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ABSTRACT: Although polyazine extractants have been
extensively studied as agents for partitioning trivalent actinides
from lanthanides, an explanation for why certain azine
compositions succeed and others fail is lacking. To address
this issue, density functional theory calculations were used to
evaluate fundamental properties (intrinsic binding affinity for a
representative trivalent f-block metal, basicity, and hardness)
for prototype azine donors pyridine, pyridazine, pyrimidine,
pyrazine, 1,2,3-triazine, 1,2,4-triazine, and 1,3,5-triazine, as well
as perform conformational analyses of bisazine chelates formed
by directly connecting two donors together. The results
provide criteria that both rationalize the behavior of known
extractants, TERPY, TPTZ, hemi-BTP, BTP, BTBP, and

BTPhen, and predict a new class of extractants based on pyridazine donor groups.

B INTRODUCTION

Processing of spent nuclear fuel is an important aspect of the
nuclear fuel cycle, allowing the recovery and reuse of uranium
and plutonium, as well as minimizing the volume of nuclear
waste."” In this context, a number of liquid—liquid extraction
processes have been developed to effect various actinide
separations from spent fuel.” One of the most challenging
separations has proven to be the partitioning of trivalent
actinides (An), Am** and Cm*, from lanthanides (Ln).>”’
These two groups of metal ions are chemically similar, with
both being hard Lewis acids with the same charge and similar
ionic radii. Given the similarity in their properties, it was
initially thought that An/Ln partitioning would be very difficult,
if not impossible, to accomplish.”

The discovery® that ligands containing nitrogen donor
groups exhibited a selectivity for An over Ln initiated an active
field of research that continues to this day. Motivated by the
observation that TERPY could selectively extract An from
acidic aqueous solutions containing An and Ln, a large
exploratory research effort focused on the attachment of
various heterocyclic nitrogen donor groups to the 2 and 6
positions of a central pyridine donor to yield a series of
tridentate extractants.>™” The current article focuses on a subset
of these ligands, those obtained when six-membered ring
heterocycles, in other words, azines, are used to construct the
ligand. These extractants (Figure 1) have essentially the same
architecture but differ in the identity of the donor group.
Extension of this architectural motif has led to the tetraazines
BTBP and BTPhen.

Prior reviews regarding these polyazine extractants®™’ are
largely descriptive in nature with an absence of discussion
explaining why particular ligand compositions were selected for
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Figure 1. Polyazine extractants based on the TERPY architecture.

study over other possibilities. As a result, there is a lack of
criteria with which to design alternative ligands that might
exhibit improved extraction efficiency at low pH and enhanced
An/Ln selectivity. Only three of seven possible azine, diazine,
and triazine donors (see Figure 2) have been incorporated and
tested within the TERPY architecture. Given that pyridine (1),
pyrazine (4), and 1,3,5-triazine (7) could all occupy the central
donor position, permutations of all seven azines in the terminal
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Figure 2. Prototype azine donor groups. The dashed line indicates the
carbon atom to which an adjacent azine would be attached in the
TERPY architecture.

positions give rise to 147 possible combinations, of which only
4 have been tested. Would any of the remaining 143
combinations yield extractants with enhanced An/Ln selectiv-
ity? Would variation of the donor composition enhance other
desirable properties such as increased metal-ion affinity and
decreased ligand basicity?

Herein, we address these questions by applying the concepts
illustrated in Figure 3. That is to say, to a first approximation,
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Figure 3. Multidentate ligands viewed as collections of both individual
donor groups and bidentate chelates.

the properties of a multidentate ligand should reflect the
properties of the individual donor groups within the ligand.” At
the next level of approximation, structural effects present in a
multidentate ligand can be rationalized by understanding the
structural aspects associated with the individual chelate rings

present within the ligand.'® In what follows, electronic structure
calculations are used to evaluate the intrinsic metal-ion affinity,
pK,, and hardness of the individual azines 1— 7, as well as the
energetics of conformational reorganization in bisazine chelates.
The results provide descriptors that rationalize the behavior of
known extractants (Figure 1) and indicate the existence of a
novel class of viable extractants based on pyridazine donor
groups.

B METHODS

Calculations were carried out with the Gaussian 09 package'' using
density functional theory (DFT) at the B3LYP'? level of theory. The
LANL2DZ effective core potential basis set'> was used for lanthanum,
replacing 46 core electrons to account for scalar-relativistic effects. The
6-31+G* basis set was used for all carbon, nitrogen, and hydrogen
atoms. Spin—orbit interactions were not considered explicitly. All
reported structures were converged with the default self-consistent-
field (tight) convergence cutoffs."* Minima for all unconstrained
structures were confirmed by analytical calculation of the frequencies.

Using La> as a representative trivalent f-block metal ion, geometry
optimizations were performed to locate the global minima for 1:1
complexes with azines 1—7. To mimic the geometries observed in
bisazine chelates, a second series of geometry optimizations were
performed on these complexes, with one of the M—N—C angles
constrained to position the metal ion along the vector from the azine
centroid to the center of the coordinating nitrogen atom. For both
series of complexes, metal-ion interaction energies, AE,, were given by
E(complex) — E(azine) — E(La*).

For evaluation of the metal complexation by bisazines, geometry
optimizations were performed on the global minimum conformation
of the ligand, the binding conformation of the ligand, and the La**
complex. The structures of the binding conformations were obtained
by geometry optimization, with the N—C—C—N dihedral angles
between the azines constrained to 0.0°. Ligand reorganization energies
going from the free to binding form, AE,.,,, were given by E(binding
conformation) — E(free conformation). Lanthanum-ion interaction
energies, AE,, were given by E(complex) — E(binding conformation)
— E(La*). The overall interaction energy, AE,,, which includes
contributions from both reorganization and metal complexation, is
given by E(complex) — E(free conformation) — E(La*), which is
equivalent to AE,., + AE, An analogous approach was used to
evaluate the energetics associated with trisazine ligands.

(a) Global minima
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Figure 4. Optimized geometries and interaction energies (kcal/mol) for (a) global minima of La** complexes with 1—7 and (b) with the La—N—C
angle constrained to approximate the La** location observed in bisazine chelate rings. (c) ESP mapped onto the electron density isosurface (0.002 e/
A®) of the free azine ligand, with dotted lines showing the expected metal-ion location when in the bisazine chelate orientation.
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Using the same level of theory, B3LYP/6-31+G*, further
calculations were performed with Spartan’10."> The electrostatic
potential (ESP) for each azine was mapped onto the 0.002 e/A3
electron density isosurface. Inspection of this map provided the value
of the ESP, where the metal ion would contact the nitrogen atom in
constrained 1:1 complexes. The hardness, #, of each azine was
calculated as the difference between the ijonization potential, IP, and
electron affinity, EA. As described elsewhere,16 these values were
computed as IP = E(azine’) — E(azine) and EA = E(azine) —
E(azine™), which correspond to the vertical IP and vertical EA from
the bottom of the potential well of the neutral azine, respectively.

For the purpose of estimating unknown pK, values, the energy
difference for the following reaction was calculated for each azine:
azine-H,0 + H;0* — azine—H' + 2H,0. Geometry optimization of
each species at the B3LYP/6-31+G* level of theory and application of
the SM8 model'” to correct for aqueous solvation allowed the
calculation of AE,,, = E(azine—H") + 2E(H,0) — E(azine-H,0) —
E(H;0%). In cases where there was more than one possible
protonation site, as in S and 6, the lowest-energy form was used:
N2 in § and N2 in 6. The SM8 solvation model was also used to

evaluate bisazine AE,,, values in nonane, 1-octanol, and water.

B RESULTS AND DISCUSSION

Properties of Isolated Azine Donors. Electronic
structure calculations were used to evaluate several properties
for isolated azine donor groups 1—7. The first evaluation
focused on the determination of the interaction energies for 1:1
complexes of a representative trivalent, f-block metal ion, La*,
and azines in the gas phase, which are summarized in Figure 4a.
The interaction energies cover a wide range from —205.7 to
—128.2 kcal/mol. These results allow the azines to be ranked in
order of their intrinsic metal-ion affinity. Going from strongest
to weakest, the order is as follows: 2 >6>5>1>3> 4> 7.
This ordering is fully consistent with experimental formation
constants of azine adducts with the lanthanide metallocene
complex [Ce(CsH,R);]% in an acetonitrile solvent: 2 (26) > 1
(8) >3 (1) >4 (0.4) > 7 (0.09), where 1:1 formation constant
values are given in parentheses.18

The global minima geometries and interaction energies for
the gas-phase complexes do not necessarily reflect the situation
when these donors are incorporated in the bisazine chelate
architecture exemplified by bipyridine, 1-1. The location of the
metal ion relative to each azine donor can be approximated by
drawing a vector from the azine centroid through the center of
the coordinated nitrogen atom, i.e., the one ortho to the carbon
atom that would be bound to an adjacent azine. Optimized
geometries and interaction energies, AE,, for 1:1 azine—La®"
complexes constrained to this orientation are shown in Figure
4b and summarized in Table 1.

Upon comparison with the global minima (Figure 4a), it can
be seen that the constrained structures are either (i) essentially
unchanged, as with 3 and 7, (ii) involve a displacement of the
M-N-C angle, yielding an interaction energy that is
destabilized by only a few tenths of a kilocalorie per mole, as
with 1 and 4, or (iii) exhibit a large change in the M—N—-C
angle as the interaction with two adjacent nitrogen donors
changes to an interaction with a single nitrogen donor atom
accompanied by a large destabilization ranging from 27 to 37
kcal/mol, as with 2, 5, and 6. When constrained in the bisazine
chelate orientation, the ranking from strongest to weakest
changes to 2 > 1> 6 > 3 > 5 > 4 > 7, which differs from the
relative order obtained using global minima only in the
positions of 5 and 6. The revised affinity order remains
consistle;nt with the available experimental data presented
above.

Table 1. Properties of Simple Azines”

azine AE,; ESP pK, AE, n

1 -169.3 —452 523 —-17.96 10.83
2 1743 —47.0 2.33 —14.53 9.63
3 —-149.1 -390 1.30 —-12.72 10.37
4 —-143.6 -37.3 0.65 1095 10.01
5 —147.8 —386 —0.54° —6.00 9.94
6 (N2) —-152.0 —40.5 —0.16" -7.92 9.33
6 (N4) —1242 —28.9

7 —1282 325 —0.48" —631 10.69

“AE, = E(azine-La*") — E(azine) — E(La*") in kilocalories per mole
when constrained in the chelating orientation (Figure 4b); ESP =
electrostatic potential where the metal contacts the nitrogen donor
atom (kcal/mol); AE,o = E(azine—H") + 2E(H,0) — E(azine-H,0)
— E(H;0") corrected for aqueous solvation using the SM8 model in
kilocalories per mole; # = hardness in electronvolts. “Estimated from

the correlation in Figure 6.

Given their classification as hard Lewis acids, the interaction
between the trivalent f-block metal ions and orgganic bases is
expected to be predominantly ionic in character.”'” Therefore,
it should be possible to correlate the calculated affinities for
La®* with the magnitude of the ESP at the binding nitrogen
atom. The ESP for each azine molecule was mapped onto the
electron density isosurface at a value of 0.002 e/A% which
approximates the van der Waals surface of a molecule (Figure
4c). ESP values at the position on the nitrogen atom where the
metal ion makes contact in the chelate orientation (Figure 4b)
are given in Table 1. A plot of ESP versus AE; (Figure S)
shows that the La** binding affinity closely tracks the ESP,
consistent with the concept that the lanthanum—nitrogen
interaction is mostly ionic in character.
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Figure S. Plot of the La*" interaction energy in the chelate orientation,
AE, (Figure 4b), versus ESP on the free azine at the point where the
metal ion would contact the nitrogen donor atom in the chelate
orientation (Figure 4c). AE, = —24.27 + 3.194ESP, and r = 0.999.

Azine 6 is unique in that it offers two different donor atoms,
either N2 or N4, when connected to another azine via C3. It
has been noted that, in crystal structures of metal complexes
with polyazine ligands such as BTP and BTBP (Figure 1),
binding is always with N2; in other words, metal coordination
with the N4 donor atom is never observed.’ The preferred
chelate binding orientation shown in Figure 4b is through N2.
Consistent with the crystal structure evidence, the computed
AE, = —124.2 kcal/mol for the N4 binding mode (not shown
in Figure 4) is 27.8 kcal/mol weaker than that for the N2
binding mode. The reason for this energy difference is
immediately apparent upon consideration of simple electro-
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statics. The ESP for 6 exhibits a much weaker value at N4,
—29.8 kcal/mol, than at N2, —40.9 kcal/mol.

Upon extraction of metal ions from acidic aqueous media,
there is always the potential for ligand protonation to compete
with metal-ion complexation. If the ligand is too basic, this
competition can shut down the extraction. Therefore, azine
basicity is an important property in the design of these
extractants. Although experimental pK, values have been
measured for 1—4°° (see Table 1), such data are not available
for the triazines 5—7. Early estimates based on a dependence of
known pK, values with the local IP provide values of —1.77 for
6 and —2.31 for 7.>' A more recent study reports an estimated
pK, of —0.02 for 6 from a dependence of known pK, values
with calculated gas-phase protonation energies.””

Given the significant discrepancy in the prior estimates for 6,
further calculations were performed here. Figure 6 shows a plot

6 L L

pka

-1 T T
-20 -15 -10 -5
AE kcal/mol

prot

Figure 6. Dependence of pK, versus AE
pK, values for 5—7.

prot allowing an estimate of

of pK, versus AE,, the solvation-corrected energy difference
for the reaction: azine-H,0 + H;0" — azine—H" + 2H,0.
Extrapolation of the dependence in Figure 6 yields pK,
estimates of —0.54 for §, —0.16 for 6, and —0.48 for 7. It
should be noted that the azine pK, which measures the
strength of the covalent bond with a proton, is poorly
correlated with AE;, which measures the strength of the
electrostatic interaction with La**. Taking values from Table 1,
a plot of AE; versus pK, (not shown) demonstrates a distinct
lack of correlation between these two properties.

A final property of interest is the hardness of the azine.
Selectivity for An®* over Ln®' has been rationalized by the
presence of a minor covalent contribution in the metal—
nitrogen interaction that is slightly stronger with An than with
Ln.*~" It has been suggested that differences in the selectivity
exhibited by different azines can be predicted by a computable
property known as the hardness, 7, defined as the difference in
energy between the IP and EA.>> Computed # values for 17
(Table 1) yield the following ranking for the softest to hardest
azine: 6 <2 <§<4<3<7<1

Experimental data on the An/Ln selectivity for the prototype
azine ligands, 1—7, are limited to one study.'® The concept that
n predicts changes in the selectivity exhibited by single azine
donors is consistent with the observation that U>*/Ce3*
selectivity increased from 3.0 to 4.2 on going from the harder
1 to the softer 3. In another example, involving an
ethylenediaminetetraacetic acid analogue in which two of the
carboxyl groups are replaced with azine donors, it was observed
that changing the identity of the azines from the harder 1 to the
softer 4 increased Am>*/Eu’" selectivity by a factor of 8.

La** Chelates with Bisazines. A total of 28 unique
bisazine ligands were constructed by combining every possible
azine pair using 1 through 7. Geometry optimizations of the
La** complexes with these bisazines all yielded planar minima,
with the metal forming a five-membered chelate ring, as shown
in Figure 7a. In the case of bipyridine, 1-1, the calculated

(a)

number of observations
2

-60 -40 -20 0 20 40 60
M-C-C-N dihedral angle, *

Figure 7. (a) 1-1 complex with La*>* provides a representative example
of the bisazine chelate geometry. (b) Distribution of N—C—C—N
dihedral angles in crystal structures of 1-1 complexes with all Ln**
metal ions consistent with a weak preference for planarity (rg. < 0.10,
no error, no disorder, and no powder structures).

geometry can be compared with numerous examples from the
Cambridge Structural Database (CSD)** that have been
reported for all Ln** complexes. These structures exhibit the
following average features: Ln—N distance of 2.59 + 0.08 A,
inner Ln—N—C angle of 121.5 + 1.6° (caled 120.4°), outer
Ln—N—C angle of 120.2 + 1.7° (calcd 119.8°), and an N—C—
C—N dihedral angle distribution (Figure 7b), consistent with a
planar geometry preference. Consistent with expected trends in
the metal—ligand distance as a function of the coordination
number,”® the calculated La—N distance of 2.401 A at CN = 2
is significantly shorter than the La—N distance of 2.70 + 0.05 A
observed in crystal structures at CN > 9.

Bisazine chelate rings are expected to exhibit a metal-ion size
preference, with the most stable complex occurring at the M—
N distance that yields strain-free M—N—C angles." ® With 1-1,
this situation occurs at a M—N distance of 2.49 A, which falls
within the range of values observed in the CSD for the trivalent
lanthanides, 2.45—2.70 A. The optimal M—N distances for
other bisazine chelates also fall within this range. It should be
noted that relatively small distortions in the M—N—C angles,
<2°, are needed to accommodate all members of the An and
Ln series; in other words, the energetic penalty arising from
metal size mismatch in bisazine chelate rings is expected to be
small for the range of sizes encountered within the trivalent f-
block metal ions. Further information regarding the geometric
aspects of polypyridine metal complexes is provided in a recent
review.

In the majority of the cases, the planar bound form of the
bisazine is not a stable conformation in the absence of the metal
ion. To separate the energetic contributions arising from ligand
conformational reorganization from those arising from intrinsic
metal-ion affinity, the metal complexation can be divided into a
two-step process: (i) ligand reorganization from the global
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minimum conformation to the planar binding conformation
followed by (ii) metal-ion binding to this ligand conformation
(Figure 8). The energy change for the first step, AE,,,, must

N AE e0rg N N
—— + L&t Lad*
~ "N I ~N l ~N
AN I ==

Figure 8. Energetics of metal-ion complexation by bisazine chelates,
such as 1-1, can be separated into a contribution from ligand
reorganization, AE,,, and a contribution from metal—ligand binding,
AE,.

be added to the La*" interaction energy, AE,, to obtain the
effective interaction energy, AE, . In other words, AE, =
E(complex) — E(free ligand) = AE, oy + AE,. Conformational
analysis and AE,,, values are presented in the next section.
Interaction energies obtained when La** coordinates with the
planar binding conformation, AE,, are summarized in Table 2.

Table 2. La™ Interaction Energies, AE, (kcal/mol), for
Complexation of Bisazine Ligands Constrained in Their
Planar Binding Configuration

bisazine AE, bisazine AE,
1-1 —266.5 3-4 —-230.9
1-2 —275.5 3-§ —238.0
1-3 —253.4 3-6 —242.7
1-4 —244.7 3-7 —220.8
1-5 —253.3 4-4 —222.3
1-6 —256.7 4-5 —2324
1-7 —234.8 4-6 —235.2
2-2 —=279.0 4-7 2122
2-3 —260.6 55 —236.6
2-4 —254.8 5-6 —238.5
2-§ —257.5 5-7 —-219.2
2-6 —260.4 6-6 —243.7
2-7 —241.8 6-7 —=223.5
3-3 —-239.8 7-7 -201.7

As with the single azine donors, the AE, values exhibit a wide
range of values, going from the weakest interaction with 7-7,
—201.7 kcal/mol, to the strongest interaction with 2-2, —279.0
kcal/mol. The magnitude of the AE, values for the bisazines
can be predicted using the intrinsic binding affinities of the
individual azine donors, AE; (Table 1). A plot of AE, versus
the sum of AE, for each azine in the chelate gives the linear
correlation shown in Figure 9, which establishes that the La%*
interaction energy with a bisazine is approximately 80% of the
Y AE, value. This result provides an example of how the
properties of a multidentate ligand can be predicted from the
properties of the components.

Conformational Properties of Bisazines. Structural
reorganization in this series of bisazines is due to rotation
about the C—C bond connecting the two azines. The lowest-
energy rotamer for each bisazine was identified by evaluation of
the C—C rotational potential energy surface. The energy
change on going from the lowest-energy form to the planar
binding form, AE,.,,, was computed for all 28 bisazines in the
gas phase, nonane, 1-octanol, and water; see Table 3.

Depending on the number of o-hydrogen atoms, three
distinct types of behavior are observed, as depicted by the

-200 4

-220 4

-2404

AE,, kecal/mol

320 -300 -280 -260 -240

ZAE,, kecal/mol

Figure 9. Correlation between the La*" interaction energy with the
bisazines constrained in the planar binding conformation, AE, (Table
2), and the sum of the La®" interaction energies with individual azines
present in the bisazines, > AE, (see Table 1 for AE, values). AE, =
0.796Y AE,, and r = 0.992.

Table 3. Energy Change, AE,.,,, (kcal/mol), on Going from
the Global Minimum Conformation with an Azine—Azine
Twist Angle of ¢ to the Planar Binding Conformation

AE, o
bisazine ¢ at minimum gas phase nonane l-octanol  water
1-1 0.0 7.6 7.3 6.3 5.8
1-2 0.0 8.8 8.2 6.6 6.0
1-3 0.3 0.0 0.0 0.0 0.0
1-4 0.0 6.7 6.3 5.3 49
1-5 0.0 8.4 7.8 6.2 S.5
1-6 0.3 1.1 0.7 0.1 0.0
1-7 0.6 0.0 0.0 0.0 0.0
2-2 0.0 104 9.4 7.2 6.4
2-3 4.9 0.0 0.0 0.0 0.0
2-4 0.0 7.6 6.9 S.5 5.0
2-5 0.0 10.0 89 6.5 5.7
2-6 9.7 1.5 1.1 0.3 0.2
2-7 6.4 0.0 0.0 0.0 0.0
3-3 39.5 0.6 0.5 1.3 1.7
3-4 S.1 0.1 0.0 0.0 0.0
3-§ 1.0 0.0 0.0 0.0 0.0
3-6 43.0 0.7 0.5 1.2 1.7
3-7 37.5 0.4 0.3 0.8 1.2
4-4 0.0 6.0 54 4.5 4.1
4-5 0.0 7.3 6.3 4.6 4.0
4-6 S.5 0.9 0.6 0.1 0.0
4-7 0.1 0.0 0.0 0.0 0.0
S-S 0.0 9.6 8.4 5.9 5.0
5-6 10.0 1.5 1.0 0.2 0.0
5-7 3.0 0.0 0.0 0.0 0.0
6-6 42.7 1.3 1.1 1.7 2.0
6-7 39.6 0.6 0.3 0.9 1.2
7-7 37.6 0.4 0.1 0.6 0.9

rotational potential energy surfaces shown in Figure 10. When
there are two o-hydrogen atoms, as illustrated by 1-1 in Figure
10 (top), the global minimum is planar, with the two donor
nitrogen atoms in a trans arrangement. This behavior is
exhibited when both donors of the bisazine are from the set {1,
2, 4, 5}. Such structures exhibit large gas-phase reorganization
energies, 6.7—10.4 kcal/mol, on going from this trans form to
the planar cis binding form, which is a transition state on the
rotational potential surface. On moving from the gas phase to
progressively more polar environments, in other words,
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Figure 10. Representative rotational potential energy surfaces for the
three types of behavior: (top) two o-hydrogen atoms; (middle) one o-
hydrogen atom; (bottom) no o-hydrogen atoms.

nonane, l-octanol, and water, continuum solvent models
predict that the AE,.,, values become progressively weaker,
with an average decrease to 64% of the gas-phase value (Table
3).

When there is only one o-hydrogen atom, as illustrated by 1-
3 in Figure 10 (middle), the global minimum is either planar or
nearly planar. This behavior is exhibited when the bisazine
contains one donor from the set {1, 2, 4, 5} and the other
donor from the set {3, 6, 7}. When 3 and 7 are present, the two
planar minima are identical and the lowest-energy form is the
binding conformation; in other words, AE, ., = 0 kcal/mol.
When 6 is present, the behavior is slightly altered because of
the previously discussed differences between N2 and N4.
Relative to the other azine nitrogen donor, N2 is trans in the
global minimum and cis in the binding conformation. Thus,
reorganization is required for metal chelation, but gas-phase
AE, g values are small, ranging from 0.9 to 1.5 kcal/mol.

When there are no o-hydrogen atoms, as illustrated by 3-3 in
Figure 10 (bottom), the global minima are not planar and the
two azines twist 37—43° with respect to one another. This
behavior is exhibited when both donors of the bisazine are from
the set {3, 6, 7}. However, the energy to organize the ligand
into the planar binding conformation is again small, with gas-
phase AE,,,, values ranging from 0.4 to 1.3 kcal/mol.

The AE,,, values observed with the first group of bisazines
represented by 1-1 have been attributed to unfavorable van der
Waals interactions between the two hydrogen atoms when the
ligand is forced into the cis form.”® To evaluate the validity of
this hypothesis, single-point-energy calculations were per-
formed with a MM3 force field”” on the DFT geometry of
the cis and trans forms of 1-1. The molecular-mechanics output
allows inspection of the van der Waals energy for each atom-
pair interaction. As shown in Figure 11, there are four close

2 % N---C = 1.32 kcal/mol
2 x H-—N = 1.48 keal/mol

Total = 2.80 kcal/mol

H---H = 0.99 kcal/mol
N---N = 0.91 kcal/mol

C---C = 0.46 kcal/mol
2 % H---C = 0.66 kcal/mol

Total = 3.02 kecal/mol

Figure 11. MM3 van der Waals energies for close interazine contacts
in B3LYP/6-31+G* geometries of 1-1 in the (a) trans and (b) cis
conformations.

contacts in the trans form and five close contacts in the cis
form. Summing the van der Waals contributions from these
contacts reveals that, although the H---H contact in the cis form
does contribute a 0.99 kcal/mol destabilizing contribution,
when the contributions from all close contacts are taken into
account, the difference in van der Waals repulsion between the
cis and trans forms is only 0.22 kcal/mol. Thus, the large
AE, o value is not explained by unfavorable interazine van der
Waals interactions.

An alternate explanation for large AE,,,, values when two o-
hydrogen atoms are present could be an unfavorable electro-
static interaction between the two nitrogen donor atoms when
they are forced into contact in the cis conformation. However,
this explanation is inconsistent with the rotational potential
surfaces for bisazines containing no o-hydrogen atoms (Figure
10, bottom). Here when the twisted global minima are forced
into a planar configuration bringing two pairs of nitrogen atoms
into close contact, examination of Table 3 shows that the
energy increase never exceeds 1.3 kcal/mol.

Further consideration of the rotational potential surface for
1-1 offers a third explanation. Using the 90° N—C—C-N
dihedral angle structure as a reference point, the change in
energy on going to the 0° cis form is only +0.1 kcal/mol,
whereas the change on going to the 180° trans form is —7.5
kcal/mol. Thus, the difference in energy between the cis and
trans forms is not due to destabilization of the cis form but a
rather large stabilization of the trans form. This stabilization can
be explained if it is assumed that each of the two C—H---N
contacts present in the trans form represents energetically
favorable interactions as recently suggested.28 The formation of
stabilizing C—H---N interactions also accounts for the
observation of planar global minima when only one o-hydrogen
atom is present. On going from the 90° form of 1-3 to the
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planar 0° form, the energy drops by —3.9 kcal/mol (one C—
H---N interaction), roughly half the —7.5 kcal/mol drop in 1-1
(two C—H---N interactions). Finally, the absence of stabilizing
C—H---N interactions is consistent with the twisted con-
formations observed in the absence of o-hydrogen atoms and
the small energy change, <0.5 kcal/mol, on going from the 90°
form of 3-3 to the planar 0° form.

Influence of Preorganization. Metal—ligand interactions
are maximized when the ligand is constrained in the binding
conformation, in other words, when the ligand is preorgan-
ized.” When preorganized, AE,org = 0 kcal/mol. This can be
achieved in bisazines by adding an additional bridge between
the two azines. A classic example is provided by phenanthroline
(Figure 12), which is a preorganized version of 1-1. A
comparison of aqueous log K values for first-row transition-
metal ions shows that this preorganization results in an average
increase in the binding affinity by 1.4 log units, which
corresponds to an energy difference of 1.9 kcal/mol at 25
°C.* Similar binding affinity enhancements have been reported
for La®* with the series of ligands presented in Figure 12, where
the replacement of 1-1 with phenanthroline increases binding
by 1.1-1.6 log units in protic solvents such as water and a
water/methanol mixture."

Experimental enhancement upon preorganization of the 1-1
chelate to the phenanthroline analogue, 1.9 kcal/mol, is smaller
than that predicted when the gas-phase value is corrected for
aqueous solvation, 5.8 kcal/mol (Table 1). One explanation for
the discrepancy is that the intrinsic binding affinity of
phenanthroline could be weaker than that of 1-1. To test this
hypothesis, the gas-phase interaction energy for La®" with
phenanthroline was calculated. Rather than being a weaker
donor, phenanthroline exhibits a AE, value of —278.6 kcal/mol,
4.5% stronger than that for 1-1. This result establishes that 1
becomes an intrinsically stronger donor group when two of
these azines are conjugated to a central arene core and not a
weaker one.

Although the SM8 solvation model applied in this study
correctly predicts that the AE,,,, value for 1-1 will decrease on
going from the gas phase to the aqueous solution, it
underestimates the magnitude of the decrease. It can be argued
that specific solvent interactions, such as hydrogen bonding
between water molecules and the azine nitrogen atoms, would
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act to disrupt the stabilizing intramolecular C—H---N
interactions responsible for the large AE,., values, thereby
significantly reducing the cost of structural reorganization. This
result suggests that it may be necessary to evaluate the
rotational potential surfaces of bisazines with two or more
solvent molecules present in order to achieve more accurate
results in hydrogen-bonding solvents.

Putting the Pieces Together: Polyazine Ligands. Given
the properties of individual azines and the conformational
characteristics of bisazine ligands, to what extent is it possible to
rationalize the behavior of polyazine ligands? Using an
approach analogous to that depicted in Figure 8, La’"
interaction energies with the planar binding conformation,
AE;, and conformational reorganization energies, AE,,,, were
calculated for several trisazine ligands, including those
representative of known extractants TERPY (1-1-1), hemi-
BPT (1-1-6), BTP (6-1-6), and TPTZ (1-7-1), as well as some
novel trisazine compositions containing 2.

The energetic results are summarized in Table 4. As with the
bisazines, the calculated intrinsic binding affinities, AE;, are
correlated with the sum of the binding affinities for each azine
component, AE; (Table 1). A plot of AE; versus Y AE, gives

Table 4. Predicted Properties of Selected Trisazine
Chelates®

trisazine AE; AE, org AE ave pK, ave 7
1-1-1, TERPY —354.4 18.5 —338.9 5.23 10.83
1-1-6, hemi-BTP —346.7 9.8 -337.1 342 10.33
6-1-6, BTP —338.7 2.8 -3359 1.61 9.83
1-7-1 —-329.8 0.0 —-329.8 3.30 10.78
2-1-2 -367.8 18.0 —349.8 3.30 10.03
2-1-2, p —367.6 0.0 —367.6 3.30 10.03
2-42 —349.4 158.7 -333.7 1.77 9.76
242, p —349.0 0.0 —349.0 1.77 9.76
2-7-2 —-338.5 0.2 -338.3 1.36 9.98

“Energies reported in kilocalories per mole and # in electronvolts. AE;
= E(complex) — E(ligand in binding form) — E(La®*); AE g =
E(ligand in binding form) — E(ligand in global minimum form);
AE i = AE; + AE, . Average pK, and 7 values are defined as the
sum of the corresponding values for individual azines (Table 1)
divided by the number of azines in the ligand.
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the linear correlation shown in Figure 13, which establishes that
the La®" interaction energy with a trisazine is approximately

-320

-330

AE,, keal/mol
A
[42]

[=3

-380 T T T T T
-530 -520 -510 -500 -490 -480 -470 -460

ZAE,, keal/mol

Figure 13. Correlation between the La* interaction energy with
trisazines constrained in the planar binding conformation, AE; (Table
4), and the sum of the La>" interaction energies with individual azines
present in the trisazines, Y. AE, (see Table 1 for AE, values). AE; =
0.706Y.AE,, and r = 0.976.

71% of the Y. AE, value. This result provides a second example
of how the properties of a multidentate ligand can be predicted
from the properties of the components.

This correlation provides insight into why known trisazine
extractants perform as well as they do. Azine components 1 and
6 have the second and third strongest AE,; values. Thus, 1-1-1,
1-1-6, and 6-1-6 represent compositions that provide some of
the strongest possible intrinsic metal-ion affinities obtainable
using this ligand architecture. Although 1-7-1 contains two of
the stronger azines, it also contains the weakest azine 7. As a
result, 1-7-1 presents the weakest intrinsic metal-ion affinity of
this series.

Azine 2 exhibits the largest AE, value (Table 1). Two of
these azines can be connected to either 1, 4, or 7 to give novel
trisazine compositions. The 2-1-2 composition represents the
highest possible intrinsic metal-ion affinity for a trisazine with
the TERPY architecture. The other two compositions, 2-4-2
and 2-7-2, exhibit AE; values that are as strong or stronger than
that of 6-1-6.

The overall binding affinity, AE,,, is given by the sum of
AE; plus the cost of structural reorganization, AE,., The
trisazines contain two rotatable bonds. As shown in Figure 14,
the AE,.,, value for a trisazine ligand can be predicted to be

reorg
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Figure 14. Examples showing how AE,.,,, for trisazine ligands can be predicted to within 1 kcal/mol by summing the AE

each rotatable bond in the analogous bisazine ligand (Table 3).
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within 1 kcal/mol by summing the AE,, values associated
with each rotatable bond in the corresponding bisazines (Table
3). For the known extractants, the magnitudes of the AE corg
values are inversely correlated with the AE; values, such that
the two components act to offset one another to give a
relatively constant AE,,, —335.9 to —338.9 kcal/mol, for 1-1-
1, 1-1-6, and 6-1-6. This indicates that observed log K values
should be relatively constant over this series. Even though the
trisazine corresponding to TPTZ, 1-7-1, has the lowest AEreorg,
0 kcal/mol, the low AE; value gives the weakest AE,,, —329.8
kcal/mol, for the known trisazine extractants. Experimental log
K values reveal that these trisazines all form 1:1 La*" complexes
of similar stability in protic solvents: TPTZ, 1.95 (H,0);*
TERPY, 2.08 (H,0);*® BTP, 2.20 (75% MeOH/H,0).°

Conformational analysis of trisazines containing 2 reveals
that even with the highest AE,,,, value in Table 4, 2-1-2 forms
the strongest possible complex, AE, | = —349.8 kcal/mol, for
this trisazine architecture. The other two compounds, 2-4-2 and
2-7-2, give AE,, values within the range of values for the
known extractants. In addition to its high metal-ion affinity, 2
can be fused to the central azine to yield a preorganized
architecture. The resulting structures, 2-1-2,p and 2-4-2,p
(Figure 14), exhibit the strongest possible La** binding, AE,,
= —367.6 and —349.0 kcal/mol, respectively, that can be
obtained when three simple azines are connected in this
fashion.

The influence of preorganization was recently demonstrated
when one of the three rotatable bonds in the tetraazine
extractant, BTBP, was constrained in BTPhen (Figure 1). This
modification yielded a stronger extractant with a 100-fold
increase in the metal distribution coefficient for partitioning
into 1-octanol from an aqueous solution.*” The magnitude of
this increase, which corresponds to an energy difference of 2.6
kcal/mol at 25 °C, is only slightly higher than that observed for
the formation of 1:1 La*" complexes with polypyridyl ligands in
an aqueous or a water/methanol solvent (see Figure 12).
Recent thermodynamic studies in acetonitrile suggest that
BTPhen does form a stronger 2:1 complex with La*" than
BTBP, although it was not possible to quantify the magnitude
of the enhancement.*

In addition to possessing sufficient metal binding affinity to
form stable complexes in the organic phase, ligands for An/Ln
separation must be able to extract these metal ions from nitric
acid solutions at low pH.>~” Thus, low ligand basicity is a
desirable property. Given the possibility of multiple con-
formations and protonation sites in polyazines, calculation of
the pK, or values that might correlate with pK,, such as the
AE,,, value presented above, is not a simple process. As an
alternative quick approximation, one can use the average pK, of
the ligand donors as a gauge of the basicity in a polyazine. This
value, which is computed by summing the pK, for each donor
group and dividing by the number of donor groups, is given in
Table 4.

A comparison with available experimental pK, values for
trisazines in an aqueous solution® suggests that the ave pK,
descriptor gives reasonable estimates for TERPY (exp 4.65, est
5.23) and TPTZ (exp 3.53, est 3.30). The replacement of
strongly basic pyridine donors, 1, with acidic triazines, 6 or 7,
should result in less basic ligands. This concept inspired the
design of TPTZ? In liquid—liquid extraction experiments,
trisazine extractants function at increasingly lower pH as the
triazine content increases: BTP (6-1-6) < TPTZ (1-7-1) ~

hemi-BTP (1-1-6) < TERPY (1-1-1).” This trend is consistent
with the decreasing basicity predicted by the average pK, values.

Average pK, values for the proposed trisazines containing 2
range from a high of 3.30 to a low of 1.36. The most basic of
these ligands, 2-1-2, has a ave pK, similar to those of 1-1-6 and
1-7-1; however, the enhanced metal-ion affinity associated with
2-1-2 may prove sufficient to compete with protonation,
allowing use at lower pH than can be reached with the known
extractants. A similar comment applies to 2-4-2, which has an
ave pK, similar to that of 6-1-6 but a stronger metal-ion affinity.
Finally, 2-7-2 is estimated to be the least basic of all high-metal-
ion-affinity trisazines summarized in Table 4.

In addition to the ability to form extractable complexes in the
presence of competing protonation, a viable ligand must exhibit
sufficient An/Ln selectivity. Experimental S, .(Am/Eu) values
with polyazine extractants generally range from 10 to 1000,
which corresponds to energy differences of 1.36—4.08 kcal/mol
at 25 °C. The magnitude of the effect is small relative to the
intrinsic metal interaction energies. In the case of BTP, which
forms 3:1 complexes containing a total of nine metal—nitrogen
interactions, an S,.(Am/Eu) of 1000 corresponds to an average
increase in energy of only 0.45 kcal/mol/bond on going from
Eu®* to Am*. In the case of BTBP, which forms 2:1 complexes
containing eight metal—nitrogen interactions, an Sg,.(Am/Eu)
of 100 corresponds to an even smaller increase in energy of
0.34 kcal/mol/bond.

Such small differences in the interaction energy have been
attributed to the fact that, although these metal—ligand
interactions are predominantly ionic in character, there exists
a small covalent component that is slightly larger with actinides
than with lanthanides.'” Much theoretical effort has been
expended in an attempt to characterize the nature of this
covalent contribution. As noted in a recent comprehensive
review of this effort>* although such calculations sometimes
provide evidence for increased covalency in An™ complexes, in
most cases, An'" interaction energies are predicted to be lower
than their Ln™ counterparts. In other words, in most cases,
electronic structure models predict that polyazines have a
stronger affinity for Ln'" rather than An"". Given that this trend
is opposite to experimental observation, one conclusion could
be that current DFT methods and/or basis sets have not yet
reached a sufficient level of accuracy to allow a reliable
prediction of the magnitude of the small covalent contributions
that are present in these systems.

Given these difficulties, no attempts were made to compute
differences in the interaction energy for An/Ln couples with 1—
7 or any of the polyazines containing these donor groups.
Instead, electronic structure calculations were used to compute
the hardness of the azine donors, with the concept that the An/
Ln selectivity would correlate with this azine descriptor. As
discussed earlier, this concept is supported by a comparison of
the experimental log K data in a couple instances."®*® If
correlates with An/Ln selectivity, then one can propose that the
average 7 value in a polyazine should provide a descriptor that
correlates with the observed selectivity. A review tracing the
evolution of polyazine extractant development provides
maximum S;, (Am/Eu) values that had been observed for the
following ligands: TERPY, 10; TPTZ, 10; hemi-BTP, 30;
BTBP, 100; BTP, 1000.> A plot of log S,.(Am/Eu) versus ave
7; in other words, the sum of # values for each donor (Table 1)
divided by the number of donors reveals the relationship shown
in Figure 15.
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Figure 15. Plot of the log S;,.(Am/Eu) values (see Figure 16 in ref 3)
versus ave 77 (Table 4).

The relationship in Figure 15 suggests that the observed An/
Ln selectivity reflects the hardness of individual donor groups
present in the extractant. Given that 7 is only slightly softer
than 1, this relationship correctly predicts that S;, (Am/Eu) for
TPTZ is about the same as that for TERPY. Given that 6 is the
softest azine and 1 is the hardest azine, this relationship also
predicts the observed increase in S;,.(Am/Eu) as the percentage
of 6 increases relative to 1; in other words, BTP > BTBP >
hemi-BTP > TERPY. Finally, given that 2 is the second softest
azine donor, this relationship predicts that polyazines
containing 2 should also provide high An/Ln selectivity factors.
Combining the ave # values in Table 4 with the correlation in
Figure 1S predicts S,.(Am/Eu) values of 140 for 2-1-2, 2300
for 2-4-2, and 200 for 2-7-2.

B SUMMARY

The results have shown that the behavior of polyazine ligands
can be rationalized by the properties of individual azines and
bisazine chelates. For example, TERPY (1-1-1), hemi-BTP (1-
1-6), and BTP (6-1-6) all contain azines that form some of the
strongest metal—nitrogen interactions, 1 and 6. Thus, these
extractants exhibit some of the strongest metal-ion affinities
that can be obtained by connecting simple azines together in
this architecture. By substituting the strongly basic 1 with the
acidic 6, one obtains ligands that function under increasingly
acidic conditions, as illustrated by the series TERPY, hemi-
BTP, and BTP. The same series of extractants also illustrates
that, as the hardest azine, 1, is replaced with the softest azine, 6,
the An/Ln selectivity is increased.

The criteria developed in this study provide a paradigm
needed to address the question as to whether other viable
trisazine extractants can be achieved by variation of the azine
donor composition within the TERPY architecture. The answer
is yes. Pyridazine, 2, has the strongest intrinsic affinity for metal
ions and is the second softest donor. Using this information, it
is possible to identify three new prototype azine compositions
that should exhibit properties desirable for application in An/
Ln separations: high metal-ion affinity and An/Ln selectivity.
These are 2-1-2, 2-4-2, and 2-7-2, as well as the preorganized
analogues 2-1-2,p and 2-4-2,p. The latter exhibit the highest
metal-ion affinities that can be achieved when three simple
azine donors are preorganized in this configuration.

This study has focused solely on the properties of simple
azines and how variation in the azine donor composition
influences metal complexation by polyazines. Although the
results provide a framework for understanding why existing
ligands work and guiding the design of new ligands, it is
important to recognize that identification of a novel azine

donor composition represents only the first step toward the
development of a functional extractant. Many other factors
must be addressed including the solubility of both the ligand
and metal complex in the organic phase, chemical stability,
radiolytic stabilit7y, ease of synthesis, and cost. As emphasized in
prior reviews,”~” much effort has been expended to identify
lipophilic substitution that yields optimal behavior under actual
process conditions. During this optimization process, applica-
tion of the methods presented herein should prove useful in
understanding and predicting the influence of adding alkyl, aryl,
and/or other substituents on properties such as the metal-ion

affinity, basicity, and hardness.
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