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ABSTRACT: To further reveal the extraction model for | | %‘
selective separation of trivalent actinides over lanthanides by \ SR
dithiophosphinic acids (DPAHs), five representative DPAH [ ) .. Y ) “{ g,
ligands with different substituent groups have been synthesized, || s o [\ - < p

and their extraction and complexation behaviors toward Am®/ Toluonk — A 7% :

Eu®** have been investigated both experimentally and theoret- HNO,  Shaking and HNO, olAm-S) = 0378 P 0925055

h ti
ically. The introduction of electron-withdrawing group —CF; prase sepass

into DPAH ligands is beneficial to their extractability among the

4D

& A P Y
five ligands. Slope analyses show that both Am*®* and Eu®* were | | ‘f 4
extracted as tetra-associated species with DPAH ligands. In B Jf‘»"
addition, the results obtained from luminescence spectroscopy, AV

Raman spectroscopy, and ESI-MS suggest that all of the five @ e @ am> \& Dithiophosphinic acid  o{eu-5)= 04015567, + 0516655,
DPAHs coordinate with Eu®* mainly in the form of ML;(HL)-

(H,0) (L represents deprotonated DPAH). Density functional theory (DFT) calculations on the thermodynamic parameters
illustrate that the extractability of DPAHs is dominated by the deprotonation property of these ligands. Meanwhile, molecular
orbital analysis indicates that the unoccupied valence orbitals of Am** display a stronger affinity to the sulfur lone electron pair
than those of Eu®", which should be one of the key factors contributing to the excellent selectivity of Am*" over Eu®* by DPAH
ligands.

B INTRODUCTION (DPAHs) were found to show exceptional An’*/Ln**
separation ability and thus have attracted great attentions.
Two representative DPAHs for An**/Ln’" separation are
purified Cyanex 301 and (CIPh),PS,H. The former is the
purified product from a mixture containing a series of aliphatic
organophosphorus including 75—-83% R,PS,H, 5—8% RyPS,
3—6% R,PSOH, and ~2% unknown substances.'" At pH 3.5—
4.0, the purified Cyanex 301 (Figure 1) could afford an SFy,, g,
value up to 5900, and practical processes have been developed
accordingly.'”~"® The latter ligand (CIPh),PS,H is an aromatic

The selective extraction of trivalent actinides (An®") over
trivalent lanthanides (Ln’') is of great importance for the
treatment of nuclear waste in the partitioning and trans-
mutation strategy.1 However, because An** and Ln** have
similar chemical and physical properties, their separation from
each other is a quite challenging task.”” According to the
hard—soft acids—bases (HSAB) principle, An’" is slightly
softer as compared to Ln*', thus it is feasible to use ligands
containing soft N- or S-donor atoms to separate An*" from

L35 Up to now, N-donor ligands such as 2,6-bis(5,6- dithiophosphinic acid with better hydrolysis and radiolysis
. ) 7] )] 1. 16 .

dialkyl-1,2,4-triazin-3-yl)pyridines (BTPs), 6,6-bis(5,6-dialkyl- stability than Cyanex 301.”° Although numerous studies have

1,2,4-triazin-3-yl)-2,2-bipyridine (BTBPs), and 2,9-bis(1,2,4- been conducted to reveal the extraction and separation

. 3+ 3+
triazin-3-yl)-1,10-phenanthroline (BTBPhens) have been behavior of DAPHs toward An°" and Ln°", a few fundamental
issues on the extraction system are still ambiguous. For
example, previous studies suggested that different extraction
mechanisms for An**/Ln*" separation by DPAHs may exist.

widely studied for An**/Ln*" separation. Unfortunately, the
poor irradiation stability as well as relatively poor extraction
kinetics restricted their applications.(’_9 Moreover, the An®"/
Ln*" separation factor (SFyy,,1,,) of N-donor ligand is relatively
small, causing difficulties in practical process design.'’ In Received: June 12, 2018
contrast, the S-donor ligands such as dithiophosphinic acids
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Figure 1. Chemical structures of DPAHs.

Both 1:4 and 1:3 metal:ligand extracted species have been
reported:'’ ™"

3+ N +
M* () + 2(HL) (o) = HMLy (o) + 3H' )

3+ N -+
M™(q) + 3HL(org) & MLy ) + 3H ()

where HL and M represent DPAH and metal ion, and the
subscripts aq. and org. denote the aqueous and organic phases,
respectively. Furthermore, there are also debates on the
complexation mode. Using extended X-ray absorption fine
structure spectroscopy (EXAFS), Tian et al. found that the
compositions of the complexes of Am** and Ln*" with DPAH
are HAmL, and HML,(H,0) (M = La, Nd, Eu), respectively.
The excellent selectivity of DPAH toward Am** over Ln** may
originate from the different coordination structures.””*' In
contrast, Jensen et al. suggested that both An** and Ln** form
the same ML; (M = Cm, Nd, Sm) type complexes during
extraction through visible absorption spectroscopy and EXAFS
and proposed that the difference on the covalency degree leads
to the selectivity toward An**.*> In addition, there are also
different viewpoints in relevant theoretical calculations. Cao et
al. pointed out that the Gibbs free energy of hydration for
metal ions plays an important role for the high selectivity of
Cyanex 301 to Am®".”® Bhattacharyya et al. proposed that the
higher affinity of DPAH to Am®" than to Eu’" is related to the
stronger covalence in Am—S bond as compared to that in Eu—
S bond.”* Alternatively, Daly et al. suggested that the steric
interactions of the substituent groups on DPAHs could impose
great impact on the molecular symmetry and thus the
complexation behavior with An** and Ln*".*> Obviously,
whether in experimental or in theoretical aspects, questions
remain on the mechanism and complexation mode for the
selective extraction of An*" and Ln** by DPAHs. An in-depth
investigation on these problems is necessary.

In the present work, by taking consideration of steric and
electronic effects, five representative DPAHs (Figure 1)
containing different alkyl and/or aryl substituent groups have
been synthesized, and their extraction behaviors toward Am**
and Eu’* have been investigated using toluene as a diluent.
Meanwhile, the complexation behaviors of Eu** with the five
DPAHs have also been examined by luminescence spectros-
copy, Raman spectroscopy, and electrospray ionization mass
spectroscopy (ESI-MS). In addition, the extraction model and
complexation mode of these DPAHs with Am** and Eu®* have
been studied by density functional theory (DFT) calculations.

B EXPERIMENTAL SECTION

General. The stock solution of **!Am*" with radiochemical purity
of 99.9% was supplied by China Institute of Atomic Energy.
Eu(NO,); solution was prepared by dissolving Eu,0; (99.99%,
Aldrich, USA) in HNO;. Unless specifically noted, all the other

reagents in this work were of AR grade quality or higher and used as
received. Tetramethylsilane (TMS) was the internal standard
substance for 'H and *C NMR, and 85% H,PO, solution was used
as the external standard for *'P NMR.

All NMR spectra were collected with a Varian Inova NMR
spectrometer (‘H: 400 MHz; *C: 100 MHz; *'P: 240 MHz) (Bruker
Inc., Switzerland). FT-IR and ESI-MS spectra were recorded on a
Nicolet 6700 Fourier transform infrared spectrometer (Thermo
Fisher Scientific Inc, USA) and Bruker Amazon SL spectrometer
(Bruker Inc., Switzerland), respectively. The organic elemental
analysis was performed on a Flash EA 1112 organic element analyzer
(Thermo Fisher Scientific Inc., USA). The Lei Ci PHS-3C type pH
meter (Shanghai Precision & Scientific Instrument Co. Ltd., China)
was used for determining the pK, values of DPAH compounds as well
as the pH values of aqueous solutions. Luminescence titration was
carried out on a F96Pro fluorescence spectrophotometer (Shanghai
Leng Guang Technology Co. Ltd, China). Time-resolved fluo-
rescence spectroscopy (TRFLS) was operated on a HORIBA
TEMPRO-01 transient fluorescence spectrometer (HORIBA Ltd.,
Japan) with 370 nm as the excitation wavelength. Raman spectra were
measured on LabRAM HR800 spectrometer (HORIBA Ltd., Japan)
with 532 nm as the laser wavelength.

Synthesis. Ligands. All the DPAHs were synthesized with a
halogenated organophosphorus compound as the initial reactant
referring to the previous literature.”® For (n-Oct)-(Ph)-PS,H (HL,)
and (0-CF;Ph)-(Ph)-PS,H (HLy), PCL,Ph was used as the starting
material. Whereas for (n-Bu)-(n-Oct)-PS,H (HLy;), (n-Oct)-(o-
CF,Ph)-PS,H (HLy,), and (0-CF;Ph),-PS,H (HLy), the reaction
began with phosphorus trichloride. The halogenated organophospho-
rus compound reacted successively with the corresponding Grignard
reagent, sulfur powder, and sodium hydrosulfide hydrate to give the
crude product. Afterward, the crude was purified via recrystallization
and acidification, resulting in the purified ligand with satisfying yields.
The detailed procedures were summarized in the Supporting
Information.

Eu**-DPAHs Complexes. Before preparation of the Eu**-DPAHs
complexes, DPAHs were fully saponified by ammonium hydroxide.
0.2 mmol Eu(NO;);-6H,0 dissolved in 10 mL EtOH/H,0 (99/1%,
v/v) was added dropwise to a solution of saponified ligands (1.2
mmol) in 20 mL EtOH/H,0 (99/1%, v/v). The EtOH/H,0 (99/
1%, v/v) mixture was chosen as appropriate solvent for its good
solubility to both ligands and metal salts. The mixed solution was
vigorously stirred for 24 h and then washed with equal volumes of
dichloromethane three times to remove the ammonium nitrate and
unreacted ligands. Subsequently, the EtOH/H,O (99:1%, v/v) phase
was collected through a separating funnel. After vacuum drying
overnight, the oil-like Eu**-DPAHSs complexes were obtained.

pH Titration. 0.75 mmol DPAH was dissolved in EtOH/H,0
(99/1%, v/v) (50 mL) and then was titrated by 0.05 mol/L NaOH
solution at 25.0 + 0.5 °C. The pH values were recorded with a pH
meter. Each ligand was titrated in triplicates. The pK, values were
determined through a linear regression method,””*® and the purity of
the examined compounds was also calculated.

Extraction. DPAHs were dissolved in toluene as the organic
phase. The solution including trace amounts of 2 Am3* and/or 200
ppm Eu* and 1.0 mol/L NaNO, was the aqueous phase.*'Am**
must be handled following strict regulations in radioactive glovebox
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Figure 2. Influence of pH (equilibrium) on the distribution ratios of Am*" and Eu*". Organic phase: 0.50 mol/L extractant in toluene. Aqueous
phase: trace amount of **'Am*" and/or 200 ppm Eu** and 1.0 mol/L NaNO; in various HNO, solutions. Temperature: 25.0 + 0.5 °C.

due to its high radioactivity and toxicity which may cause personal
health hazards. The two phases were agitated for 0.5 h in a stoppered
test tube with a phase ratio (O/A) of 1/1 at 25.0 + 0.5 °C to achieve
equilibrium. After centrifugal separation, the two phases were
sampled, and the radiocounts of **!Am** in both the organic phase
and aqueous phase were measured by Nal(Tl) scintillation counter
(China National Nuclear Inc., China). The concentration of Eu*" in
the aqueous phase was analyzed by inductively coupled plasma atomic
emission spectrometer (ICP-AES, IRIS Advantage, Thermo Ele-
mental Inc,, USA), while that in the organic phase was calculated
through mass balances by the difference between initial solution and
the aqueous phase after extraction. The pH values of aqueous phases
were finely adjusted by adding a micro amount of 1.0 mol/L HNO; or
1.0 mol/L NaOH. The distribution ratio (D) for ) Am>* or Eu®* was
defined as the ratio of metal-ion concentration in the organic phase
([M]org') to that in the aqueous phase ([M]aq'), Dy = [M]mg/[M]aq,
The separation factor (SFyn/g,) Was expressed as SFuy /g, = Dam/De-
Triplicate experiments were carried out to ensure that the uncertainty
of extraction data was within 10% in the range of 107> < D < 107
Luminescence Titration. The luminescence titration was
performed in 10 mm quartz cell. The initial solution was 1.0
mmol/L Eu(NO,); in EtOH/H,0 (99/1v/v), and the titrant solution
was 50 mmol/L DPAH in EtOH/H,O0. In each titration, appropriate
aliquots of the titrant were added into the cell and stirred for 2 min,
and then the emission spectra in the range of 550 to 750 at 0.1 nm
intervals were collected with an excitation wavelength at 394 nm.
DFT Calculations. The ground-state electronic structures for all
species were calculated by using Kohn—Sham DFT* with the
Gaussian 09 code.’® The hybrid exchange—correlation functionals
M06-2X>" and B3LYP*** were employed in this work. In some cases,
the Grimme’s D3-correction with Becke—Johnson damping [D3(BJ)]

was used to add London-dispersion correction.’* The Stuttgart quasi-
relativistic effective core potentials (RECPs) and their corresponding
valence basis sets, using segmented contraction scheme, were used to
describe the europium™® and americium® atoms. The small-core
RECPs represent 28 and 60 core electrons in europium and
americium, respectively, while the remaining electrons were
represented by the valence basis sets. The septet spin states were
calculated for each Eu** and Am®" species, because the high-spin
ground-state configurations have been found to be consistent with
experimental results.””*® The double-{ basis set 6-31+G(d) was used
to describe hydrogen, carbon, oxygen, fluorine, sulfur, and phosphorus
atoms.

All the geometries were fully optimized in aqueous medium by
using the conductor-like polarized continuum model (CPCM)*® with
universal force field (UFF)* radii. The default fine grid (75, 302),
having 75 radial shells and 302 angular points per shell, was used to
evaluate the numerical integration accuracy. The harmonic vibrational
frequencies were calculated after the geometry optimization to
characterize the nature of each stationary point with all positive
frequencies and to provide the thermodynamic quantities, such as the
energy (E), enthalpy (H), and Gibbs free energy (G). In addition, the
Wiberg bond indices (WBI)*' and natural atomic charges were
analyzed on the basis of natural bond orbital (NBO)**** theory.

B RESULTS AND DISCUSSION

pH Titration. According to previous results, the extract-
ability of acidic DPAH ligands is closely related to their pK,
values.*" In general, the ligand with higher acidity exhibits
better extractability.*> The pK, values of the five DPAHs
determined by pH titration are summarized in Table S1 in the
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Supporting Information. These values are consistent with the
predicted ones in a previous work.*® As can be seen, the pK,
values increase in the following order: HLy < HL;; < HLy <
HL; < HL; < Cyanex 301. Obviously, the aromatic DPAH
ligands have smaller pK, values, which can be explained on the
basis of the electronic property of the substituent groups. The
electron-withdrawing groups such as Ph and o-CF;Ph would
result in lower electronic density on the S atom and thus lead
to weaker protonation than those with electron-donating
groups such as n-Oct and n-Bu. In addition, all of the five
DPAHs show lower pK, values than Cyanex 301, suggesting
that they may be used for An**/Ln*" separation under lower
pH conditions than the latter (pH ~ 3.5).

Extraction. Preliminary experiments have shown that
toluene was most suitable as a diluent for the five DPAHs
system due to good solubility and extraction effect. The
influence of acidity (pH) and ligand concentration on the
extraction of Am®* and Eu** was investigated.

Figure 2 shows the pH effect. It is clear that both D,,, and
Dg, increase with the increase of pH value. The linear
regression between logD and pH gave slope values close to 3
for all the five extraction systems, implying a cation-exchange
extraction model in which three protons are exchanged to the
aqueous phase for the extraction of each metal. As is well-
known, the pH at which 50% of the metal ion is extracted can
be defined as the pH)/, value and can be used as an indication
of the extractability of a given ligand. Lower pH, /, value means
stronger extractability. The data listed in Table 1 show that the

Table 1. pH, , Values of the Five DPAH Ligands and
Cyanex 301

pH,)

ligands Am* Eu®*
HL, 2.63 2.99
HL; 1.95 2.79
HLy 3.29 421
HLpy, 2.43 2.92
HL, 1.57 2.73
Cyanex 301 3.16" 442"

pH, ), values for both Am*" and Eu®' are in the sequence of
HLy < HL;; < HLy < HL; < HLy;, which is in accordance with
the order of the pK, values. Moreover, since DPAHs with the
electron-withdrawing group —CF; are easier to be deproto-
nated than those with electron-donating groups, they exhibit
stronger extractability than the latter.

The stoichiometry of the extracted complex was further
determined by the commonly used slope analysis method. The
dependence of the distribution rations (D) of Am** and Eu**
on the ligand concentrations is shown in Figure 3. To make
sure the D values are in a reasonable range for accurate
measurement, we adjusted the equilibrium pH of the aqueous
phase to 3.50 for HL,;, 2.50 for HLy;, 4.00 for HL;, 3.00 for
HLyy, and 2.35 for HLy. As shown in Figure 3, the plots of
(logD — 3pH) vs logCyy provide straight lines with slope
values of about 2 for both Am®* and Eu’®". Because DPAHs are
prone to dimerize in nonpolar solvent,'> the apparent reaction
for the extraction of Am* and Eu’* by the five ligands in
toluene can be described as eq 1:

Kex
M3+(aq.) + 2(HL) (o) = MLy(HL) (o) + 3H ) 1)

where K., represents the equilibrium constants for the reaction
and can be defined as

_ [ML3(HL)](org) x [H+]?aq‘)
& [M3+](aq.) X [(HL)Z]%org.) (2)

Rearranging and taking the logarithm of eq 2, K, can be
further expressed as

log K., = log D — 3pH_ 2log[(HL), l(org) + log Y

()

where Y = 1 + B,[NO;”] + B,[NO; 1% B, and B, are the
overall stability constants for the first and second nitrate
complexes of M, respectively. The Y values have been
reported in the literature™ and are 3.20 for Am** and 3.42 for
Eu’*. The K, values were then calculated and the results are
listed in Table S2 in the Supporting Information.

Moreover, the SF,,/, values under different ligand
concentrations can be calculated through the D values, and
the results are listed in Table 2. It can be seen that the SF,,, /g,
values decrease in the order of HLy > HLy; > HL; > HLyy >
HL, which is different from the sequence of D values.
Generally, there is no exact correlation between extractability
and selectivity. The higher SF, g, values of HLy, HLy;, and
HLy; than that of HL, and HL; might be ascribed to both
electronic and steric effects of the substituent groups, which
requires further exploration in the future. The above extraction
experiments show that HLy exhibits the best performance not
only on the extractability but also on the selectivity among the
five ligands.

Complexation. To better understand the above-mentioned
extraction model, the complexation behavior of Eu®* with
DPAHs was investigated. In consideration of the high
radioactivity of **!Am*, only the stable Eu** was studied in
this work. In the extraction system, not only will the DPAH
ligand be involved in the complexation with Eu**, H,O or
NO;~ might also coordinate with Eu®" because of the high
coordination number of Eu**.>**"° Thus, luminescence
spectroscopy, Raman spectroscopy, and ESI-MS were carried
out to illustrate the composition and coordination mode of the
Eu-DPAH complexes.

Luminescence Spectroscopy Analysis. The representative
luminescence emission spectra of Eu®*/HLy are shown in
Figure 4a. The three emission bands around 594, 618, and 698
nm are attributed to the Dy—"F,, Dy—"F,, and *Dy—’F,
transitions of Eu®*, respectively.”>” Considerable decrease of
the emission intensity was observed as the mole ratio of Cyyvy/
Cg, approached 4.0. The decrease of the emission intensity can
be probably ascribed to the luminescence quenching effect of
the —SH group of DPAH when Eu*" was complexed with the
ligands during the titration. When the mole ratio of Cyy;y/Cg,
further increased, the spectra only show small changes, which
means few new complexes formed afterward. Similar
phenomenon can also be observed in other systems, which
are summarized in Figure S8a—h in the Supporting
Information.

For Eu* ion, the *Dy—"F, transition is magnetic-dipole
allowed and insensitive to the ligand field. In contrast, the
SDy—"F, 3 4 transitions are electric-dipole allowed, and they are
hypersensitive to the coordination environment.””>* Accord-
ingly, the local environment of Eu’* can be qualified by the
asymmetry factor (AF) through eq 4:

(

DOI: 10.1021/acs.inorgchem.8b01635
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01635/suppl_file/ic8b01635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01635/suppl_file/ic8b01635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01635/suppl_file/ic8b01635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01635/suppl_file/ic8b01635_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b01635

Inorganic Chemistry

HLI . HL"I%
Slope
e s T o S e e T T
: /\/\E/\/\/\AA Dy
Slopeﬁ SH A Dy,
2.06 Slope |
: 2.05 Slope :
: Slope 2.15 y
! 2.08 §
Py D, 5 Dl | ' 3
I~~~ Am P 3
Ok ol | O D, A/A/é«é;jgge
-3 : ; : ! :
Figure legend HL,, HL, :
Slope :
6 HL, ' 2"‘4/’/'/”
= i Slope
3 i 2‘“/0/"“ 3
en i :
Q, ol [ Lme-Symbol] | 1| M N
'Graph Slope 2.01
g 5 p 2.08 5
Sh i
-1 [ |- . e CFg FaGo oo e
R«—Iuj—R m D, @E/\/\/\/\ ¢ Dy @E@ ® Dim
|3 2 DEu o <& DEu éH o DEll
SH 3
-15 : : - i
-1.2 -0.8 -0.4 0.0
log Cyy,

Figure 3. Influence of the ligand concentration on the distribution ratios of Am*" and Eu*'. Organic phase: different concentrations of ligands in
toluene. Aqueous phase: trace amount of **'Am*" and/or 200 ppm Eu** and 1.0 mol/L NaNOj; in HNO; solution with pH 3.50, 2.50, 4.00, 3.00,
and 2.3S for HL;, HLy;, HLy;, HLyy, and HLy, respectively. Temperature: 25.0 = 0.5 °C.

Table 2. SF,, g, Values of the Five Ligands

SFpm/Eu
Cyy, (mol/L)
ligands 0.10 0.20 0.30 0.40 0.50
HL,; 42 +03 49 + 0.5 4.7 £ 04 4.8 £ 0.5 44 + 04
HL; 175 + 16 107 + 11 97 +9 143 + 12 126 + 12
HL; 340 + 34 327 + 33 318 + 32 390 + 30 377 + 36
HLy, 29 + 2.4 31 +27 29 +£23 33 + 3.1 30 +£ 32
HLy 775 + 73 1062 + 97 1029 + 90 1014 + 102 1020 + 98
AF = I(5D0 - 71:2)/1(51)0 — 7F1) (4) luminescence decay curves of the five Eu-DPAH complexes

where I(°D, — ’F,) and I(°D, — F,) are the intensities of °D,,
— 7F, (~617 nm) and D, — F, (~594 nm) transitions,
respectively. As shown in Figure 4b, with the increase of HLy/
Eu® ratio, the AF values decrease gradually and become
relatively constant after Cyyy/Cg, = 4.0, which is similar to the
trend of the change of the emission intensity. The AF values of
Eu®" complexes with the five ligands at several representative
Cur/ Cg, ratios are listed in Table 3. It can be seen that the
difference between AF;, and AF,, values decreases in the
sequence of HLy > HLy; > HL, > HL; > HLyy, which is in
agreement with the order of extractability.

The complexation of Eu®" with the five DPAHs was also
examined by luminescence lifetime measurements. As shown
in Figure S, the decay lifetime of “free” Eu®* increases
obviously upon complexation with DPAHs. All of the

follow a monoexponential pattern, indicating the presence of a
single species. The lifetimes of Eu’* and the coordination
species are summarized in Table S4 in the Supporting
Information. In the cases where nonradiative processes other
than the coupling with —OH and vibrations are absent or
negligible, the number of —OH groups (Nog) in the inner-
$2,55=57
sphere can be calculated by eq S:

Nog = 2 % (1.05/7) — 0.44 (s)

where 7 represents the decay lifetime. Substituting the lifetime
into eq S, the Ny value was calculated to be about 2 for all the
complexes, indicating the presence of 1 H,O molecule or 2
EtOH molecules in the primary coordination sphere of Eu** in
the complexes. It should be noted that in the present Eu-
DPAH complexation system, the DPAH ligand is also likely to
quench the luminescence of Eu** as indicated by the titration
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Figure 4. Luminescence titration of Eu(NO;);-6H,0 with HL. Luminescence emission spectra (a) and AF values (b) at different Cyyy/Cp, ratios.
Initial solution: [Eu(NO,);-6H,0] = 1.0 mmol/L, volume = 2.0 mL. Titrant: [ligand] = SO mmol/L. Excitation wavelength: 394 nm. Solvent
EtOH/H,0 (99/1%, v/v).

Table 3. AF Values at Different Cyy;/Cyg, Ratios

AF values

Cyy/ Cg, ratios

AAF values |AF,, —
ligands 0.0 1.0 2.0

30 40 AF, |
HL, 220 191 175 157 142 0.78
HL, 220 176 156 141 132 0.88
HL, 220 211 204 197 191 0.29
HL, 221 186 161 146 136 0.85
HL, 221 180 154 130 118 1.03

results in Figure 4a, and such an effect should not be ignored
to analyze the lifetime results. Therefore, the number of the
—OH groups in the Eu-DPAH complexes calculated by eq 5
can only be taken for reference. More accurate correlation
between the lifetime and the coordination number of S and

—OH in the complexes is required to be established in future
work.

Raman Spectroscopy Analysis. Raman spectroscopy can
provide additional information on the coordination environ-
ment of the Eu-DPAH complexes, especially it can be used to
determine whether or not NO;~ participates in the
coordination with Eu’*. The Raman spectra of Eu(NO;),
and the Eu-DPAH complexes are shown in Figure 6. It can
been seen obviously that the Raman spectra of the Eu-DPAH
complexes show basically the same pattern and are very
different from that of Eu(NO,);. The sharp peak at 1515 cm™
in Eu(NO,); spectrum can be assigned to NO;™. Since such a
characteristic peak of NO;™~ was not observed in the spectra of

Eu-DPAH complexes, NO;~ should be absent in the Eu-
DPAH complexes.

ESI-MS Analysis. To further identify the extracted species,
ESI-MS analysis of the ligands and the Eu-loaded organic
phases after extraction was carried out. Figure 7a shows the
representative mass spectrum (in positive mode) of HL,
before extraction. An obvious peak appeared at m/z =
772.9641, and it can be assigned to [2(HLy)+H"]", indicating

Eu’-L; Eu’"-Lyy,
Fit curve Fit curve Fit curve
& .'$-
10*
"free" Eu’ Eu’*-Ly, Eu**-L,
;’ 103 Fit curve Fit curve Fit curve
72
S
+ 102
=
o
10' s oy
1000 2000 3000 4000 5000 6000 7000

Time (ps)

Figure 5. Luminescence decay of “free” Eu®* and the Eu-DPAH complexes.
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Figure 6. Raman spectra of Eu(NO;); and the Eu-DPAH complexes.
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Figure 7. ESI-MS spectra of 0.5 mol/L HLy in toluene before extraction (a) and the Eu-loaded organic phase after extraction (b).

that DPAH ligands undergo dimerization in the nonpolar or
low-polar solvent. Similar results are also observed for the
other four ligands (Figure S9 in the Supporting Information).
Meanwhile, a prominent peak at m/z = 386.9864 can be
assigned to [HLy + H*]", indicating that the dimer molecule
(HL), with weak intermolecular interaction is easily discretized
to monomers in the process of mass measurement.”®

The spectrum of the Eu-loaded organic phase after
extraction is shown in Figure 7b. According to the results
obtained from the aforementioned extraction and complex-
ation studies, DPAH ligand can form 4:1 type complex with
Eu*" accompanied by H,O or EtOH molecules in the inner
coordination sphere of Eu*". Since there is no EtOH molecule
involved in the extraction process, the maximum peak at m/z =
857.4218 can be assigned to [(Eu®" + 3Ly~ + HLy + H,0) +
2H*]**, which is also confirmed by isotope simulated
calculations (m/z = 857.4224). Besides, the small peaks at
m/z = 386.9854, 682.4432, and 772.9646 can be assigned to

[HLy + H*]Y, [(Ev®*" + 3Ly~ + 3H,0) + 2H*]**, and [2(HLy)
+ H']*, respectively. The ESI-MS results of the other four Eu-
loaded organic phases (Figure S9 in the Supporting
Information) also suggest that DPAH molecules can
coordinate with Eu®* at a mole ratio of 4:1.

DFT Calculations. The above experimental results show
that the extraction behaviors of the five ligands are closely
relevant to their structures. Herein, DFT calculations have
been carried out to further reveal the coordination behavior of
Eu** and Am®** with DPAH ligands. We must note here that
the optimized structures of the extracted species AmL;(HL)-
(H,0) cannot be obtained by the traditional B3LYP functional
due to the lack of dispersion corrections. Meanwhile, since the
C¢ coefficients or covalent radius R_,, for americium element
(IA = 95) is not included in the dispersion-correction DFT
method (DFT-D), so the corresponding functional such as
wB97X-D, PBE0-D3, and B3LYP-D3 also cannot be used for
the calculations of Am*" complexes. Our detailed studies
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suggest that such a problem could be well-solved by the
Minnesota new functional M06-2X that includes a “dispersion-
like effect”.>” Besides, methyl was used to substitute the more
complicated alkyl/aryl groups in the DPAH ligands so as to
improve the calculation eficiency.

Extraction Reaction Energies. First, the binding energies of
Eu®" with the simplified DPAH ligand were calculated. The
results are listed in Table SS in the Supporting Information
and further confirm the formation of the EuL,(HL)(H,O)
complex. On the basis of the extraction results in this work,
similar extraction models were found for Am*" and Eu’* during
the biphasic equilibrium. Accordingly, we speculate that similar
Am** species might form in the complexation with DPAH
ligands. To reveal the coordination mode between DPAH and
Am®*, calculations on the changes in Gibbs free energies (AG,
kJ'mol™) for the extraction of hydrated Am*'/Eu®* ions
(IM(H,0)5]**) by DPAHs were performed. Herein, NO,~
was not included in the hydrated metal ion due to its weak
coordination with the metal ion in aqueous solutions.

As listed in Table 4, the AG of the extraction reaction
[Am(H,0),]** —» AmL;(HL) and [Am(H,0),]** —

Table 4. Calculated Changes in Gibbs Free Energies (AG,
kJ'mol ") for the Extraction of Hydrated Am*"/Eu*" Ions
(IM(H,0),]**) by DPAH using the DFT/M06-2X Method

reaction AG (M =Eu) AG (M =Am)
[M(H,0),]** = ML;(HL) - —69.5
[M(H,0),]** - ML,(HL)(H,0) —34.3 —674

AmL;(HL)(H,0) was calculated to be —69.5 kJ-mol™" and
—67.4 KkJ-mol™, respectively, suggesting that both of these
reactions are spontaneous. According to Tian’s work, the
molecular formula of the Am*" complex was deduced as
HAmL,, in which no inner-sphere coordinated water is
present.””*" Nevertheless, our theoretical calculations suggest
that there is no apparent difference on the AG values between
AmL;(HL) and AmL;(HL)(H,O). Therefore, we suppose that
both of these two species are likely to be present in the
extraction of Am* by DPAHs. On the other hand, the AG
value for [Eu(H,0)y]** — EuL;(HL)(H,O) is —34.3 kJ-
mol ™", which is much less negative than that of the proposed
Am** species. The striking difference on AG values may be one

of the reasons for the excellent selectivity to Am** over Eu** by
DPAH ligands. Figure 8 shows the optimized structures of the
stationary points for EuL;(HL)(H,0), AmL;(HL) and
AmL;(HL)(H,0) complexes as well as some key bond lengths
(in angstroms).

Molecular Orbitals Analysis for Metal-Sulfur Complexing
Bonds. To understand the selectivity to Am** over Eu** by
DPAHs from the viewpoint of electronic structure, the
molecular orbitals and the orbital composition for the
ML;(HL)(H,0) (M = Am or Eu) complexes were analyzed,
and the results are shown in Figure 9. The characteristic

O(Am-S) = 0.374(sp™ *d> *f?) s, + 0.928(sp**)s

Figure 9. Molecular orbitals and their composition (a-spin state) for
(a) Eu—S bond in EuL,(HL)(H,0) complex and (b) Am—S bond in
AmL;(HL)(H,0) complex.

annuluses of f-orbitals are obvious in Eu—S and Am—S bond
molecular orbitals. The ¢(M—S) bond molecular orbital
composition analysis reveals that the Eu—S and Am-S§
bonds are in essence the interaction between the unoccupied
valence orbitals of Eu®* and Am*" ion (especially 4f and Sd
orbitals for Eu®*; 5f and 6d orbitals for Am>*) and the stron%
electron-donating sulfur lone pair (sp*-hybridized orbitals).®

As shown in Table 5, the change in f-orbital occupancy
numbers AN([M(H,0),]* — ML,(HL)(H,0)) of Am®*" is
0.050, and it is larger than that of Eu** (0.028), which suggests
that the Sf orbital of Am®" has stronger interaction with sp’-
hybridized orbital of S atom in DPAH ligand than the 4f

@Eu @Am @P @S €0 eC

o
9

Figure 8. Optimized structures of the stationary points for the complex (a) EuL;(HL)(H,0), (b) AmL;(HL), and (c) AmL;(HL)(H,O) obtained

by the DFT/M06-2X method.
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Table S. Natural f-Orbital Occupancy Numbers (Nj) of Eu
and Am in the Complexes, Change in Occupancy Numbers
AN; ([M(H,0),]** — ML,(HL)(H,0)), Mulliken Spin
Density of Eu and Am (Dg), and Change in Spin Density
AD; ([M(H,0),]*" — ML;(HL)(H,0))

species N; AN; Dyg ADg
Eu(H 3+ .01 .
[Eu(H,0),] 6.018 0.028 6.057 0.098
EuL,(HL)(H,0) 6.046 6.155
[Am(H,0),]** 6.055 6.052
0.050 0.141
AmL;(HL)(H,0) 6.105 6.193

orbital of Eu®’. In addition, the change in spin density
ADg([Eu(H,0),]* — Eul,(HL)(H,0)) in Eu** complex is
0.098, and it is smaller than that in Am** complex (0.141),
which further indicates that the unoccupied valence orbitals of
Am*" display a stronger affinity to the sulfur lone pair than
those of Eu". These results agree well with the calculated
extraction reaction energies listed in Table 4.

The natural atomic orbital occupancies of Eu** and Am**
valence shell are shown in Table S6 in the Supporting
Information. Both the f orbital occupancies and the d orbital
occupancies of metal ion in [M(HZO)9]3+ (M = Am or Eu) are
found to be lower than those in ML;(HL)(H,0), indicating
that the DPAH ligand possesses stronger coordination ability
to Eu’*/Am’" ions than water molecules. The increase of
orbital occupancies after complexation can be attributed to the
filling of lone pair electrons of S. Besides, much greater changes
of d orbitals than that of f orbitals indicate that the former is
more sensitive to the coordination environment than the latter.
The natural charges of Eu and Am (gy,) decrease from 1.702 to
0.237 and 1.772 to 0.343, respectively, before and after
complexation, which can be attributed to the dispersion by the
coordinated S atom. Moreover, it is clear that the WBI
between the metal and the ligands (WBI(M-S.)) are
significantly larger than those between the metal and H,O
(WBI(M—0,,)), which might be resulted from the ligand-
exchange reaction. The results show good agreement with the
calculated extraction energies (see Table 4).

Deprotonation Parameters and Bond Orders. As men-
tioned earlier, the extractability of DPAH depends largely on
its acidity. To elaborate the extractabilities, the deprotonation
processes of HL; — HLy in aqueous medium were evaluated
using MO06-2X and B3LYP-D3 hybrid functionals. The
corresponding results are summarized in Table 6. As we can
see, energy profiles obtained by the two methods show that
HL, possesses the lowest deprotonation energy (AE) as
compared to other ligands. The trends are also reflected in the

Table 6. Calculated Thermodynamic Parameters (kcal:
mol ') for the Deprotonation of DPAH Ligands in Aqueous
Medium (CPCM/UFF) at the Theoretical Levels M06-2X
and B3LYP-D3

MO06-2X B3LYP-D3
reaction AE AH AG AE AH AG

HL, —» H*+ L~ 1616 1622 1558 1669 167.5 1614
HL, —» H'+L;” 159.5 1601 1534 1653 1659 1589

HLy, — H* + 1626 1632 1571 1679 1685 1618
LIII_
HLy — H* + 160.8 1614 1557 1663 1668  161.0
Ly~

HLy —-» H"+ L, 1585 159.1 152.1 164.3 164.9 158.2

order of AH and AG values. It is clear that all the
thermodynamic parameters, including AE, AH, and AG
values, increase in the order of HLy < HL; < HL, < HL; <
HLyy;, which is opposite to the sequence of extractability. As
aforementioned, the stronger extraction ability of DPAHs to
the trivalent metal ion is usually associated with lower
deprotonation energy. Therefore, the results from DFT
calculations fully support the conclusions of extraction
experiments.

Apart from the thermodynamic parameters, the WBI of S—H
bond on different DPAH ligands and the nature charges (Q) of
sulfur atom on different ligands after deprotonation are also
analyzed at the same theoretical levels. As shown in Table 7,

Table 7. WBI of S—H bond in Different DPAH Ligands and
Nature Charges (Q) of Sulfur Atom in Different
Deprotonated Ligands Obtained by NBO Analysis at the
Theoretical Levels M06-2X and B3LYP-D3

WBI(S—H) Q(S)
ligands MO06-2X B3LYP MO06-2X B3LYP
HL, 0.945 0.946 —0.790 —0.795
HL, 0.942 0.942 —0.745 —0.748
HLy, 0.946 0.948 -0.818 -0.823
HLy 0.944 0.945 —-0.774 -0.776
HLy 0.940 0.941 —-0.724 —0.722

the order of WBI values for S—H bond is HLy, < HL}; < HLy <
HL; < HLy;. Meanwhile, the order of absolute nature charges
(Q) of sulfur atom after deprotonation is Ly~ < Ly~ < Ly~ <
L;” < Ly, which is consistent with the order of WBI values as
well as the sequence of deprotonation energy in Table 6. These
results show good agreement with the order of extractability of
the five ligands.

B CONCLUSIONS

Five DPAH ligands bearing dialkyl, diaryl, or alkyl-aryl
substituted groups were synthesized, and their extraction
behavior toward Am** and Eu®* as well as the complexation
behavior with Eu®* were investigated. The extractability and
selectivity to Am’" over Eu’* by these ligands were also
elucidated by DFT calculations. The DPAH ligands containing
electron-withdrawing group —CF; have shown stronger
extractability. Slope analysis suggests that Am®' and Eu’*
were extracted as the 4:1 type (ligand:metal) species into the
organic phase (toluene). Luminescence, Raman, and ESI-MS
analyses indicate that EuL;(HL)(H,0) was the dominant Eu
complex for all the five DPAH ligands. Further DFT
calculations illustrate that the protonation property of the
ligands is closely related to the extractability. Moreover,
molecular orbital analysis indicates that the stronger covalence
in Am—S bond as compared to that of Eu—S bond is a key
factor for the excellent selectivity to Am*" over Eu** by DPAH
ligands. Although the studied five ligands are insufficient to
represent all DPAHs, the results from this work could help us
better understand the relevant extraction and complexation
model at the molecular level and also provide valuable
experimental and theoretical guidance for designing more
efficient S-donor ligands for An**/Ln®" separation in the
future.
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