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ABSTRACT: 1,3-Bis[3-(2-pyridyl)pyrazol-1-yl]propane
(Bippp) and 1,2-bis[3-(2-pyridyl)pyrazyl-1-methyl]benzene
(Dbnpp), the pyridylpyrazole based tetradentate ligands, were
synthesized and characterized by MS, NMR, and FT-IR. The
solvent extraction and complexation behaviors of Am(III) and
Eu(III) with the ligands were investigated experimentally and
theoretically. In the presence of 2-bromohexanoic acid, the two
ligands can effectively extract Am(III) over Eu(Ill) and other
rare earth(IIl) metals (RE(III)) in HNO; solution with the
separation factors (SF,, gg) ranging from 1S5 to 60. Slope
analyses showed that both Am(III) and Eu(III) were extracted
as monosolvated species, which agrees well with the results
observed from X-ray crystallography and MS analyses. The
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stability constants (log K) obtained from UV—vis titration for Eu(II) complexes with Bippp and Dbnpp are 4.75 + 0.03 and 4.45
+ 0.04, respectively. Both UV—vis titration and solvent extraction studies indicated that Bippp had stronger affinity for Eu(III)
than Dbnpp, which is confirmed by density functional theory (DFT) calculations. DFT calculations revealed that the
AmL(NO;); (L = Bippp and Dbnpp) complexes are thermodynamically more stable in water than their Eu(III) analogues, which
is caused by greater covalency of the Am—N than Eu—N bonds. Theoretical studies gave an insight into the nature of the

M(III)—ligand bonding interactions.

B INTRODUCTION

The minor actinides (An), such as Am(III) and Cm(III), are
the main contributors to the long-term radiotoxicity of high
level liquid waste (HLLW) issued from the PUREX process."
For reducing the load to the repository of HLLW, An(III)
should be converted into the short-lived or stable nuclides by
transmutation.” However, the bulk of lanthanides(III) (Ln-
(WII)) in HLLW can absorb neutrons effectively and therefore
prevent the transmutable An(III) capturing neutrons.” For a
good transmutation, it is very necessary to separate An(III)
from Ln(III).

An(III)/Ln(IIl) separation is a challenging task because of
the same oxidation state and very similar properties. According
to the principle of hard and soft acids and bases," both An(III)
and Ln(III) belong to “hard” ions, but An(IIl) are slightly
softer than Ln(III).> Thus, An(III)/Ln(IIl) separation can be
carried out by selective extraction employing the soft ligands,
e.g. S-donor and N-donor heterocyclic ligands.” Up to now,
these extractants, such as bis(2,4,4-trimethyl-pentyl)-
dithiophosphinic acid,” bis(chlorophenyl)dithiophosphinic
acid,® 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines (BTPs),9
6,6'-bis(5,6-dialkyl-1,2,4-triazin-3-yl)-2,2’-bipyridines
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(BTBPS),10 and 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline
(BTPhens)'' (see Figure 1), have been widely studied.
Unfortunately, they suffered from poor chemical and irradiation
stability, relatively slow extraction kinetics, as well as difficulties
of synthesis, resulting in their unsuitable uses in practical
processes. Thus, great efforts still need to be made to explore
more efficient extractants for An(III)/Ln(IIl) separation.

In recent years, it was found that the ligands composed of
pyridine and pyrazole exhibited good effectiveness for An(III)/
Ln(III) separation. Earlier studies showed that 6-(3,5-dimethyl-
1-H-pyrazol-1-yl)-2,2-bipyridine (dmpbipy; see Figure 1) with
2-bromohexanoic acid could selectively extract Am(III) over
Eu(IIl) in HNO; solution.'” The separation factor (SFam/Es)
could reach 8 at pH 2.4, showing an extraction selectivity for
Am(III) to some extent. But the SF, g, values obtained are
not high enough to meet the needs of practical applications.
Shortly afterward, Bremer et al. made some modifications on
dmpbipy; that is, one of the pyridyl rings of dmpbipy was
substituted by a five membered pyrazolyl ring, and synthesized
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Figure 1. Chemical structures of the representative ligands for
An(1IT)/Ln(III) separation.

2,6-bis(5-(2,2-dimethylpropyl)-1H-pyrazol-3-yl)pyridine (CS5-
BPP; see Figure 1). In the presence of 2-bromohexanoic acid,
C5-BPP gave a SF,,, g, of 100 at 0.1 mol/L HNO,."? As far as
SFprm/Eu Is concerned, it can attain levels nearly as high as BTPs,
suggesting a favorable prospect of application for An(IIl)/
Ln(I1I) separation. In an attempt to clarify the molecular origin
of the selectivity of CS-BPP for Am(III), Adam et al. prepared
5N labeled CS-BPP as well as its complexes with Am(IIT) and
Ln(1II) (La, Sm, Yb, Lu, and Y), and then they investigated the
bonding of CS-BPP with the metal ions by "N NMR
spectroscopy.'* Compared with Ln(III) complexes, the
chemical shifts for coordinated N atoms in the Am(III)
complex are larger. These indicated that metal—ligand (M—L)
bonding in the Am(III) complex was more covalent than that
in Ln(IlI) complexes. Thus, CS-BPP exhibited excellent
selectivity for Am(III). More notably, in contrast to BTPs,
the pyridylpyrazole based ligands have fewer numbers of N
atoms in the heterocycle, which may be favorable for chemical
and irradiation stability. Besides that, their syntheses are
relatively easy. In a word, as the promising extractants for
An(III)/Ln(IIl) separation, the pyridylpyrazole based ligands
are definitely worth exploring. But it is regrettable that there are
few reports on this new kind of N-donor heterocyclic ligands.
For further developing new efficient N-donor heterocyclic
extractants based on the pyridylpyrazole ligands, it is essential
to understand their fundamental extraction and complexation
behaviors of An(IIl) and Ln(III) experimentally and theoret-
ically.

In the present paper, we designed and synthesized two
representative pyridylpyrazole based tetradentate ligands. One
is 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane (Bippp), and the
other is 1,2-bis[3-(2-pyridyl)pyrazyl-1-methyl]benzene
(Dbnpp). In their chemical structures, the two pyridylpyrazole
groups are linked through an aliphatic and aromatic bridge,
respectively. The extraction behaviors of Am(III), Eu(IIl), and
other rare earth ions(IIl) (RE(III)) were investigated by a
system of the ligands and 2-bromohexanoic acid in tert-butyl
benzene (TBB). The single crystal of Bippp with Eu(IIl) was
also obtained and characterized. The stability constants (log K)
for Eu(IlI) with the ligands were determined by UV-—vis
titration. The extraction model and complexation of the ligands
with Am(IIT) and Eu(II) were studied by density functional
theory (DFT) calculations.

B EXPERIMENTAL SECTION

General. All chemical reagents were of AR grade without
purification. Solutions of RE(NO,); (RE = La, Ce, Pr, Nd, Sm, Euy,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y) in diluent HNO; were
prepared from their oxides (99.99%, Aldrich). The tracer stock
solution of *Am in 0.1 mol/L HNOj solution was provided by China
Institute of Atomic Energy (CIEA).

UV—vis spectra were performed with a PERSEE TU-1810
spectrophotometer. FT-IR spectra were measured on a Nicolet
Nexus 670 model instrument. NMR spectra were recorded on a
Varian Inova 400 MHz NMR spectrometer using CDCl; with
tetramethylsilane as an internal standard. MS spectra were obtained
on a LCMS-2T-TOF spectrometer. Single-crystal X-ray diffraction
measurements were carried out using an Agilent Technologies Gemini
diffractometer.

Synthesis. Bippp and Dbnpp were synthesized according to
Scheme 1. 3-(2-Pyridyl)pyrazole (Pypz) was prepared referring to the
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literature.

Scheme 1. Synthesis Route of Bippp and Dbnpp

A _owow N NHeHO B
P C=CH
N7 Reflux N N EtOH N TN

NTX
N

o 7/
7
NZn\ ,&%r% DMF
— ODropa
Bippp e
AS
_ Q ~ 4 20
=~ 'N N~ —
2N NI
~_N N

Dbnpp

\
zene P
ometny o NN
O N-N

To a solution of Pypz (3.0 g, 20 mmol) in 100 mL of DMF was
added NaH (1.2 g, S0 mmol) gradually. After stirring this mixture at
room temperature for 4 h, dibromoalkane (10 mmol) and tetrabutyl
ammonium bromide (TBAB, 0.32 g, 1.0 mmol) were added to the
suspension, and then stirred at 68 °C for 21 h. The solvent was
successively removed by distillation at reduced pressure. The resulting
residue was washed by ethanol (3 X 100 mL, 18% in water) to give the
colorless powder. The crude product was purified by recrystallization
from dichloromethane/hexane (2/1). In this way, the following two
compounds were synthesized.

Bippp. (3.2 g, 82%) FT-IR (KBr, v/cm™): 3054, 2944, 2883, 1592,
1567, 1491, 1459, 1404, 1230, 1050, 991, 767, 694. 'H NMR (400
MHz, CDCl,, ppm): 6 8.64 (d, 2H, pyridyl H6), 7.94 (d, 2H, pyridyl
H3), 7.73(t, 2H, pyridyl H4), 7.48 (d, 2H, pyrazolyl H5), 7.21 (m, 2H,
pyridyl HS), 6.90 (d, 2H, pyrazolyl H3), 4.21 (t, 4H, NCH,), 2.55
(quintet, 2H, CH,CH,CH,). *C NMR (100 MHz, CDCl;, ppm): §
152.1 (pyrazolyl C4), 151.9 (pyridyl C2), 149.6 (pyridyl C6), 136.5
(pyrazolyl CS), 131.6 (pyridyl C4), 122.5 (pyridyl C3), 119.8 (pyridyl
CS), 104.1 (pyrazolyl C4), 49.3 (CH,CH,CH,), 31.0 (NCH,). MS:
m/z (M + H)* 331.1673, (M + Na)*: 353.1454.

Dbnpp. (2.8 g, 85%) FT-IR (KBr, v/cm™): 3098, 2951, 2924,
1632, 1593, 1567, 1491, 1457, 1227, 1047, 993, 768, 725, 694.'H
NMR (400 MHz, CDCl,, ppm): 6 8.61 (d, 2H, pyridyl H6), 7.93 (d,
2H, pyridyl H3), 7.69 (t, 2H, pyridyl H4), 7.32 (d, 2H, pyrazolyl HS),
729 (m, 2H, pyridyl HS), 7.19 (m, 2H, phenyl H3), 7.15 (t, 2H,
phenyl H2), 6.90 (d, 2H, pyrazolyl H3), 5.47 (t, 4H, NCH,). *C
NMR (400 MHz, CDCl;, ppm): § 152.3 (pyridyl C6), 151.9 (pyridyl
C2), 149.4 (pyrazolyl C4), 136.6 (pyrazolyl CS), 134.7 (pyridyl C4),
130.9 (pyrazolyl C2), 129.5 (phenyl C2), 129.0 (phenyl C3) 122.5
(pyridyl C3), 120.2 (pyridyl CS), 105.1 (pyrazolyl C4), 52.7 (NCH,).
MS: m/z (M + Na)* 415.1617.

Eu(ll) Complexes. The ligands (0.22 mmol) were dissolved in 10
mL of ethanol. To this solution was added a solution of Eu(NO;),-
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6H,0 (100 mg, 0.22 mmol) in S mL of ethanol. The mixture was then
stirred at room temperature for 24 h. The precipitate was filtered,
washed with ethanol (3 X 10 mL) and allowed to dry in vacuum for 24
h to afford the complexes as white solid. A saturated solution of
Eu(III) complex with Bippp in acetonitrile/acetone/chloroform (1/1/
1) was standing with slow evaporation at room temperature. The
colorless and transparent crystal appeared in a week.

Solvent Extraction. The organic phase was prepared by dissolving
the two ligands and 2-bromohexanoic acid in tert-butyl benzene
(TBB). The aqueous phase contained HNOj; of different concen-
trations and **'Am, Eu(III), as well as RE(III) (0.1 mmol/L each).
Equal volumes (1.0 mL) of the organic and aqueous phase were stirred
in a 5.0 mL round-bottom flask at 25 °C for 60 min. It has been
proved that 60 min is sufficient to reach extraction equilibrium (see
Figure S15). After phase separation by centrifugation, the concen-
tration of **'Am in each phase was measured by a NaI(T1) scintillation
counter. The concentrations of RE(III) in aqueous phase were
analyzed by an inductively coupled plasma atomic emission
spectrometer (ICP-AES, IRIS Advantage, Thermo Scientific), while
those in organic phase were calculated from mass balances by
difference between the initial solution and the aqueous phase after
extraction. All the extraction experiments were carried out in triplicate.
And the mean of three measurements was used to calculate the
distribution ratio, which was defined as the ratios of total
concentrations of the metal ions in each phase:

Dy = [M],/[M],g (1)

The subscripts aq and org represent the aqueous and organic phase,
respectively. The separation factors were calculated by the eq 2:

SEy/ke = Dam/Drg 2)

X-ray Crystallographic Study. A suitable crystal was mounted
onto a glass fiber with grease and cooled in a liquid nitrogen stream at
110 K. Crystallographic measurements were made on a New Gemini,
Dual, Cu at zero, EosS2 diffractometer. By using Olex2,'° the structure
was solved by Charge Flipping with the Superflip'” structure solution
program and refined with the ShelXL'® refinement package using
Least Squares minimization. All of the non-H atoms were refined
anisotropically and the hydrogen atoms were refined by using a riding
coordinates. The hydrogen atoms bonded to carbon were included in
geometric positions and given thermal parameters equivalent to 1.2
times those of the atom to which they were attached, respectively. In
the structure, the hydrogen atoms bonded to oxygen of water
molecules could not be located. Crystallographic data are provided in
Table SI.

UV-vis Titration. The proper amounts of the ligands were
dissolved at desired concentration of 1.0 X 10™° mol/L in acetonitrile.
The concentration of Eu(NO;);-6H,0 in acetonitrile was 4.0 X 107
mol/L. The 1.0 cm quartz cells were used. The titration was carried
out by adding aliquots of 10 uL of Eu(NO,);-6H,0 in acetonitrile into
2 mL of the ligand solution. The pH of the mixed solution was
measured to be close to neutral. Background electrolytes were not
added to the solution to control the ionic strength. The solution was
mixed vigorously for 2 min, which is enough to attain the
complexation equilibrium. The stability constants (log K) for
Eu(III)-ligands were calculated from the change in the UV—vis
absorption spectra of the ligands over the wavelength range of 200—
350 nm.

Determination of Stability Constants. The log K of Eu(III)
with Bippp and Dbnlpp were determined according to the Benesi—
Hildebrand equation."”

1 a [ 1 ]
= : +1
A-A, a-b|KM] (3)

In eq 3, [M] is the concentration of cation; A, is the observed
absorbance in the absence of M; A is the obtained absorbance with M
added. In addition, a and b are constants, logk was evaluated

graphically by plotting 1/(A — Ay) vs 1/[M].

Theoretical Methods. All geometry optimizations were carried
out with the hybrid B3LYP*° functional implemented in the Gaussian
09d program.”’ For Am(III) and Eu(III), relativistic effects were taken
into consideration with the quasi-relativistic effective core potentials
(RECPs),”* combining with the corresponding basis sets with a
segmented contraction scheme for the valence shells. The electronic
configuration of Am(III) and Eu(III) in their septet state was adopted
in the calculations of the ground state properties of their complexes.
The adopted small-core RECPs replace 60 core electrons for Am(III)
and 28 electrons for Eu(III). For all other light atoms, such as C, H, O,
and N, the standard Pople-style polarized valence triple-¢ 6-31G(d)>
basis set was used for optimization and frequency calculations to
ensure that the obtained stationary points were the minima on the
potential energy surface. All the structures were optimized at the
B3LYP/6-31G(d)/RECP level of theory in the gas phase. The
polarizable continuum model (PCM)>* was used to take into account
solvation effect. The natural atomic charges from the natural
population analysis (NPA)> scheme were calculated at the same
level from natural bond orbital (NBO) analyses using the NBO 6.0
version implemented in the Gaussian 09d program. The natural atomic
charge populations were calculated by natural bond orbital (NBO)
analyses at the same method. Multiwfn 3.8 was used to perform the
quantum theory of atoms-in-molecules (QTAIM) analyses of Bader,”’
Mayer bond order (MBO), and the charge decomposition analyses
(CDA)*** charge transfer calculation.

To check our calculation reliability, the calculated parameters of
[EuL(H,0)(NO;),]* (L = Bippp) are in fair agreement with our
crystal structure discussed above, with a slightly difference of 0.02 A
for Eu—N and 0.06 A for Eu—0, respectively. Moreover, as stated by
Guillaumont,*® the increase of basis set size from 6 to 31G(d) to 6-
311G(2d,p) at the B3LYP level results in a decrease of the M—L bond
lengths by less than 0.01 A.

B RESULTS AND DISCUSSION

Solvent Extraction. Both Bippp and Dbnpp can dissolve in
TBB with a solubility of approximate 0.1 mol/L and hardly
extract Am(III) and Eu(III) from HNO; solution, with the D,
and Dy, being less than 107> Nevertheless, it is fortunate that
not only the solubility of Bippp and Dbnpp can reach over 0.25
mol/L in TBB, but also the extraction power for Am(IIl) and
Eu(IlI) can be enhanced significantly in the presence of 1.0
mol/L 2-bromohexanoic acid. The influence of HNO;
concentration on the extraction is shown in Figure 2. It is
clear that D,,, and Dy, decrease with the increase of HNO,
concentration ranging from 0.001 to 0.1 mol/L. In addition, the
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Figure 2. Influence of HNO; concentration on the extraction of
Am(III) and Eu(1II). Organic phase: 0.2 mol/L Bippp or Dbnpp and
1.0 mol/L 2-bromohexanoic acid in TBB; Aqueous phase: tracer
amount of **Am or 0.1 mmol/L Eu(NOs;); in HNO; solution.
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Dy values for Bippp are much higher than those for Dbnpp.
The reasons may be the different inductive effects of the alkyl
substituents on the N atoms of the pyrazolyl ring. The propyl
group of Bippp, having a stronger electron-donating ability than
the benzyl group of Dbnpp, increases the extraction efficiency
for Am(III) and Eu(III). Besides, as can be seen in Figure 3, it
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Figure 3. Selectivity of Bippp and Dbnpp for metal ions. Organic
phase: 0.2 mol/L Bippp or Dbnpp and 1.0 mol/L 2-bromohexanoic
acid in TBB; Aqueous phase: 0.1 mmol/L of each RE(III) or tracer
amount of *Am in 0.001 mol/L HNO; solution.

is also possible to selectively separate Am(III) from all RE(III)
with SF,, rg ranging from 15 to 60. Furthermore, both of the
ligands extract the midseries Ln(III), such as Eu(Ill) and
Gd(II), in preference to other RE(IIL).

To determine the number of ligand molecules present in the
extracted complexes, slope analysis was performed. The plot of
log Dy vs log [ ligand]free can give a straight line, whose slope
represents the number of ligand molecules associated with
metal ions. However, due to the difficulty to directly determine
the free ligand concentration, an approximate treatment
through [ligand],,, instead of [ligand]y,, is often employed,
subject to certain conditions.””" It was found that there was no
significant difference in pH value of the aqueous phase before
and after the extraction equilibrium in the presence of 1.0 mol/
L 2-bromohexanoic acid. For example, at the initial aqueous
phase pH of 3.06, the equilibrium aqueous phase pH ranged
only 2.91-3.03 in the case of 0.01—0.25 mol/L Bippp or
Dbnpp. This indicates that both Bippp and Dbnpp are not
easily protonated under the above-mentioned experimental
conditions. In other words, the organic phase hardly extracts
HNO; at the initial pH of ~3. And meanwhile, the ligand
concentration of 0.01—0.25 mol/L is much higher than that of
Am(III) and Bu(IIl). [ligand],, is approximately equal to
[ligand],,1. Therefore, the plots of log Dy vs log [ligand],,, can
be comparable to those of log Dy, vs log [ligand],.. Figure 4
shows the influence of the ligand concentration on the
extraction of Am(III) and Eu(IIl). All of the obtained slope
values are not the integers. The main reasons for this result may
be as follows. On one hand, some commonly used approximate
treatments, such as concentration instead of thermodynamic
activity and [ligand],, instead of [ligand]f,ee, can cause this
deviation. On the other hand, for an extraction system of N-
donor heterocyclic ligands and carboxylic acid, it has been
shown that there may be an organic complex forming between
these two types of organic molecules,’’ resulting in the
noninteger discrepancy. In particular, the slope values of Bippp
are 1.43 and 1.2S for Am(III) and Eu(III), respectively, which

= Bippp. D,,,, slope = 1.43 "~ Dbnpp, D, , slope = 1.12
0.01 4 ~ Bippp, D,,,. slope = 1.25 =z=Dbnpp, D,,, slope = 0.97

0.01 0.1
Ligand, mol/L

Figure 4. Influence of ligand concentration on the extraction of
Am(III) and Eu(III). Organic phase: 0.01—0.25 mol/L Bippp or
Dbnpp and 1.0 mol/L 2-bromohexanoic acid in TBB; Aqueous phase:
tracer amount of *!Am or 0.1 mmol/L Eu(NO;); in 0.001 mol/L
HNO; solution.

are significantly higher than 1. This would suggest the
formation of 1:1 and 1:2 metal:ligand complexes. Nevertheless,
owing to the values being closer to 1 rather than 2, it could be
inferred that the 1:1 complexes of the ligands with Am(III) and
Eu(III) in solvent extraction are dominant, while the 1:2 ones
are nondominant. Similar results were also reported for the
extraction of Am(III) and Eu(III) by CS-BTBP and nonanoic
acid in tert-butylbenzene.”” And meanwhile, it was supported by
the subsequent experiments of X-ray diffraction, UV—vis
titration, and MS, too.

Structures of Eu(lll) Complexes. Great efforts were made
to prepare single crystals of Eu(III) complexes with Bippp and
with Dbnpp. The single crystal of Eu(III) complex with Bippp
was obtained by slow evaporation in acetone/acetonitrile/
chloroform (1/1/1). Unfortunately, the single crystal of Eu(III)
complex with Dbnpp was not obtained. As displayed in Figure
S, Bippp is bound to Eu(IIl) through two N atoms of pyrazolyl
rings together with two other N atoms of pyridyl rings.
Interestingly, the Eu—N bond lengths of the pyrazolyl N atoms
(average length 2.542 A; see Table S2) are slightly shorter than
those for the pyridyl N atoms (average length 2.560 A; see

3)

Figure 5. Single crystal structure of the Eu(IIl) complex with Bippp.
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Table S2), suggesting that pyrazolyl rings are more likely to
coordinate with Eu(III) than pyridiyl rings. This observation
will be investigated deeply in DFT calculations. In addition, the
two nitrate ions are bound to the Eu(IlI) center. The Eu—O
bond lengths of nitrate ions are within the expected range of
2.464—2.559.">" The difference between two Eu—O bond
lengths for each coordinated nitrate ion is small, so nitrate ions
could coordinate with Eu(IIl) in a symmetric bidentate
manner.*® Like the Eu(Ill) complex with dmpbipy, one water
molecule also participates in coordination. And the two Eu(III)
complexes do not reveal any obvious differences in their Eu—O
bond lengths.'” Outside the primary coordination, one free
nitrate ion is hydrogen bonded to the water molecule
coordinated with Eu(III) to keep the charge balance. This
can also be observed in the FT-IR spectrum of the Eu(IIl)
complex with Bippp (see Figure S3). A strong and sharp peak
at 1384 cm™' represents the vibration of the free nitrate ion.
Moreover, Figure S11 and S12 give the MS spectra of the
Eu(IIl) complexes with Bippp and Dbnpp. The high intensity
peaks at m/z = 607.0510 and 669.0667 respresent two different
molecular species, denoting the complexes of [Eu(Bippp)-
(NO;7),]* and [Eu(Dbnpp)(NO;7),]*, respectively. The
isotope distribution patterns of these peaks (see Figure S13
and S14) are in accordance with those by computer simulation
for the 1:1 complexes. These results clearly demonstrate that
the metal ion binds with only one Bippp molecule, which
agrees well with X-ray crystallographic and slope analysis
results.

Solution Spectroscopy. The complexation behavior of
each ligand with Eu(IIl) was investigated by UV—vis titration.
The changes in the absorption spectra of ligands as a function
of the Eu(III) concentration in acetonitrile are given in Figure
6. As Eu(III) concentration increased, the absorbance of ligands
at 252 nm decreased. The new peak at 289 nm corresponding
to the M—L complex is also presented. The increase in the
absorption intensity for the new peak with the addition of
Eu(III) is also observed. Moreover, there are two isosbestic
points on every titration curve, which confirms that only one
type of complex is formed upon the addition of Eu(III).

As can be seen in Figure S16, the plots of 1/(A—A,) at 252
nm vs 1/[Eu(Ill)] give two straight lines (correlation
coefficient: R* = 0.995 for Bippp; 0.999 for Dbnpp), indicating
that the 1:1 Eu(IIl) complexes with Bippp and Dbnpp are
formed in solution, separately. The results are in line with that
observed in MS spectra and the slope analyses of extraction.
The calculated log K values for Eu(IIl) with Bippp and Dbnpp
are 4.75 + 0.03 and 4.45 + 0.04, respectively. As far as log K is
concerned, it is clear that the complexation abilities of Bippp
and Dbnpp are similar to those of other N-donor heterocyclic
ligands, such as ADPTZ, CS-hemi-BTP and CS-BTBP.”* The
log K for the Bippp complex is higher than that for the Dbnpp
complex, which is consistent with the higher Dg, for Bippp
observed in the extraction.

DFT Calculations. In general, 2-bromohexanoic acid is
believed to improve the lipophilicity of the extracted
complexes.B However, it is still a priori unknown how it
interacts with the metal ions. As a relatively “softer” anion, if 2-
bromohexanoic acid has the chance to form an inner sphere
complex with the metal ions, it has to compete against the
nitrate ion, which is a relatively “harder” anion with stronger
affinity to bind with An(IIl)/Ln(Ill). In other words, the
nitrate ion plays a more important role in the formation of M—
L complexes than 2-bromohexanoic acid. Thus, we considered

(a) Bippp
1.04 N 0.2eq. Eu(11l)
\ ——— 0.4eq. Eu(lll)
k\\‘ 0.6eq. Eu(III)
0.8~ 0.8¢q. Eu(IIl)
— 1.0eq. Eu(IIT)
_: 1.2eq. Eu(IIT)
» 0.6 1.4eq. Eu(IIl)
g \ 1.6eq. Eu(III)
044\ 1.8eq. Eu(I1I)
2.0eq. Eu(I11)
0.2
0.0 T T T
200 220 240 260
nm
124 (®) — Dbnpp
: 0.2eq. Eu(IIT)
——— 0.4eq. Eu(I1I)
—— 0.6eq. Eu(llI)
0.8eq. Eu(I1T)
— 1.0eq. Eu(1ll)
— 1.2¢eq. Eu(IlT)
» W 1.4eq. Eu(IIT)
< 0.6+ 1.6eq. Eu(Ill)
— 1.8eq. Eu(IIT)
044 —— 2.0eq. Eu(IlI)
0.2 1
0.0

T T T T T —
220 240 260 280 300 320
nm
Figure 6. UV—vis absorption spectroscopic titration of Bippp (a) and
Dbnpp (b) with Eu(NO,);-6H,0 in acetonitrile (initial conditions,

[ligand] = 1.0 X 107° mol/L, volume = 2.0 mL; titration conditions,
[Eu(NO;);-6H,0] = 4.0 X 10™* mol/L).

only the inner sphere complex formation of nitrate ion rather
than the 2-bromohexanoic acid. In this work, the structures of
neutral ML(NO,); complexes (M = Am(III), Eu(Ill); L =
Bippp, Dbnpp) were optimized and their thermodynamic
stabilities were compared in both the gas phase and water.

Complex Formation Energies. The calculated binding
energies of ML(NO;); and AE (AG), and the differences in
the energies, A(AX)am/ea (X = E (G)), of formation of two
analogous complexes of Am(III) and Eu(III) in both the gas
phase and water were summarized in Table 1. As expected, the
Bippp chelated complexes are more stable than the
corresponding Dbnpp complexes in both the gas phase and
water. The EuL(NO,); complexes are more stable than the
corresponding AmL(NO,); complexes with bare M*" as
substrate in the gas phase (A(AE)pm/ps = +51 kJ/mol). In
contrast, when the solvent effect is taken into account, the
above relation changes to the opposite. When changing to
M(H,0),* as substrate, the A(AE) /g, values are equal to
—12 kJ/mol in the gas and —18 kJ/mol in the aqueous medium
(PCM), respectively. This phenomenon had been well
interpreted by Narbutt et al.”®> They had compared the
differences in the energies, A(AE)am/py Of formation of
BTBP complexes of M** cations in the gas phase and water
(—0.13 and —13.1 kJ/mol, respectively). These results imply
that the selectivity of Bippp and Dbnpp for Am(III) over
Eu(Il) is comparable to that of the BTBP ligands.

In order to further explore the influence of ligands structure
on complexation reactions, the deformation energy (AEu.iom)
was calculated in the gas phase. AEy,,, was defined as the
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Table 1. Complex Formation Energies and Gibbs Free Energies, kJ/mol, of the ML(NO;); Complexes and the Differences in
the Energies and Gibbs Free Energies, A(AX ) am/ea (X = E(G)), of Formation of Bippp and Dbnpp Complexes of Am*" and
Eu®' in the Gas Phase and Water (PCM), Calculated at the B3LYP/6-31G(d)/RECP Level

ML(NO;), Metal ion Phase AE AGy A(AE ) am/Es Am/Eu A(AG )am/En

Bippp Eu M Gas —4540.1 —4305.9
M(H,0)4** Gas —2071.9 —2260.8
M(H,0)4** H,0 -25.1 -219.9

Am M3 Gas —4488.7 —4254.8 +51.4 +51.1

M(H,0)s>* Gas —2084.0 —2269.6 —12.1 —8.38

M(H,0),** H,0 —429 —241.0 -17.8 —21.1
Dbnpp Eu M Gas —4517.1 —4285.6
M(H,0)4** Gas —2048.9 —2240.5
M(H,0),>* H,0 —-0.5 —-195.6

Am M* Gas —4465.9 —4234.2 +512 +51.4

M(H,0),>* Gas —2061.2 —2249.0 -12.3 -85

M(H,0)** H,0 —18.8 —216.9 —-183 -213

Table 2. Calculated M—N and M—O Distances (dy;_y, in A), MBO, and BOP in ML(NO;); Complexes in the Gas Phase

Eu Am
ML(NO;); Bippp Dbnpp Bippp Dbnpp
) Niy Np. Y N,y N, Y Npy N, o Npy N, o
d (A) 2.72 2.74 2.49 2.72 2.78 2.48 2.72 2.77 2.52 2.72 2.80 2.52
MBO 022 020 029 023 0.19 029 022 020 032 023 0.19 032
BOP 017 0.18 020 0.18 0.17 020 0.17 017 023 0.17 0.16 023

Table 3. QTAIM Analyses of Electron Density, p. (e”/Bohr’), Laplacian, Vp, (e”/Bohr"), and Energy Density, H, (a.u.), at the

Critical Points of M—N Bonds in ML(NO,); Complexes

EuBippp EuDbnpp AmBippp AmDbnpp
ML(NO;); pr sz NPY sz NPY NPZ pr sz
rN/rtM 1.32/1.40 1.33/1.43 1.32/1.40 1.35/1.44 1.29/1.44 1.30/1.47 1.29/1.43 1.31/1.48
Pe 0.030 0.025 0.030 0.024 0.034 0.028 0.034 0.027
Vzpb 0.092 0.088 0.090 0.083 0.106 0.099 0.106 0.094
H 0.0006 0.0019 0.0005 0.0017 —0.0003 0.0008 —0.0003 0.0008

c

energy difference between the ligands in the ML(NO;),
complexes and the free ligands (see Table S3). It can be seen
that complexes formed with Bippp (20 kJ/mol) require smaller
deformation energy compared with the Dbnpp (27 kJ/mol)
cases. In other words, these results indicate that the orbital
interaction of preorganized ligands with the metal ions must
dominate the complexation reactions. The following electronic
structure studies would shed light on these points.

Electronic Structures. The relevant structural parameters of
ML(NO;); complexes are shown in Table 2, i.e. bond lengths
(d), Mayer bond order (MBO), and the bond overlap
populations (BOP). The M—L (M-N,, and M—-N,,) and
metal—oxygen (nitrate ions) bond lengths are given as
averaged. The M—N,,, bond lengths are shorter than the M—
N,, bond lengths in both Bippp and Dbnpp complexes.
Accordingly, the bond orders of M—N,,, are higher than those
of M—N,,,. It should be noted that this relation is opposite to
the experimental values (see Table S2), but this is quite
understandable. First, the coordination number (CN) of Eu*
in the crystal structure [EuL(NO;),(H,0)][NO,] (L = Bippp)
is nine, whereas the CN of computational model EuL(NO;),
(L = Bippp) is ten. Moreover, one water molecule in the crystal
structure is instead replaced by one nitrate ion in the structure
optimization of EuL(NO,),. All these tiny differences may lead
to the discrepancy. In addition, the structure of [EuL-
(NO,;),(H,0)]* has been optimized as well. The M-N,,

bond length is 2.61 A, which is shorter than that of M—N,,
(2.63 A). These are fairly comparable with the experimental
results. Generally, all the BOP values are very small, implying a
minor covalent contribution and a strong ionic character of all
the M—N bonds. Moreover, the MBO values are about 0.3 for
Am(III) and 0.2 for Eu(1II), respectively. It is likely that the
ionic interaction may dominate the M-—L interaction in
ML(NO,;); complexes. This is in good agreement with the
following charge transfer analyses.

Detailed analyses of M—L interactions were also carried out
using the QT AIM method. This topological method could well
probe the covalence in f-element—ligand bonds.*® The electron
density (p.), Laplacian (V?p,), and energy densities (H,) data
at the bond critical points (BCPs) of M—N bonds for
ML(NO;); complexes are listed in Table 3. The p. values of
all corresponding M—N bonds for Am(III) complexes are a
little higher than that for the Eu(III) complexes, indicating that
the bonds in the former are more covalent. Moreover, the M—
N,, bonds show more covalent feature than the M—N,,, ones.
Similar trends on the covalence of M—N bonds in both Bippp
and Dbnpp result from the analysis of Laplacian values at their
BCPs. The positive V2p,, values demonstrate the domination of
closed-shell interactions between the metal ions and donor N
atoms. This is confirmed by the energy density H, values which
are close to zero, and consistent with the low MBOs and BOPs
discussed in the previous section.
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Table 4. NPA Charges on Selected Atoms in the Free Ligands and in the Corresponding ML(NO,); Complexes (M = Eu and
Am, L = Bippp and Dbnpp), and the Differences between the Charges on the Corresponding Fragments (py and pz) of the
Ligand in the Given Complexes and in the Free Ligands, Aq,, and Aq,,

Compd M Py pr
Bippp —0.026 —0.440
EuL(NO;), 1.66 0.083 —0.490
AmL(NO,), 1.68 0.083 —0.500
Dbnpp —0.026 —0.441
EuL(NO;), 1.66 0.083 —0.489
AmL(NO;), 1.68 0.083 —0.501

Agy, pz N, Ag,, NO,
—0.245 —0.274

0.11 —0.171 —-0.316 0.07 —0.535

0.11 —-0.172 —0.321 0.07 —0.541
—0.231 —0.273

0.11 —0.160 —0.321 0.07 —-0.536

0.11 —-0.160 —0.323 0.07 —0.540

Charge Transfer in the Complexes. As listed in Table 4, the
average charges on ligand fragments, particular ligand atoms,
and the metal ions in the ML(NO,); coordination complexes
were calculated via NPA scheme. The calculation shows
significant ligand-to-metal charge transfer (MLCT), which
decreases the +3 formal charge of chelated metal ions. In the
free Bippp and Dbnpp ligands, the group charges of the pyridyl
(py) rings are negative and close to zero (—0.026 e’). In
contrast, the charges of the pyrazolyl (pz) rings are more
negative (from —0.231 to —0.245 e). These suggest that the pz
rings may act as better electron donors than py rings. Actually,
the shifts of electron density on the metal ions from pz rings
(Agy, = 0.07 e7) are smaller than that from py rings (Aq,, =
0.11 e7), but both of them are not very large. This may ascribe
to the induced polarization of ligands by the coordinated metal
ions. The shifts of atomic charge on Eu(Ill) and Am(III)
remain as 1.34 and 1.32 e7, respectively, which indicating that
there may exist covalent character in M—L bonding. It should
be noted that Am(III) (1.68) show more positive charges than
Eu(Il) (1.66) in ML(NO,); complexes. It should be noted
that the greater shifts of electron density to the Eu(III) than the
Am(III) cation agree with those revealed by Lan et al.37
whereas remain in contrast to those reported by Narbutt et al.””

Besides the above charge distribution analyses, the charge
decomposition analysis (CDA) and extended charge decom-
position analyses (ECDA) methods are also applied to examine
how the charge is transferred between the metal ions and ligand
fragments. The data were collected in Table S4. The net charge
transfer from Bippp complexes is slightly smaller than that in
the corresponding Dbnpp complexes. It is also worth noting
that the net charge transfer from nitrate ions to metal ions is
much greater than that from the N-rich ligands.

B CONCLUSIONS

The two pyridylpyrazole based tetradentate ligands were
synthesized as the extractants of Am(III) and Eu(III). These
ligands exhibited good selectivity for Am(III) over Eu(III) and
other RE(III) in HNO, solution. Slope analyses showed that
the two ligands extracted Am(III) and Eu(III) as 1:1 complexes
in the presence of 2-bromohexanoic acid, which is also
confirmed by X-ray crystallography and MS analyses. UV—vis
titration analyses indicated that Bippp had stronger affinity for
Eu(III) than Dbnpp, which is in good accordance with the
solvent extraction results. The QTAIM analyses showed that
the Am—N bonds are more covalent compared with the Eu—N
bonds. The NPA and CDA analysis suggested that charge
transfer is the main reason responsible for stabilization of the
ML(NOs,); complexes and shows a strong ionic character of the
M-—ligand bonds. This is in line with the results of the MBO
and BOP analysis. Although the extraction performance of the
two pyridylpyrazole based tetradentate ligands is not sufficient

to meet the practical needs for Ans(III)/Lns(III) separation,
e.g. relatively low SF,,pg and the necessity to use 2-
bromohexanoic acid as a counterion in the extraction system,
the results of this paper would provide important guidance to
design improved extractants for An(III)/Ln(III) separation in
the future.
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