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ABSTRACT: New functionalized terpyridine-diamide ligands were recently developed for
the group actinide separation by solvent extraction. In order to acquire a better understanding
of their coordination mode in solution, protonation and complexation of lanthanides(11I),
americium(I1I), and uranium(VI) with these bitopic N,O-bearing ligands were studied in
homogeneous methanol/water conditions by experimental and theoretical approaches.
UV—visible spectrophotometry was used to determine the protonation and stability constants
of te-tpyda and dedp-tpyda. The conformations of free and protonated forms of te-tpyda were
investigated using NMR and theoretical calculations. The introduction of amide functional
groups on the terpyridine moiety improved the extracting properties of these new ligands by
lowering their basicity and enhancing the stability of the corresponding 1:1 complexes with
lanthanides(III). Coordination of these ligands was studied by density functional theory and
molecular dynamics calculations, especially to evaluate potential participation of hard oxygen
and soft nitrogen atoms in actinide coordination and to correlate with their affinity and
selectivity. Two predominant inner-sphere coordination modes were found from the calculations: one mode where the cation is
coordinated by the nitrogen atoms of the cavity and by the amide oxygen atoms and the other mode where the cation is only
coordinated by the two amide oxygen atoms and by solvent molecules. Further simulations and analysis of UV —visible spectra using
both coordination modes indicate that inner-sphere coordination with direct complexation of the three nitrogen and two oxygen
atoms to the cation leads to the most likely species in a methanol/water solution.

B INTRODUCTION

The separation of actinides (U, Np, Pu, Am, and Cm) from
fission products (especially actinides(IIl) from lanthanides(III))
is a key step for the reduction of radiotoxicity and thermal
emissions of ultimate nuclear waste. The separation of light
actinides (U, Np, and Pu) from lanthanides (Ln) can be achieved
by exploiting the greater affinity of the higher oxidation states of
the light Sf elements with hard Lewis bases (according to the
Pearson HSAB classification),' which form complexes with a
metal—ligand bond, largely electrostatic in nature. However,
transplutonium actinide (Am"" and Cm'") and lanthanide(1II)
cations have very close physicochemical properties. They are
both strongly hydrated” and present similar ionic radii.>* Their
interactions with inorganic and organic ligands are predomi-
nantly determined by electrostatic and steric factors. Even if
actinides(III) (An™) are considered to be hard acids in HSAB
theory, they are expected to form bonds having a slightly higher
covalent character with softer Lewis bases. This electronic effect
would be attributed to the ability of actinide valence orbitals,
especially 5f, to participate in bonding, whereas the lanthanide 4f
orbitals are lower in energy and less s?atially expanded. Efficient
extractants for the separation of An"" from Ln"" contain soft
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sulfur donors®~® and soft nitrogen donors. Tridentate nitrogen-
donor aromatic bases, such as 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-
yl)pyridine (Rbtp), 2,4,6-tris(pyridin-2-yl)-1,3,5-triazine (tptz),
2-amino-4,6-bis(pyridin-2-yl)-1,3,5-triazine (adptz), and 2,2":6'2"-
terpyridine (tpy) are some of the most extensively investigated
nitrogen-donor ligands.” They are expected to form bonds with a
slightly greater covalent character with An"" than with Ln""."°
We have recently reported the synthesis of bitopic N,O li-
gands N,N,N',N'-tetrabutyl-6,6"-(2,2':6,2" -terpyridine)diamide
(tb-tpyda) and N,N,N’,N'-tetraoctyl-6,6"-(2,2":6, 2" -terpyridi-
ne)diamide (to-tpyda), which can separate U, Np"'"", Pu",
Am™, and Cm™ by solvent extraction with selectivity for actinides
over lanthanides (2 < SFym/p yu < 15) from 3 M HNOj solutions
in the absence of a synergist.'" These ligands consist of two units
of different nature: the tpy moiety with soft nitrogen donors,
which should induce An"/Ln™ selectivity, and two amide
groups with hard oxygen donors, which should enhance complex
stability and ligand solubility in diluents. Understanding the
separation and extraction behavior of these terpyridine-diamide
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Figure 1. Structure of the new functionalized tpy ligands.

ligands can be aided by a better knowledge of their complexation
mode in homogeneous media. In this investigation, the com-
plexation properties of N,N,N',N'-tetraethyl-6,6"-(2,2":6',2" ter-
pyridine)diamide (te-tpyda) and N,N'-diethyl-N,N'-diphenyl-
6,6"-(2,2":6'2" terpyridine)diamide (dedp-tpyda) (Figure 1)
have been studied in homogeneous methanol or methanol/water
conditions.

The aim of this study is to determine the influence of tpy func-
tionalization by amide groups on the ligand basicity, ligand con-
formation, actinide affinity, and An™/Ln"" selectivity. The proton-
ation and complexation constants of te-tpyda and dedp-tpyda
with Ln™, Am™, and U"" were determined by UV—visible
spectrophotometry and compared to tpy constants. The possible
conformations of free tpy and te-tpyda molecules in solution
were studied by quantum chemistry calculations using density
functional theory (DFT) and by nuclear magnetic resonance
(NMR). DFT calculations and molecular dynamics (MD) simula-
tions were adopted to gain a better understanding of the co-
ordination mode of these ligands, especially to evaluate the
potential participation of hard oxygen and soft nitrogen atoms
in actinide coordination and to correlate with their affinity and
selectivity.

B EXPERIMENTAL SECTION

Materials. The ligands te-pyda and dedp-tpyda were prepared
according to the synthesis described in a previous study.'' Stock
solutions (7.5 x 107% mol-L ') of te-pyda and dedp-tpyda were
prepared by dissolution of the compounds in high-performance liquid
chromatography (HPLC)-grade methanol (MeOH). Lanthanide (La,
Nd, Eu, and Yb) chloride stock solutions were prepared by dissolution of
99.9% LnCl;-6H,0 (Aldrich) in pure water (H,O). The Ln*" con-
centration in each stock solution was measured using a Jobin-Yvon
inductively coupled plasma atomic emission spectrometry (ICP-AES)
spectrometer against standard solutions of the lanthanide cations. The
uranium stock solution was prepared by dissolution of depleted
uranium(VI) nitrate (Prolabo) in H,O. Uranium hydroxide was then
precipitated using sodium hydroxide, washed, and redissolved in dilute
hydrochloric acid (HCl). The UO,>" concentration in this stock
solution was measured by X-ray fluororescence. The americium stock
solution was prepared by the dissolution of AmO, (99.99 mol %
Am-241) in HNO; followed by Am™ purification using a Dowex-50
cation-exchange resin. Am*" in 0.1 M HNOj; was sorbed onto the resin,
washed several times with 0.1 M HNOj3, and eluted with S M HNOs.
Americium hydroxide was then precipitated by adding sodium hydro-
xide, washed, and redissolved in dilute HCL. The Am>®" concentration in
this stock solution (0.019 M) was measured by o and y spectrometry.

Preparation of Solutions. The samples were prepared by the
addition of weighed amounts of the ligand (te-pyda, dedp-tpyda, or tpy)
and hydrochloric acid (HCl), lanthanide, or actinide stock solutions and
of sufficient H,O and MeOH to maintain a constant 71/29 mass %
MeOH/H,O ratio and to take into account the volume contraction
between H,0 and MeOH. The density of the stock solutions and the

Table 1. Conditional Protonation Constants of te-tpyda,
dedp-tpyda, and tpy Measured at 21 °C in 75/25 vol %
MeOH/H,0, Chloride Media, and Variable Ionic Strength
(I=0-2.6 M)*

ligand
te-tpyda dedp-tpyda tpy tpy™?’
log Ky 1.0 £ 0.1 10402 33+0.1 35
log Kyiy not observed not observed 1.7£0.1 1.7

“Measured at 25 °C.

samples were measured with an Anton Paar densimeter to transpose to
the volume proportions (corresponding to 75/25 vol %). The density of
the americium solution was assumed to be equal to that of the lanthanide
solution at similar metal concentration. The pH of the metal/ligand
samples in MeOH/H,O was systematically measured between 3.5 and §
even for the more concentrated cation solution. According to the low
pK, values measured with these ligands, the pH of the titration is thus
high enough to neglect the metal/proton competition and stability
constants were not corrected by the pK,. Background electrolytes were
not added to the solutions to control the ionic strength because trial runs
indicated that interactions between polyaromatic ligands and common
alkali-metal cations would skew the measured thermodynamic para-
meters. However, given the low concentrations of the neutral ligand and
metal ions (107°—107> mol-L™"), the ratio of the solute activity
coefficients was considered constant. This hypothesis is not valid in
the case of the determination of protonation constants because con-
centrated HCl was used and thus changed the ionic strength from almost
0 to 2.6 M. The protonation constants calculated here are therefore
conditional and cannot be directly linked to the metal constants.

Spectrophotometric Studies. Spectrophotometric titrations of
the proton, lanthanides, and uranium were carried out with a Cary 5
spectrophotometer, while americium experiments were performed using
a Shimadzu 3101 spectrophotometer in a glovebox. Protonation and
lanthanide complexation were studied by following the ligand t—s*
absorption bands (200—400 nm) with increasing acidity or concentra-
tions of the metal ion, respectively, while neodymium, uranium, and
americium complexation were studied by following the metal f—f
absorption band (450—900 nm for Nd, 400—500 nm for U, and
503 nm for Am). Typically, between 9 and 10 samples (with different
metal/ligand ratios) were used for the lanthanide titrations, while 8 and
7 samples were used for americium and uranyl titration, respectively.
Protonation and complex stability constants were calculated by fitting
the experimental absorbencies and molar absorptivities of the absorbing
species by factorial analysis using the Hyperquad 2006 program."”
Depending on the system, between 200 and 300 nm wavelengths were
used in the calculations. Each constant was calculated based on one
titration. The fitting program calculates an uncertainty based on the
difference between the experimental and calculated absorbencies. These
values were systematically very low (<0.02), confirming the hypothesis
on the speciation of species. However, they underestimated the real
uncertainties due to experimental errors. The uncertainties given in
Tables 1 and 2 were calculated by taking into account a 10% error on the
concentrations of the ligand and cation and performing again the
experimental data fitting with Hyperquad 2006, taking into account
the concentrations +10% for each reactant. These values correspond to
a 95% confidence level (20).

NMR Experiments. Two-dimensional >N NMR spectra (gHMBC
pulse sequence) and nuclear Overhauser effect (NOE) experiments
(NOESY one-dimensional pulse sequence) were performed on a
400 MHz Varian Inova spectrometer with a S mm Z-gradient HCX
reverse probe. MeOH and H,0 used were CD;0D (99.8+ atom % D)
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Table 2. Stability Constants (log 8;) for 1:1 Lanthanide(III), Americium(III), and Uranyl Complexes with te-tpyda, dedp-tpyda,

and tpy in 75/25 vol % MeOH/H,O0, Chloride Media at 21°C*

cation
La3t N&T Edt b3+ Am3t U0+
log 3, (te-tpyda) 27+0.1 42+0.1 45401 37+0.1 3.8+0.1° 24+0.1°
3.7+0.1°
log f31(dedp-tpyda) 5.0£0.1
log B.(tpy) 1.6* 27401 25401

“ Determined by following the absorption of the cation in the visible domain.

and D,0 (99.9+ atom % D) to readily observe protons of the ligand at a
0.01 mol-L ™! concentration. CH;NO, was added to the MeOH/H,O
stock solution to get a reference signal for "H (set at 4.33 ppm) and "*N
(set at 0 ppm) NMR spectra. All NMR measurements were acquired at
25 °C.

Computational Details. Quantum chemistry calculations were
carried out in the framework of DFT with the Gaussian 03 package."* For
each molecular species (free ligands and lanthanide or actinide complex-
es), a geometry optimization was first performed in the gas phase.
A vibrational frequency analysis was then carried out analytically in order
to confirm the minimum energy and determine the thermal corrections.
From the thermal corrections and electronic energies, the Gibbs free
energy of each species was calculated in the gas phase. Finally, solvation
Gibbs free energies were obtained from single-point energy calculations
for the gas-phase-optimized structure in the presence of a polarizable
continuum model to describe solvent effects. Energy differences be-
tween structural isomers were analyzed using their Gibbs energy
differences determined in the gas phase and in solution. The electronic
transition energies and oscillator strengths were determined from time-
dependent DFT (TD-DFT) calculations on the gas-phase-optimized
geometry but in the presence of a continuum solvent model. Unless
stated otherwise, in all calculations, the hybrid B3LYP functional was
employed. For open-shell systems, an unrestricted DFT method was
used. For neodymium and americium, relativistic effects were taken into
account through relativistic effective core potentials (RECPs). For
neodymium, unless stated otherwise, large-core energy-adjusted 4f-in-
core pseudopotentials developed in the Stuttgart and Dresden groups
were used, together with the accompanying segmented basis set, to
describe the valence electron density.'**° Large-core RECPs put Ss, Sp,
6d, and 6s shells in the valence space. Small-core RECPs replace 60 core
electrons for actinides and 28 electrons for the lanthanides. The
corresponding valence basis sets associated with small-core pseudopo-
tentials are (14s13p10d8f) contracted to [10s8pSd4f] for lanthanides
and (12s11p9d8f) contracted to [8s7p6d4f] for actinides. The basis set
associated with lanthanide large-core pseudopotentials is (7s6pSd)
contracted to [Ss4p3d]. Two diffuse f functions were added. For
americium, the newly developed “large core” or Sf-in-core pseudopo-
tential was used with (7s6p5d2f) contracted to [Ss4p3d2f]."” On other
atoms, the 6-31G* basis set was employed for geometry optimizations.
Single-point energy and TD-DFT calculations were done with the
larger 6-311+G(d,p) basis set. In Gaussian 03, the grid parameter,
which specifies the integration grid used for numerical integrations,
was set to ultrafine. Solvent effects were estimated through a polariz-
able continuum model (IEFPCM in Gaussian 03) in which the molec-
ular cavity was constructed using a series of overlapping spheres using
UAHF radii.

MD simulations of Ln(te-tpyda)(NO3); (Ln*" = Nd** and Dy**)
were carried out with AMBER 8,"® using explicit polarization. Nd** and
Dy’ have been selected in order to be able to compare the coordination
sphere for two cations of different sizes in the lanthanide series. These
cations indeed have structural characteristics representative of both the

Figure 2. Atomic partial charges on te-tpyda used for MD simulations.

first and second halves of this series (Nd*" and Dy’" are surrounded
respectively by nine and eight H,O molecules in their first coordination
sphere in a dilute H,O solution). H,0 and MeOH explicit solvents were
simulated using periodic boundary conditions on the simulation box,
and long-range interactions were calculated using the particle-mesh
Ewald method."” Equations of motion were numerically integrated using
a 1 fs time step. Systems were equilibrated over at least 100 ps before 2 ns
production runs. The Ln™ cations parameters were determined by
reproducing the experimental structural properties of molecules and
ions in solution,*® using atomic polarizabilities calculated by Clavaguéra
and Dognon.”! H,0 molecules were described by the polarizable rigid
POL3 model.**** NO; ™ anions were described by the polarizable model
defined in our previous study, providing structural properties of NO3 ™~
in reasonable agreement with published structural data.*® The Opti-
mized Potentials for Liquid Simulations all-atom AMBER force field was
used to model MeOH and terpyridinediamide molecules.”* Atomic
partial charges on MeOH molecules determined by Yu et al. in their
polarizable COS/M model were used.”® These sets of parameters allow
reproductibility of the experimental density of neat MeOH (dyp = 0.803
vs dey, = 0.787). Atomic partial charges on the functionalized tpy
molecule were calculated with the restricted electrostatic potential
procedureZG (Figure 2).

For all of the MD simulations, the lanthanide nitrate salts were built as
first-shell dissociated salts. At the beginning of the simulations, the Ln>"
cations were located in the tpy cavity.

B RESULTS

Basicity and Conformation of Terpyridinediamides. Basi-
city of te-tpyda and dedp-tpyda Determined by UV—Visible
Spectrophotometry. The protonation constants of te-tpyda,
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Figure 3. Spectrophotometric titration of a 2.7 x 10 ° mol-L ™"

te-tpyda solution with increasing concentrations of HCl in 75/25 vol %
MeOH/H,0 at 21 °C. Path length: 1 cm. 0.42 < pH < 7.00.

dedp-tpyda, and tpy were determined using UV—visible spectro-
photometry by titrating the ligands with HCI in 75/25 vol %
MeOH/H,0 at 21 °C. The protonation constants Ky are
defined by equilibrium (1).

) K; ;
Hi_lL(l - 1)+ +HT P HiLl+ (1)

Hydrochloric acid was used instead of nitric acid because
chloride anions do not absorb in UV and are very weak ligands
toward lanthanide cations. The addition of HCI (from 0 to 2.6
mol- L") led to spectral modifications due to protonation of the
molecule. The spectrophotometric titrations of te-tpyda and
dedp-tpyda by HCl are shown in Figure 3 and in the Supporting
Information, respectively. Conditional protonation constants
K1 were calculated from the set of UV absorption spectra over
a wavelength range of 200—400 nm using Hyperquad 2006. The
results are reported in Table 1 and compared with tpy proton-
ation constants determined previously in the same conditions
and with the same technique.”’”

The tpy protonation constants measured in this work are
slightly different from previously published results also deter-
mined by UV—visible spectrophotometry.”” The slight differ-
ence in the value of the first protonation constant (0.2 logarithmic
units) may be due to a different mathematic treatment of the
spectrophotometric data. Only one protonated complex was
observed in the case of te-tpyda and dedp-tpyda, while the
spectrophotometric data were correctly fitted with two proto-
nated species in the case of tpy. These results are consistent with
the presence of an isosbestic point for te-tpyda (Figure 3) and
dedp-tpyda titrations, while no such isosbestic point was ob-
served with tpy.”’

NMR Study of te-tpyda and tpy Protonation. >N—'H
correlation spectra (gHMBC pulse sequence) of tpy and te-
tpyda were recorded in 75/25 vol % CD;0D/D,0 at 2S5 °C, with
and without DC], in order to identify the protonation sites.
Spectra are provided in the Supporting Information. Three
protonation sites are available on tpy and te-tpyda ligands: one
N2 nitrogen atom on the central pyridine and two N1 nitrogen
atoms on the lateral pyridines (the numbering of te-tpyda atoms
is reported in Figure 4). According to "N NMR spectra, their
behavior toward the acidic proton differs greatly from one ligand
to another. Without DCI in the MeOH/H,0O medium, N
chemical shifts are —83.4 ppm for N1 and N2 of te-tpyda and

HaC2s

H3c‘:( 30 |
CH
G /%7

Trans

Figure 4. Cis and trans configurations of the lateral pyridines that
explain the observed NOE of te-tpyda in 75/25 vol % MeOH/H,0.

—82.7 and —86.8 ppm for N1 and N2 of tpy, respectively. In the
presence of 0.32 mol-L~' DCl, NI nitrogen atoms of tpy
undergo a variation of 95.9 ppm, while the N2 atom undergoes
avariation of only 9.9 ppm. This large change in the N1 chemical
shift compared to those of N2 can be explained by the tpy
protonation through nitrogen atoms on the lateral pyridines. In
the case of te-tpyda, a large shift of 112.8 ppm is also observed
with N2, while the N1 nitrogen atoms undergo a shift of only
15.2 ppm. This result clearly shows that the te-tpyda protonation
site is different from the tpy one and occurs on the N2 nitrogen
atom of the central pyridine.

To go further, NOE experiments (NOESY1D pulse sequence)
have been carried out in order to get some conformational
information on te-tpyda in MeOH/H,0 media. Without DCI,
the NOE between two adjacent pyridine ring protons (H18 and
HS in Figure 4) proves that a cis conformation (between the
central pyridine ring and one lateral pyridine) exists in solution.
Nevertheless, the trans conformation of the pyridine rings exists
as well because NOE effects are observed between two protons of
one ethyl group (H29 and H30) and one proton of the central
pyridine (H3). Thanks to this phenomenon, the chemical shift
assignments of CH, and CH; amide groups were straightfor-
ward. Indeed, protons H24 and H25 of the ethyl group pointing
on the oxygen side are far from the pyridyl ring and do not exhibit
any NOE with the H3 proton. A weak NOE is also observed
between one proton of a lateral pyridine ring (H16) and one
ethyl proton (H31) of the ring, showing that the oxygen atom
and the nitrogen atom of the pyridyl group can be oriented on the
same side. Two possibilities can be suggested to explain these
NOEs. First, a cis—trans conformation could be exclusively
present in solution (Figure 4) and would explain all of the NOEs
observed. Second, the NOEs could reflect the flexibility of the
molecule and the possible rotations of the pyridine rings or the
amide groups along the C—C bonds. In that case, a mixture of all
the ring conformations (cis—cis, cis—trans, or trans—trans) can
exist in solution.

In the presence of HCI, most of the NOEs vanish except
between the protons of the two adjacent pyridine rings (HS and
H18 or H3 and H12). The conformation of the protonated te-
tpyda is thus mainly cis—cis with respect to the pyridine rings.

DFT Calculations on Free Forms of tpy and te-tpyda. DFT
calculations were performed on the free molecules in their
protonated and unprotonated forms in order to determine their
preferred conformation. The energy differences between the
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AG (kJ.mol ™)

—>
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te-tpyda +16 (+16)
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te-tpyda -8 (-9)
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Figure 5. Conformations of the unprotonated (top) and monoprotonated (bottom) forms of tpy and te-tpyda. Free energy differences AG in kJ-mol
obtained from DFT (B3LYP) calculations with a continuum solvent model corresponding to H,O and MeOH (values in parentheses).

Figure 6. Conformation of the monoprotonated form of te-tpyda with
one H,0 molecule obtained from DFT (B3LYP) calculations.

three conformations of the pyridine rings of tpy and te-tpyda
(unprotonated and monoprotonated forms) were computed.
The solvent (H,O or MeOH) was modeled through a con-
tinuum dielectric medium. The results are shown in Figure 5. As
reported for tpy,”® >' the preferred conformations for the
unprotonated tpy and te-tpyda are trans—trans in H,O and
MeOH. For te-tpyda, this is in disagreement with the NMR
results, which indicate the presence either of the cis—trans
conformation oan or of a mixture of conformations. However,
as shown for tpy,” solvent molecules may further stabilize the
cis—cis conformation by creating intermolecular hydrogen
bonds between one solvent molecule and the two lateral nitrogen
atoms. These specific interactions are not properly described by
the continuous solvent model with no explicit H,O or MeOH
solvent molecules. For the monoprotonated tpy molecules, the
most stable structure is the cis—cis conformation with a hydro-
gen atom at the central pyridine ring. However, this structure is
very close in energy to the cis—trans conformation, with a hydrogen
atom located on a lateral pyridine ring. Considering the small
energy gap between the two conformations (4—6 kJ-mol '),
both forms may exist in solution or a specific interaction in a
medium should be taken into account to stabilize one form over
the other. This is consistent with the NMR experiments, which
have pointed out the possible existence of both conformations
for monoprotonated tpy.’”*" For te-tpyda, the lowest-energy
structure is the cis—trans one, but energy differences between the
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Figure 7. Spectrophotometric titration of a 2.5 x 10 > mol-L ™"
te-tpyda solution with increasing concentrations of Nd** in 75/25 vol %
MeOH/H,O at 21 °C. Path length: 1 cm. 0 < [Nd*>"]/[te-tpyda]
< 1330.

three conformations are also small. In order to have the cis—cis
conformation as the most stable form, as observed by NMR, it is
necessary to add an explicit H,O molecule in the calculation
(optimized structure shown in Figure 6). The cis—cis structure is
then strongly stabilized by the presence of two hydrogen bonds
between the hydrogen and oxygen atoms from the two C=0.
This specific hydrogen-bond interaction is induced by the
carbonyl groups and does not exist for tpy. Overall, these results
show that solvation plays a key role with the formation of specific
hydrogen-bond interactions, which may stabilize one form over
another.

Complexation of Lanthanides and Actinides by Terpyr-
idinediamides. Stability Constants. The stability constants ()
for complexation by te-tpyda, dedg—tpyda, and tpy of some
lanthanide cations (La*", Nd**, Eu®", and Yb*") were deter-
mined by UV—visible spectrophotometry in a 75/25 vol %
MeOH/H,O0 solution by following the absorption of the Iiéand.
A sample spectrophotometric titration of te-tpyda by Nd>* is
shown in Figure 7, whereas other experimental spectra are available
in the Supporting Information. Stability constants [5; were
calculated from each set of UV absorption spectra over a
wavelength range of 200—400 nm using Hyperquad 2006 for
equilibrium (2), which is appropriate because the spectrophoto-
metric data support the formation of only the 1:1 Ln"'/ligand
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complex for all of the cations and the ligand studied.
B
Ln*" + te-tpyda == Ln(te-tpyda)>* (2)

The stability constants (f3,) for the UO,(te-tpyda) and Am-
(te-tpyda) complexes were determined by following the absorp-
tion of the actinide cation and by adding increasing concentrations
of te-tpyda in solution. A sample spectrophotometric titration of
Am>* by te-tpyda is depicted in Figure 8, while UV—visible
spectra corresponding to UO,>" titration are reported in the
Supporting Information.

0.20 —— . ; ; —g

0.18 [te-tpyda] 1
0.16 '
0.14]
0.12]
0.10]
0.08]

Absorbance

T T T T T T T T T i

495 500 505 510 515 520 525 530
Wavelength (nm)

Figure 8. Spectrophotometric titration of a 3.3 X 10 *mol-L ™' Am**

solution with increasing concentrations of te-tpyda in 75/25 vol %
MeOH/H,0 at 21 °C. Path length: 1 cm. 0 < [te-tpyda]/[Am>"] < 100.

M1 M2

Figure 9. Structures of coordination modes M1 and M2 for the Ln'/
(te-tpyda) complex.

All measured stability constants are reported in Table 2.
The log 3, values corresponding to the complexation of lantha-
nides by te-tpyda vary between 2.7 and 4.5 and are significantly
higher (1 to 2 orders of magnitude) than those of nonfunctio-
nalized tpy. The 1:1 complex formed with dedp-tpyda and
europium is more stable than the corresponding complex with
te'tPYda (log ﬁlEu(dedp-tpyda) - log ﬂlEu(te-tpyda) = 05) The
stability constant of the Nd(te-tpyda) complex was also deter-
mined by a spectrophotometric titration of Nd by te-tpyda. The
absorption of Nd"" was followed between 400 and 900 nm, by
keeping constant the Nd>* concentration and adding increasing
concentrations of the ligand. The log 3, values estimated by each
of these two sets of spectrophotometric experiments (Table 2)
show a slight difference, but the order of magnitude is consistent
whatever the titration mode is. The log 3; value for the Am*"
complex is significantly higher than the corresponding constant
with UC)Z2Jr (10g ﬁ lAm(te»Siyda) - log ﬁ 1UO, (te-tpyda) = 16) but
is very close to the Nd*" constant determined in the same
conditions.

MD Simulations. The te-tpyda ligand may adopt two possible
coordination modes toward the cations. The ligand could be first
pentadentate (coordination M1) with the three pyridine nitro-
gen atoms and two oxygen atoms being directly coordinated to
the cation. In the second possible coordination mode (M2), only
the two oxygen atoms would be in the first coordination sphere
of the cation. Conformations M1 and M2 of Nd** and Dy**
complexes formed with te-tpyda in H,O or in MeOH were
studied using MD simulations. For both lanthanide cations,
almost the same structural properties were determined in pure
H,O and neat MeOH. By calculation, it appears that the lanthanide
cation is outside the nitrogen cavity in both H,O and MeOH, i.e.,
going from the M1 conformation to the M2 conformation
represented in Figure 9.

In H,0O, the terpyridinediamide molecule would be coordi-
nated to Ln>" only through the two carbonyl oxygen atoms
(Figure 10, left), with average Ln>"—O¢q distances equal to
2.50 and 2.37 A for Nd** and Dy’ ¥, respectively. The lanthanide
first coordination shell is filled by H,O molecules: seven for Nd>*
(dna—ow™ = 2.53 A) and six for Dy** (dDy_OW(l) =239 A).
Some of the Ln®" first coordination shell H,O molecules make
hydrogen bonds with the terpyridine nitrogen atoms, stabilizing
the M2 conformation. As expected from previous studies on

Figure 10. MD simulation snapshots of Nd*>* complexes in pure H,O (left) and neat MeOH (right).
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lanthanide nitrate salts,”® the nitrate ions are fully dissociated. In
MeOH, the lanthanide cations are also located outside the
nitrogen cavity (Figure 10, right), in the M2 conformation.
However, contrary to pure H,O simulations, nitrate anions are
observed in the Ln®>" first coordination shell with both mono-
dentate and bidentate coordination modes.

DFT Calculations. The binding properties of te-tpyda toward
neodymium and americium were investigated through DFT
calculations. Nd and Am were selected because of their similar
size. The geometries of neodymium and americium complexes
with one ligand and H,O molecules in their coordination sphere
were optimized for the two coordination modes M1 and M2. The
metal ions were considered as being nine-coordinate in solution,
and H,O molecules were added around the metal in order to
complete its first coordination sphere. Because the ligand is
pentadentate in M1 and bidentate in M2, four and seven H,O
molecules were added in M1 and M2, respectively. Furthermore,
in order to compare the energies between the two coordination
modes, it is necessary to have the same stoichiometry in the two
M1 and M2 structures. Therefore, for the M1 coordination
mode, three H,O molecules were also added in the second
coordination sphere in order to have a total number of seven
H,O molecules for M1 and M2. Energy differences between the
two coordination modes are reported in Table 3. Energies in
solution were obtained using a polarizable continuum model. For
all of the cations and at all levels of calculations, the M1 co-
ordination mode is systematically lower in energy than M2 by
80—110 kJ-mol " in the gas phase and by 30—60 kJ-mol ' in
solution. Nd*>" and Am>" have similar ionic radii, but the energy
difference between M1 and M2 is 1ar§er for americium than for
neodymium by about 20 kJ-mol ~ (SC calculations). This
indicates a higher binding affinity of the nitrogen cavity for
americium than for neodymium. The free-energy change of
reaction (3) was calculated for M1 and M2.

Nd(te-tpyda) (H,0),>" + Am(H,0),°" —
Am(te-tpyda) (HZO)93Jr + Nd(HZO)93+ (3)

This reaction was chosen to encourage error cancellation. Its
energy variation is very helpful in quantifying the relative affinity
of the ligand for neodymium versus americium. Because Nd>™*
and Am”" have similar ionic radii, solvation and entropy effects
should be similar for each side of the reaction. When te-tpyda
binds Nd>" and Am®" through the nitrogen atoms of the
pyridine rings (M1), the free-energy change of reaction (2) is
negative by —12 kJ-mol ' (Table 3). This indicates that the
nitrogen cavity of te-tpyda should bind Am>" more strongly than
Nd*". On the other hand, when the nitrogen cavity is not directly
involved in the chelation (M2), the reaction energy becomes
slightly positive. As expected, the calculated energy of the
reaction is similar in the gas phase and in solution because both
cations undergo comparable bulk solvation effects. The prefer-
ence of the nitrogen cavity for amercium over neodymium
disappears when the Sf-in-core and 4f-in-core pseudopotentials
are used. This may indicate that 5f orbitals play a role in the
binding of Am®" inside the nitrogen cavity. A natural population
analysis of the wave function calculated with small-core pseudo-
potentials reveals a small increase of the 5f and 6d populations
from neodymium to americium, as was observed on similar
systems.”> >* Yet, very small energy differences are found
between neodymium and americium, and it is very difficult to
determine accurately the ligand binding energy toward an open-

Table 3. Free-Energy Differences AG between M1 and M2
Structures and for the Nd — Am Exchange Reaction”

method gas solution
Nd” LC +81 +26 (31)
Nd* SC +87 +34 (39)
Am"” LC +84 +30 (38)
Am" SC +109 +57 (65)
Nd — Am MI° SC —13 -12
Nd — Am MI° LC +5 +5
Nd — Am M2° e +10 +11
Nd — Am M2° LC +8 +9

“Values in kJ-mol ' calculated at the B3LYP level in the gas phase and
in solution using a continuum solvent model for H,O (values in MeOH
in parentheses). LC and SC correspond to large-core (4f or 5f in core)
and small-core (4f or Sf in valence) pseudopotentials, respectively.
*ML(H,0),(H,0);>" (M1) — ML(H,0),>" (M2). °Nd(L)-
(H,0)s™" + Am(H,0)s”" — Am(L)(H,0)s* " + Nd(H,0),™".

shell actinide because of the near-degeneracy of f orbitals and the
resulting manifold of low-lying excited states involving Sf
configurations. A multiple-reference wave function, including
all possible f occupations, is more appropriate than a single-
reference DFT approach to treat the near-degenerence of 5f
orbitals. Accurate multiple-reference calculations were reported
on trivalent cerium and uranium with N-heterocyclic carbenes
and showed that DFT (with Sf-in-valence pseudopotential)
predicts the correct sign for relative binding energies but over-
estimates by more than 10 kJ-mol " the preference for uranium
over cerium.”® This means that if the cations are inside the
nitrogen cavity (M1), the energy difference for an americium/
neodymium exchange reaction could be even smaller than
—12 kJ+mol ",

UV—Visible Spectra (TD-DFT Calculations). The UV—visible
spectra corresponding to ligand transitions were simulated
using the TD-DFT approach for the free ligand and neody-
mium complexes in both coordination modes. TD-DFT has
become a standard tool for computing vertical transitions in
the UV—visible region for organic molecules and metal
complexes. A,,,, corresponding to —x* transitions in an
organic molecule can be well reproduced through this calcula-
tion approach, which was successfully applied to lanthanide—
terpyridine complexes.*®

Experimental and theoretical studies of UV absorption spectra
were reported for tpy systems.”***33¢ The UV spectra of free
ligands in their unprotonated form are dominated by a first large
absorption band at around 280—290 nm corresponding to 7—*
transitions and a second band at smaller wavelength at around
230 nm. Protonation or metal chelation of tpy is accompanied
with the appearance of a red-shifted absorption band. Therefore,
in an acidic solution or in the presence of a metal cation, the
spectra exhibit three bands around 340—320, 285—270, and 240—
220 nm.”*® For the two longer-wavelength bands, satellite bands
are observed and were attributed to vibrational fine structures.

TD-DFT-calculated transition energies with high oscillator
strengths are given in Table 3. They were determined for te-
tpyda in its free unprotonated form (in trans—trans and cis—cis
conformations) and in neodymium complexes. All of the transi-
tion energies correspond to T—s* transitions localized on the te-
tpyda ligand. The experimental spectrum of te-tpyda in the
absence of neodymium shows a large absorption band with a
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Table 4. Absorption Wavelength (in nm) and Oscillator Strengths f Obtained from TD-DFT (B3LYP) Calculations in H,O for te-
tpyda (in Trans—Trans, Cis—Trans, and Cis— Cis Conformations) and for Nd(te-tpyda)(H,0),>" Complexes in M1 (n = 4) and

M2 (n=7)"

te-tpyda (trans—trans) te-tpyda (cis—trans)

te-tpyda (cis—cis)

Nd(te-tpyda) (M1) Nd(te-tpyda) (M2)

) f 2 f 4

305 0.28 299 0.10 289
291 0.07 297 0.09 277
289 0.16 292 0.15 276
282 0.19 277 0.07 271
276 0.06 275 0.07 271

f A f A f
0.19 322 0.34 309 0.28
0.09 296 0.19 288 0.20
0.05 279 0.06 277 0.12
0.12 273 0.13 272 0.07
0.07

“ Only transitions with f larger than 0.0S and with A longer than 270 nm are reported.

maximum at ~290 nm and a shoulder at ~305 nm (Figure 7).
The shoulder at 305 nm can be attributed to the trans—trans
conformation whose absorption maximum is calculated at
305 nm with some participation of the cis—trans conformation
(Table 4). The maximum at ~290 nm can be attributed to any of
the conformations. According to the calculations, a change from
the trans—trans to cis—cis conformation is associated with a blue
shift from 10 to 15 nm for the most intense transitions. The
broad shape of the experimental spectrum is most likely
related to the flexibility of the three pyridine rings and suggests
the presence of the three conformations in solution. According
to the calculations, the spectral signature of te-tpyda when
bound to neodymium in M2 is very similar to the one for free
te-tpyda. In the experimental spectrum, neodymium com-
plexation with te-tpyda is associated with the appearance of
ared-shifted absorption band. According to the calculations, it
is only when te-tpyda is bound to neodymium through its
nitrogen atoms (M1) that a high-intensity transition appears at
longer wavelength (>320 nm). As described for tpy,”” the splitting
of the lowest-energy absorption band into two features can be
attributed to vibronic effects, which are not taken into account in
these calculations.

B DISCUSSION

Ligand Protonation. The protonation constants of the new
bitopic ligands te-tpyda and dedp-tpyda were measured and
compared to those of the nonfunctionalized tpy. The lower value
of the first pK of the functionalized tpy (pK, = 1.0; 2 orders of
magnitude lower than the pK; of tpy) coupled with the observa-
tion of only one protonation clearly shows that adding alkyla-
mide functional groups on the tpy moiety significantly lowers the
basicity of the pyridyl nitrogen atoms. This result explains the
good performances observed with these ligands in solvent
extraction experiments at high acidity.'’ However, the substitu-
tion of an ethyl group by a phenyl has no influence on the
molecule basicity because the log Ky values for te-tpyda and
dedp-tpyda are equal within uncertainty. According to
"SN—"H NMR correlation spectra, the protonation of the pyridyl
nitrogen atoms differs from tpy to te-tpyda. Indeed, the proton-
ation disturbs mainly the central nitrogen atom and the lateral
nitrogen atoms are not involved, while the reverse phenomenon
is observed with the tpy protonation. This experimental evidence
emphasizes the decreasing basicity that occurs when tpy is
functionalized with amide groups. The multiple NOEs observed
by NMR show that the unprotonated te-tpyda ligand may
adopt different conformations in a MeOH/H,O solution. This

highlights the relative flexibility of the molecule and the possible
rotation of the pyridine rings along the C—C bonds, while the
trans—trans conformation of the unprotonated tpy ligand should
be predominant.*® >' According to "H NMR, the protonation of
te-tpyda leads to the cis—cis conformation in which pyridine
rings draw a cavity made of three nitrogen atoms. DFT calcula-
tions suggest that this cis—cis protonated form with hydrogen at
the central nitrogen atom can be stabilized by the presence of
H,;O07 inside the cavity, which creates two hydrogen bonds with
the oxygen atoms of the amide functional groups. In the case of
tpy, previous theoretical®*' and experimental studies (UV—
visible spectrophotometry in aqueous solution,”® NMR in
acetonitrile, and crystal structures®"*®) have shown that the
monoprotonated ligand could adopt both the cis—cis and
cis—trans forms depending on the medium and the presence
or absence of solvents and/or anions, which can accept hydrogen
bonding. In the present work, the calculations show that, for te-
tpyda molecules, solvation plays a key role with the formation of
specific hydrogen-bond interactions, which may stabilize the
cis—cis form over others.

Lanthanide Complexation. The stability constants for the
1:1 Ln(te-tpyda) complexes seem to vary non-monotonically
across the lanthanide series: the stability increases from lantha-
num to europium and then decreases in the end of the series.
Therefore, the trends across the series cannot be explained only
by an ionic interaction but by a compromise between the decrease of
the ionic radius, the coordination number through the lanthanide
series, and the size of the coordination cavity of the ligand. The
comparison of the stability constants of te-tpyda lanthanide
complexes with nonfunctionalized tpy reported in Table 2 shows
that te-tpyda complexes are much more stable than tpy complexes
under the same conditions. These results emphasize the impact of
the addition of the alkylamide groups on the complexing proper-
ties of the ligand. All other things being equal, the drop in basicity
of the tridentate tpy should induce a decrease in the affinity of the
ligand toward cations. However, this effect is offset by the addition
of two oxygen donors. The ligand is then pentadentate and has a
higher affinity for lanthanide cations than tpy. The combination
of both effects is very interesting with respect to new ligands for
solvent extraction of actinide cations from concentrated acidic
solutions. More acidic ligands can lead to stronger extractants
because this minimizes the proton—metal competition in these
systems. This work shows that these new bitopic N,O systems
present a way to decrease the basicity of the ligand, while
increasing its intrinsic metal affinity, hence improving the
extractability of metals from acidic solutions."" The higher /3,
constant measured for the Eu(dedp-tpyda) complex compared
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to Eu(te-tpyda) shows that substitution of an ethyl group by a
phenyl enhances the stability of the europium complex. The
increase in stability could be attributed to the electronic (driven
by enthalpy) or steric (driven by entropy) properties. This effect
has already been observed in the literature with other ligands and
is called the “anomalous aryl strengthening”.**~**

In the case of Nd", the stability constant of Nd(te-tpyda) was
determined by following both the absorbance of the ligand in UV
and the absorbance of Nd*" in the visible region. The relatively
good agreement between both sets of experiments confirms the
1:1 stoichiometry. The measured spectral modifications accom-
panying neodymium complexation upon ligand addition have
been observed for complexes of tpy and are characteristic of
inner-sphere complexation.>” These variations were attributed to
rigidification of the ligand upon complex formation.

Besides, distinct spectral modifications of the Nd 4f—4f absorp-
tion band upon complexation are evidence of inner-sphere
coordination. DFT calculations and MD simulations were per-
formed upon Nd(te-tpyda) complexation and show that two
coordination modes corresponding to an inner-sphere coordina-
tion can exist in solution. In one structure (M1), te-tpyda is
pentadentate and binds the cation through the three nitrogen
and two oxygen atoms. In the second structure (M2), only
carbonyl groups are directly bound to lanthanide cations and
nitrogen atoms are only bound through hydrogen-bound H,O
molecules. Static DFT calculations disfavor the M2 coordination
mode, but MD simulations with explicit solvent molecules show
that the dynamic of H,O molecules may have a strong effect on
the preferred coordination mode and favors the M2 mode rather
than MI. Determination of the preferred coordination mode
from these calculations is, however, very difficult. Indeed, in MD
simulations, which take into account explicitly the solvent and its
effects on the structures, the potential includes the polarization
effects, but not the charge-transfer ones, that may favor the M1
coordination mode. In static DFT calculations, the cation inter-
actions with the ligands are not precisely calculated, but the
solvent effects, which favor M2 coordination, are less taken into
account.

In order to determine which structure is predominant in solu-
tion, the UV —visible spectrum was measured and simulated from
TD-DFT for the Nd(te-tpyda) complex for both coordination
modes because both modes cause rigidification of the ligand
upon complex formation and could induce the observed UV
spectral evolutions. In the experimental spectrum, neodymium
complexation with te-tpyda is associated with the appearance of a
red-shifted absorption band. According to the calculations, it is
only when te-tpyda binds neodymium through its nitrogen atoms
(M1) that a high-intensity transition appears at a longer wave-
length. Therefore, the spectral evolutions strongly suggest a M1
coordination mode in MeOH/H,O conditions.

Actinide Complexation. Although more stable complexes
were expected with actinide cations, equal or lower stability
constants were measured for U"' and Am(te-tpyda) complexes
compared to Ln"" complexes. The selectivity observed in sol-
vent-extraction experiments (in an octanol diluent)'" was there-
fore not confirmed by these experiments in a homogeneous
MeOH/H,0 medium. The relatively low log 3, value for the
Ul(te-tpyda) complex (log 8, = 22) could arise from an
incomplete coordination of the donor atoms.

A comparison between the americium and neodymium com-
plexes (with cations having similar size and hydration properties)
shows a very close stability and does not highlight any selectivity

for americium. The americium/neodymium selectivity observed
with adptz, a pure nitrogen-donor ligand, in the same experi-
mental conditions,”” does not occur in the case of te-tpyda, a
N,O-bearing ligand. According to DFT calculations, only a
binding in the nitrogen cavity can induce selectivity and te-tpyda
should bind more strongly americium than neodymium but by a
very small amount of energy, a few kilojoules per mole, which
cannot be quantified precisely. Because analysis of UV spectra
ruled out the presence of the M2 conformations in solution, the
lack of americium/neodymium selectivity would appear to be
due to a lack of selectivity in the nitrogen cavity.

As observed previously with lanthanides, the addition of ethyla-
mide groups on the tpy moiety enhances the stability of the
americium complex by a factor of 2.5 (1og B1(amtpy) = 34).”” The
impact is, however, smaller than that with the lanthanide cations.

M CONCLUSION

The complexation of uranium(VI), americium(IIl), and
lanthanides(III) (La, Nd, Eu, and Yb) with new bitopic
N,O ligands was studied in homogeneous MeOH/H,O condi-
tions. The protonation and stability constants of terpyridine-
diamide ligands with UYY, Am™, and Ln™ were measured using
UV—visible spectrophotometry and compared with nonfunctio-
nalized tpy. The addition of amide groups on the tpy moiety
lowers the basicity of the ligand and enhances the stability of the
complexes, thus confirming the faculty of these ligands to extract
actinides from highly acidic media. However, the An™/Ln™
selectivity shown in solvent extraction with long-chain terpyr-
idinediamides was not confirmed in solution when the Am"" and
Nd™ stability constants were compared in the case of te-tpyda.

NMR experiments show that the unique protonation of the
ligand occurs on the central nitrogen atom of the tpy moiety, and
DFT calculations predict that the corresponding cis—cis struc-
ture is stabilized by solvation effects. Coordination of the ligands
was studied by DFT and MD calculations.

Two possible inner-sphere coordination modes were found
from the calculations: one mode where the cation is coordinated
by the nitrogen atoms of the cavity and by the amide oxygen
atoms and one mode where the cation is only coordinated by the
two amide oxygen atoms and by solvent molecules. The lack of
americium/neodymium selectivity could be due either to a lack
of selectivity of the nitrogen cavity and/or to the presence of M2
conformations in the solution. However, the second possibility
was ruled out from analysis of the UV—visible spectra.
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