observation of vibrations caused by functional groups directly
coordinated to the probed metal ion. The recorded spectra consist of the zero phonon line (ZPL) and the side bands.
Whereas the ZPL results from the electronic transition — in case of Cm(lll) from the 8D’72 > 85’72 transition— the
vibronic side bands originate from changes in the dipole moment of the ligand field due to internal vibrations caused

by the excitation of the probed metal ion. The energy of a vibration is given by eqgn (4)

E (vibration) = E(ZPL) — E (vibronic sideband)(4)

Three samples were studied by VSBS:
1. Absence of nitrate: Cm(lll) in 1.4 x 102 mol L' trans-mTDDGA in 2-propanol with 5 Vol.% H20 and
1 x 102 mol L' HCIO4
2. Presence of nitrate: Cm(lll) in 5.7 x 10-3 mol L' trans-mTDDGA and 0.1 mol L-* TBAN in 2-propanol with
5 Vol.% H20 and 102 mol L-' HCIO4
3. Organic phase after extraction: Cm(lll) extracted from 5 mol L' HNOs with 0.5 mol L' trans-mTDDGA

dissolved in kerosene (Exxsol D80)

Due to the presence of the nitrate anion the vibronic side-band spectra of samples 2 and 3 are expected to differ
from the side-band spectrum of sample 1 which exclusively contains the 1:3 complex. The vibronic side-band

spectra are shown in Fig. 7.

—— Sample 1
—— Sample 2
648 —— Sample 3

>

=

7}

c

[0}

=

£

O

[0}

N

©

g 1058 1263

[e}

= 1480 1579

T T T T
500 1000 1500 2000
Wavenumber [cm™]
Fig. 7 Comparison of the experimental vibronic side bands of sample 1-3.

The three spectra show many similarities, e.g. the side bands at 648 cm-*, 837 cm-1, 1058 cm-', 1480 cm-' and
1579 cm-'. However, the vibronic side band at 1263 cm-" is only found in presence of nitrate (sample 2) and in the
organic phase after extraction (sample 3). As these two samples contain certain amounts of the 1:2 complex, the
observed side bands confirm the presence of an inner-sphere nitrate anion in the ternary 1:2 complex.

Vibronic side bands were calculated for the three optimized structures of [Cm(trans-mTDDGA)2(n'-NOsz)(H20)2]2+
to assign the experimental vibronic side bands. The calculated vibronic side-band spectra are compared to the

experimental spectrum of sample 2 in Fig. 8.
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Fig. 8 Comparison of the calculated vibronic sidebands of the three structures of [Cm trans-mTDDGA)2(NOs)(H20)2]>* with the experimental vibronic

sideband of Cm(lll) in sample 2. C(Cm(Ill)in) =1 x 107 mol L.

The calculated vibronic side-band spectra are in good agreement with the experimental spectrum. Note that
intensities cannot be calculated by the methods used. The calculated vibronic side bands allow assigning the
experimental vibrational modes: vibrational modes at 648 cm-', 837 cm-" and 1058 cm-" are assigned to vibrational
modes of the ligand framework while vibrational modes at 1480 cm-' and 1579 cm- are attributed to the stretching
mode of the coordinating carbonyl groups. The vibrational mode at 1263 cm-' is assigned to the asymmetric
stretching mode of the coordinated nitrate. The symmetric stretching mode and the bending modes of the nitrate
are superimposed by the ZPL. Still, VSBS further strengthens the argument of the formation of a ternary 1:2 complex
with nitrate and trans-mTDDGA.

4 Conclusions

To explain the differences in extraction performance between the diastereomers cis- and trans-mTDDGA, their
complexation with Cm(lll) and Eu(lll) was studied using TRLFS, VSBS and DFT.

cis-imTDDGA is the superior ligand for both Cm(lll) and Eu(lll) (log B’s,cm = 14.2 + 0.4, log B’3,eu = 13.7 + 0.4)
compared to trans-mTDDGA (log B’s,cm = 13.1 £ 0.3, log B’3,eu = 11.9 + 0.4). Probing the organic phases after
extraction verified Cm(Ill) and Eu(lll) to be extracted as 1:3 complexes with cis-mTDDGA. However, in case of
trans-mTDDGA a mixture of 1:3 and 1:2 complexes is found in the organic phase. The 1:2 complex is a ternary
species, [Cm(trans-mTDDGA)2(NOsz)n(H20)m]@-"+. Fluorescence lifetime measurements and DFT calculations
show that [Cm(trans-mTDDGA)2(n'-NOs)(H20)2]2+ is the most stable structure in solution. The presence of an inner-

sphere nitrate anion was verified by VSBS.
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