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ABSTRACT: The complex formation of actinium (Ac3+) and californium (Cf3+) ions with
macropa (a promising ligand for medical applications, e.g., in targeted α therapy) has been studied
by means of density functional theory (DFT) calculations. This work is focused on the structural
and bonding properties, the latter on the basis of charge transfer data and topological properties of
the electron density distribution. The effect of water solvent on the energetics has been
investigated using the SMD model. A comparative analysis with the related properties of two
representative lanthanide (La, Lu) complexes has been performed.

■ INTRODUCTION

The actinides (An) are best known for their applications in
nuclear weapons and for energy production. However, their
radioactivity can make them a very useful tool in nuclear
medicine too. Their α-emitting isotopes 225Ac1−4 and 227Th5−8

are at an advanced level of clinical tests for the treatment of a
range of cancers by means of targeted α therapy (TAT).
Convincing results have been obtained for the treatment of
metastatic castration-resistant prostate cancer,9−11 acute
myeloid leukemia,12,13 neuroendocrine tumors,14 and tumors
expressing mesothelin.15 The α-emitting radioisotope of
uranium (230U) is also a promising candidate for TAT based
on its short half-life of 20.83 days.16 For this actinide, however,
an important issue is to find suitable chelating agents for stable
binding of UO2

2+ under in vivo conditions.17,18 In addition, 252Cf
is also considered for the treatment of cancer. The slow
spontaneous fission of this radioisotope provides neutron
radiation suitable for brachytherapy or internal radiation
therapy.19,20

The radioisotopes are generally administered in a chelated
form. The chelators for these ions are conjugated to a biological
targeting vector (antibody or peptide), which transports them to
the desired location in vivo. For such applications, the chelator
ligands must possess two important properties:21 (i) they should
rapidly complex the metal ion under mild pH and temperature
conditions and (ii) they should form highly stable complexes.
The latter requirement is of paramount importance to prevent
the redistribution of these toxic metal ions throughout the
patient.
The design of suitable chelating agents for f-block elements is

hampered by the electrostatic nature of their bonding
interactions. Their low charge density results mostly in long
and weak metal-donor bonds with the consequence of the low
stability of these complexes. Hitherto, only a few promising
chelators are available for lanthanides (Ln) and actinides. The
most widely used chelator for lanthanides is the tetraazamacro-
cycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA) forming stable complexes with the small-size Ln
ions.22,23 A disadvantage of DOTA for larger ions (e.g., light An)
is that the stability decreases with the size significantly.
Nevertheless, for the time being, DOTA is the ligand of choice
for linking of 225Ac to biomolecules and has been successfully
applied in several clinical tests.24 In the meantime, search for
improved chelators for An is ongoing.
Macrocycles based on the 1,7,10,16-tetraoxa-4,13-diazacy-

clooctadecane (D18C6) core show a thermodynamic prefer-
ence for large over small metal ions.25−32 Recently, a D18C6-
based macrocycle possessing two picolinate arms (N,N′-bis[(6-
carboxy-2-pyridil)methyl]-4,13-diaza-18-crown-6, macropa,
Figure 1) has been shown to form rapidly a stable complex
with 225Ac3+, the largest 3+ ion in the Periodic Table.33 Macropa
was also found to selectively bind large lanthanide,34 alkaline
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Figure 1.M(L)+ complex with the numbering of selected atoms. In C2
symmetry, the Xn and Xn′ atoms are equivalent.
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earth,35,36 and p-block35 metal ions over their smaller analogues.
The selectivity for the large An and Ln ions was found to be
superior to related diaza[18]crown-625,28 and diaza[15]crown-5
derivatives.37,38 This rare reverse size selectivity of macropa
makes it a distinguished candidate for medical applications,
where efficient chelators for large metal ions are highly needed.
The clinical tests of Ac(macropa) derivatives are in progress
with promising results: recently, a single dose of 225Ac-RPS-074,
an 225Ac(macropa) bifunctional construct designed against
prostate cancer, induced complete tumor ablation in mice.39

The present theoretical study aims to uncover the bonding of
macropa (H2L) with f elements. The reverse stability trend
along the Ln series in aqueous solution (La > Lu) has been
detected by potentiometric measurements34 and interpreted on
the basis of density functional theory (DFT) calculations.40 The
usually observed trend in the stability of gas-phase Ln complexes
is the increase from La to Lu due to the increasing charge density
of the metal ion in this order. (The latter being the result of the
decreasing size of Ln3+ ions due to the Ln contraction.) In
aqueous solutions, however, the hydration energy can introduce
significant effects. It was shown in ref 40 that the balance
between the increasing binding energies in the Ln(L)+

complexes and the variation of the hydration energies across
the lanthanide row was dominated by the increasing hydration
energies of the Ln3+ ions, being therefore responsible for the
reversed trend in the stability constants of these complexes in
aqueous solution.
The importance of actinides in TAT calls for detailed

information on the physicochemical properties of their
complexes with the macropa ligand. There can be differences
compared to lanthanides not only because of the size but also in
the bonding due to the chemically more active 5f subshell. In the
present study, macropa complexes with Ac3+, Cf3+, La3+, and
Lu3+ will be compared on the basis of DFT calculations. The
properties in focus are the relative stabilities of these ionic
M(L)+ complexes, the effect of water solvation, and the
characters of the main bonding interactions. The extra H2O
solvent molecule coordinating to La in the crystal structure of
La(macropa),33 similar to dimethylformamide (DMF) with
Ba(macropa)36 and in related complexes,29,32,41,42 is not
considered in the present comparative study. These small
solvent molecules are supposed to fill the 11th coordination site
of large M ions and accordingly, they were not observed with
small metal ions, such as Lu3+.33 It should be noted, however,
that the water molecule of La(HL)(H2O)

2+ has not yet been
confirmed in aqueous solution. These 11-coordinate complexes
have a different structure in which one of the ligand picolinate
arms is protonated, changing in this way the bonding properties
of this COO group.While the overall thermodynamic stability of
the complexes should be increased by the additional
coordination, the macropa−M interaction is likely weakened
with respect to 10-coordinate M(macropa) because of the
changed COO−M bonding and the steric effects of the
additional ligand molecule.

■ COMPUTATIONAL DETAILS
The computations were performed with the Gaussian09 suit of
programs43 using the hybridmetageneralized TPSSh exchange−
correlation functional44 in conjunction with quasi-relativistic
pseudopotentials of the Stuttgart−Cologne group. The selection
of the TPSSh functional was based on its good performance for
the geometries and stability properties of Ln complexes40,45,46

and accurate 17O Aiso values of coordinated water molecules in

various Gd complexes.47 For H, N, C, and O, the standard 6-
31G(dp) basis set was used. For the lanthanides and actinides,
both the large-core and small-core quasi-relativistic pseudopo-
tentials, LCPPs and SCPPs, respectively, were probed. The 4f-
in-core LCPPs48,49 for La and Lu (ECP46MWB and
ECP60MWB, respectively) were coupled with a [7s6p5d]/
[5s4p3d] valence basis set treating the 5s5p5d6s electrons.48

The 4f-in-valence SCPPs (ECP28MWB)50 had a segmented
valance basis set with a contract ion scheme of
[14s13p10d8f6g]/[10s8p5d4f3g] treating the 4th, 5th, and
6th shells.51 For Ac and Cf, the primary basis was the 5f-in-
valence SCPPs (ECP60MWB)52 in conjunction with valence
basis sets having a contraction scheme of [14s13p10d8f6g]/
[10s9p5d4f3g].53,54 This choice was rationalized by the larger
importance of the 5f electrons in the interactions of actinides
compared to the intact 4f subshell in lanthanides. However,
calculations with SCPPs can be considerably difficult due to SCF
convergence problems. In the present study, SCF convergence
failed for four conformers of Cf(L)+ and in basis set
superposition error (BSSE) calculations for the Cf and Ac
complexes. No such problems occurred with the 5f-in-core
LCPPs55 (ECP78MWB and ECP87MWB for Ac and Cf,
respectively) used in conjunction with a [7s6p5d2f1g]/
[6s5p4d2f1g] valence basis set.55 The application of the f and
g polarization functions with the latter LCPPs (in contrast to
their neglect in the recent literature on Ln(L)+ com-
plexes34,40,45,56) is in accordance with the mentioned larger
importance of the 5f electrons in the interactions of actinides.
The LCPP calculations provided data very close to the SCPP
ones for Ac(L)+, however, with small deviations for Cf(L)+.
The ground state of the computed complexes was verified

utilizing the STABLE keyword of the Gaussian09 code. Due to
their closed-shell nature, spin-restricted calculations were
performed for the Ac, La, and Lu complexes as well as for
Cf(L)+ with LCPP. With SCPP, the sextet ground state of open-
shell Cf(L)+ was treated using the spin-unrestricted formalism.
BSSE was evaluated using the counterpoise method.57 The
solvent effects were taken into account using the polarizable
continuum model (PCM)58,59 with radii and nonelectrostatic
terms for Truhlar and co-workers’ SMD solvation model.60 For
the La3+ and Lu3+ ions, the PCM radii (1.874 and 1.659 Å,
respectively) from ref 40 were used. The respective PCM radii
for Ac3+ and Cf3+ were optimized in the present study to achieve
an agreement with the hydration free energies in the literature.61

No scaling factor (α = 1.0) was used for the PCM radii.
The atomic charges and charge transfer (CT) properties were

calculated according to natural bond orbital (NBO) theory62

utilizing the NBO 6.0 code.63 The topological analysis of the
electron density distribution according to the “quantum theory
of atoms in molecules” (QTAIM)64 was performed by means of
the AIMAll software.65 These bonding models are widely used
for the assessment of bonding trends in organometallic
complexes of f elements.66−78

■ RESULTS AND DISCUSSION

The stability of metal complexes in solution is determined by the
following two main factors: (i) the binding energy of the ligand
to the metal ions and (ii) the hydration energies of the
complexes and free metal ions. In the following sections, these
two factors are analyzed in detail: in the Structure and Bonding
section, the conformational properties, energetics, and bonding
in the gas-phase structures, while in the Energetics in Aqueous
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Solution section, the energies of hydration using the gas-phase
reference structures.
Structure and Bonding. The complex formed by macropa

with metals is presented in Figure 1. In the shown syn
conformation of the ligand side arms, the metal ion is able to
bind to all of the 10 donor atoms. The chiral complex can form
16 possible conformations (eight enantiomeric pairs of
diastereoisomers) with C2 symmetry. In a nonchiral environ-
ment, enantiomers possess the same physiochemical properties,
hence the study of the eight diastereoisomeric forms is sufficient.
The conventional nomenclature is X(yyy)(yyy), where X =Δ or
Λ (absolute configurations of the picoline pendant arms) and y
= δ or λ (absolute configurations of the six five-membered
chelate rings formed in the complex).79,80 To keep consistency
with the literature, the present article deals with the eight
Δ(yyy)(yyy) conformers. As the La(L)+ and Lu(L)+ complexes
are well described in the literature,34,40 only two of their relevant
Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ) conformers are included in the
present comparative analysis.
The relative Gibbs free energies are presented in Figure 2,

from which the solvation data are discussed in the Energetics in

Aqueous Solution section. The effect of BSSE (where available)
on the relative energies was a few kJ/mol; these data are given in
Table S1 of the Supporting Information.
The ionic radii of the four f elements decrease in the order

Ac3+ > La3+ > Cf3+ > Lu3+ (the experimental 6-coordinate ionic
radii being 1.12, 1.032, 0.95, and 0.861 Å, respectively).81 In
agreement with expectations based on related literature,30,34 the
present calculations predicted the preference of the Δ(δλδ)-
(δλδ) conformer for the large Ac3+ ion (similar to that for La3+)
and the preference of the Δ(λδλ)(λδλ) one for the smaller Cf3+

ion (similar to that for Lu3+)30,34 in the gaseous phase.
Calculations with SCPPs and LCPPs agreed with these relative
stabilities. Regarding the other conformers, the energy differ-
ences predicted by the two pseudopotentials are quite similar for
Ac(L)+, while the agreement (by SCPP) is somewhat worse for
the four obtained conformers of Cf(L)+, referring to the role of
the 5f electrons in the latter complex.
The energetic preference of the Δ(δλδ)(δλδ) conformer is

well pronounced for Ac(L)+ (with the largest M3+ radius) and
similarly the preference of the Δ(λδλ)(λδλ) conformers for

Lu(L)+ (with the smallest ionic radius). For La(L)+ and Cf(L)+

(with ionic radii in between), the gas-phase energy differences
between the two conformers are smaller.
The metal−ligand interactions are analyzed in the two most

significant conformers Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ) on the
basis of molecular geometries and properties from the NBO62

andQTAIM64 bondingmodels. The analysis is based on the gas-
phase reference geometries obtained with SCPP (taking into
account the effect of f valance orbitals in Ac, La, and Cf).
Geometry optimizations with LCPP including BSSE indicated
marginal effects of BSSE for the main interatomic distances (in
general a few thousandths of Å).
The metal−ligand bond distances are presented in Figure 3.

Most of them agree within a few hundredths to 0.1 Å with the X-

ray crystal structure data33 of La(HL)(H2O)
2+ and Lu(L)+ (cf.

Table S2), whose experimental structures are less symmetric and
the La complex contains an additional H2O ligand. The changes
induced by H2O in the latter structure may mainly be
responsible for the experimental La−O1 distances being longer
by ca. 0.2 Å than the computed ones.
For most of the presented computed bond distances, good

correlation can be observed with the depicted M3+ ionic radii.
Exceptions are the M−N2 bonds of both conformers and the
M−O3 bond of theΔ(δλδ)(δλδ) conformer, which shorten only
marginally. These are the longest coordinative bonds, i.e., the
weakest ones; it is therefore reasonable that they accommodate
to a less extent the change of the metal ion size. Most presented
coordinative bonds have very close values in the two conformers,
except for the M−O3 one. This bond is considerably shorter in
the Δ(λδλ)(λδλ) conformer, its length being comparable to the
other M−O coordinative bonds.
From the 10 coordinative bonds, the strongest bonding with

M3+ is created by the anionic carboxylate oxygens (O1). These
bonds are by 0.3−0.7 Å shorter than the bonds with the neutral
(though polarized) O and N atoms. The second shortest
coordinative bond is the one with the pyridine N1. Hence, the
leading role in the complex formation may be played by these
M−O1 and M−N1 interactions.
The analogous Ac−O and Ac−N distances in the two Ac(L)+

conformers are very close, suggesting bonding interactions of
similar strength in contrast to the other three f elements, where
larger differences can be observed. Based on its size, the Ac3+ ion
may fit (nearly) equally into the cavity of the two L2−

conformers. The energetic preference of the Δ(δλδ)(δλδ)

Figure 2. Relative Gibbs free energies of the eightM(L)+ conformers in
the gaseous phase and aqueous solution. At the x axis, the notations A,
B, and s refer to SCPP and LCPP basis sets and aqueous solution,
respectively. The conformers Δ(yyy)(yyy) are abbreviated by the yyy
terms.

Figure 3. Selected bond distances of the Δ(δλδ)(δλδ) and Δ(λδλ)-
(λδλ) conformers computed at the TPSSh/SCPP level.
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conformer may mainly be due to the smaller strain in this ligand
geometry (cf. Figure S1 in the Supporting Information).
Further inspection of Figure 3 aimed to find correlations with

the relative stabilities of the Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ)
conformers of the other complexes. The relative stability does
not seem to be determined by the (strongest) M−O1
interaction, whose bond length is slightly shorter in all of
these Δ(δλδ)(δλδ) conformers. A similar conclusion can be
drawn for the strain energies of the L2− ligand, which are
consistently larger by 20−30 kJ/mol in the Δ(λδλ)(λδλ)
conformer (cf. Figure S1). The most prominent correlation with
the increasing relative stability of theΔ(λδλ)(λδλ) conformer is
the significant strengthening of the M−O3 interaction in the
latter conformer, as indicated by this bond distance (cf. Figure
3). The M−O2 and M−N2 bond distances also become shorter
from Ac to Lu, but the changes are rather small.
Table 1 compiles selected results from the NBO62,63 and

QTAIM64 analyses. The natural atomic charges (from NBO) of
the metals are between +1.7 and +2.0, in agreement with a major
ionic character of the metal−ligand bonding. At the same time,
they indicate a considerable CT (1.0−1.3e) to M3+, too. The
transferred amount of electrons is represented by the population
of lowest unoccupied atomic orbitals (LUAOs) of M3+. These
valence s, d, and f orbitals, being empty in the ion, serve as the
acceptor orbitals in the L2− → M3+ charge transfer. Altogether,
the largest electron transfers occur in La(L)+ and Cf(L)+, while
the strongest ionic bonding appears in Ac(L)+. As the atomic
charges of the donor O and N atoms indicate, the ionic
interaction is particularly strong with O1, its charge being close
to the formal charge of the carboxylate anion.
The populations from the natural atomic orbital (NAO)

scheme give information on the distribution of the transferred
charge between the M valence (s, d, f) orbitals. In agreement
with the expectations, the main CT acceptor orbitals are the
valence d orbitals of M, with populations around 0.5e in Ac and
around 0.9e in the other metals. Populations of the valence s and
excess electrons on the f orbitals are between 20 and 30% of
those of the valence d orbitals. While the Ac 5f orbitals are
somewhat more involved in CT than the 7s, in Cf the trend is
turned over due to the energetic stabilization of the 5f orbitals in
the latter An.

The energy gain from CT can be assessed on the basis of the
second-order perturbation energies from the NBO analysis. In
agreement with the M valence orbital populations, the weakest
CT occurs in Ac(L)+, the CT energy being ca. half of those in the
other three complexes. Among the latter three, the strongest
interaction occurs in La(L)+ while the weakest in Lu(L)+. M→
L back-donation was observed only in Cf(L)+, even this one
being marginal. Decomposition of the CT energies to donor−
acceptor atom pairs is given in Figure 4. Most pronounced is the

CT from O1, while the CT energies from the other donors are
close and partly overlap. The relative strengths of CTs in terms
of the different metals agree qualitatively with the amount of
transferred electrons (cf. Table 1).
The above shown main CT features are also reflected in the

integral QTAIM parameters. In this model, the total transferred
electrons from L2− to M3+ are described by the amount of
unlocalized electrons onM (denoted asΔM in Table 1, obtained
as the difference of the integrated electron density and
localization index of the atomic basin of M). The basically
different QTAIM and NBO models agree in the amount of the
transferred electrons of ca. 1e in the complexes and in the trends
within the Ln and An rows being Ac < Cf and La > Lu. However,
deviation between QTAIM and NBO can be observed when

Table 1. Dissociation Gibbs Free Energies and Selected QTAIM and NBO Data for the Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ)
Conformers of the M(L)+ Complexes

a Ac(L)+ La(L)+ Cf(L)+ Lu(L)+

propertya δλδ λδλ δλδ λδλ δλδ λδλ δλδ λδλ

qM +2.00 +2.00 +1.74 +1.68 +1.79 +1.72 +1.91 +1.85
qO1

−0.91 −0.91 −0.82 −0.81 −0.84 −0.83 −0.88 −0.87

∑LUAO 1.00 1.00 1.26 1.32 1.21 1.28 1.09 1.15
pop(6s/7s) 0.14 0.14 0.16 0.17 0.20 0.21 0.19 0.20
pop(5d/6d) 0.49 0.50 0.91 0.95 0.81 0.88 0.88 0.94
pop(4f/5f)b 0.23 0.22 0.18 0.19 0.11 0.10 0.0 0.0
ECT (L → M) 1667 1671 3551 3969 3020 3447 2709 3068
ECT (M → L) 26 30
ΔM 1.15 1.15 1.18 1.22 1.27 1.33 0.98 1.03
∑DI 1.04 1.04 1.07 1.10 1.14 1.20 0.89 0.93
ΔGdiss 3966 3951 4104 4001 4323 4332 4451 4468

aSelected natural atomic charges, q (e); sum of populations of the lowest unoccupied atomic orbitals of M3+, ∑LUAO (e); valence orbital
populations of M, pop (e); second-order perturbation energies, ECT (kJ/mol); difference between the integrated electron density and localization
index of the atomic basin of M, Δ(M) (e); sum of the delocalization indices between M and L, ∑DI (e); and Gibbs free energies of dissociation
without BSSE correction, ΔGdiss (kJ/mol). The conformers Δ(yyy)(yyy) are abbreviated by the yyy terms. bNumber of excess electrons with
respect to the M3+ ground state.

Figure 4.Main second-order perturbation energies from NBO analysis
of the Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ) conformers.
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comparing the two f element rows: the NBO model predicts a
larger difference between the LUAO populations of Ln and An
than that obtained in theΔM values. Thus, from the four metals,
QTAIM predicted the largest amount of transferred electrons in
Cf(L)+, while NBO in La(L)+. This disagreement between the
two models can also be seen in Figures 4 and 5.

Another important property from the QTAIM analysis is the
delocalization index (DI). This integral parameter quantifies the
average number of electrons shared between two atoms
connected by a bond path, i.e., forming the covalent bond.72

The sum of the delocalization indices around each M is given in
Table 1, while the DI data between the M−O/N atom pairs are
presented in Figure 5. In agreement with the second-order
perturbation energies from NBO analysis (Figure 4), the M3+

ions form the most extensive electron-sharing interactions with
O1 (ca. 0.4e). Considerably weaker (but still pronounced) are
the interactions with N1 (ca. 0.23e), while the interactions with
the other donors have somewhat smaller DIs.
Bond critical points (BCPs) were located for all of the above

10 coordinative bonds (Figure 6). In addition, a few weak O···H
and N···H hydrogen bonds were found in both conformers,
contributing to the overall stability of the complexes.
Both the small electron density (ρ) and the positive Laplacian

of the electron density (▽2ρ) values (given in Figures S2 and S3
in the Supporting Information) refer to predominant ionic
interactions between M and the heteroatoms in all complexes.
Variations of these topological parameters of the BCPs are more
or less consistent with those of the delocalization indices. The
two significant differences include the increase of the latter Lu−
O1 values (while this DI decreased) and the relatively smaller
M−N1 ▽2ρ values for all complexes.
The overall stabilities of the gas-phase complexes, expressed

by the Gibbs free energies of dissociation to M3+ + L2− (Table
1), are determined by an interplay of covalent (CT by spatial
orbital overlap and energy-degeneracy-driven covalency,68,82−86

the latter difficult to estimate quantitatively) and ionic
interactions as well as the strain energy of L2− in the complex.
The lowest stability of the Ac(L)+ molecule is in agreement with
the rather weak CT interactions, which seemingly could not
efficiently be compensated by the stronger ionic interactions and
the weakest ligand strain in this complex. The promoting effect
of short bond distances appears in the largest dissociation energy
of Lu(L)+ in spite of the weak CT and largest strain of the ligand
but compensated effectively by the strong ionic interactions (cf.
qM in Table 1). The latter factor may mainly be responsible for

the larger stability of the Cf(L)+ molecule with respect to
La(L)+.
Regarding the two analyzed conformers, both the QTAIM

and NBO results indicate a somewhat stronger CT in the
Δ(λδλ)(λδλ) conformers compared toΔ(δλδ)(δλδ). The bond
distances in Figure 3 are inconsistent in this respect, but most of
them are shorter in the Δ(λδλ)(λδλ) conformers. Another
characteristic feature is the negligible difference between the
bonding parameters of the two Ac(L)+ conformers in spite of
their distinct energy difference. The very close bonding
parameters are in accordance with the nearly identical Ac−O
and Ac−N distances in the two conformers (vide supra).

Energetics in Aqueous Solution. One of the main issues
regarding the medical application of metal complexes is the
stability in aqueous solution. The stability of Ln(macropa)
complexes is well explored. Stability constants have been
obtained by potentiometric titration for the whole Ln series
(except for the radioactive Pm).34 They revealed a gradually
decreasing stability fromCe≈ La to Lu in contrast to complexes
with popular ligands such as ethylenediaminetetraacetic acid
(EDTA4−) and derivatives87,88 and the macrocyclic 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA4−) and
derivatives.23,89

The relative stabilities of the M(L)+ complexes can be
evaluated from the Gibbs free energies of the following exchange
reaction (applicable for both gas phase and solution)

+ → ++ + + +M (L) M M (L) Ma b
3

b a
3

(1)

The experimental stability trend for Ln(macropa) complexes in
aqueous solution has been reproduced by Regueiro-Figueroa et
al. using DFT calculations.40 They revealed that the hydration
energies of the Ln3+ ions have a crucial role in the delicate
equilibrium of (1). While the calculated gas-phase Gibbs free
energies indicated a preference of Lu(L)+ by 372 kJ/mol with
respect to La(L)+, the calculated stability order was reversed in
aqueous solution. The calculated hydration energies of the
Ln(L)+ complexes proved to be nearly the same for the whole Ln
series.40 On the other hand, the (experimental) hydration
energy of the Lu3+ ion is higher by 419 kJ/mol than that of
La3+.90,91 This larger stabilization of the Lu3+ ion in water shifted
the equilibrium in (1) to the La(L)+ + Lu3+ side, facilitating in
this way the thermodynamic preference of the La(L)+ complex
in aqueous solution. The obtained Gibbs free energy of −46.5
kJ/mol for the Lu → La exchange reaction was in good
agreement with the experimental value of −38.5 kJ/mol.40

For the reproduction of the above experimental stability trend
in aqueous solution, a crucial factor was the use of appropriate
ionic radii in the hydration energy calculations of both the Ln3+

ions and their complexes. Calculations using the crystal81 or
experimental solution Ln3+ ionic radii (evaluated from the ion−
water distances from extended X-ray absorption fine structure
data92) in conjunction with the PCM/SMD model resulted in
large deviations from the experimental hydration free energies.
Regueiro-Figueroa et al. developed a parametrized set of Ln3+

radii for SMD calculations40 by fitting to the experimental
hydration free energy values.90,91 This set was adapted to the
TPSSh/LCPP theoretical level but comparable results were
obtained with other DFT functionals, MP2, and the all-electron
second-order Douglas−Kroll−Hess (DKH2) method too.
Somewhat larger deviations were noted for the SCPP
pseudopotentials.40

In the present study, the calculated Gibbs free energy of the
Lu → La exchange reaction 1 was successfully reproduced

Figure 5. Delocalization indices from QTAIM analysis between
selected atom pairs of the Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ) conformers.
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(−46.2 kJ/mol) by calculations on theΔ(δλδ)(δλδ) conformers
at the (same) TPSSh/LCPP level using the PCM radii from ref
40. It should be noted, however, that the Δ(δλδ)(δλδ)
conformer used in ref 40 (and similarly in ref 56) is not the
most stable one in aqueous solution for Lu(L)+. According to
nuclear magnetic resonance (NMR) measurements, the smaller
late Ln(macropa) complexes likely have a different conforma-
tion in solution than La(macropa). Moreover, the paramagnetic
1H NMR shifts measured for Yb(macropa) indicated the
preference of the Δ(λδλ)(λδλ) conformation in water.34 The
previously mentioned DFT studies included only the Δ(δλδ)-
(δλδ) conformers and did not consider the Δ(λδλ)(λδλ)
forms.40,56 Calculations in this work at the TPSSh/LCPP +
SMD level predicted a preference of the Δ(δλδ)(δλδ)
conformer of La(L)+ over the Δ(λδλ)(λδλ) conformer of
Lu(L)+ by 54.4 kJ/mol. Hence, for the more likelyΔ(λδλ)(λδλ)
conformer, the applied DFT level40 produces a somewhat larger
deviation from the experimental value of 38.5 kJ/mol. At the
TPSSh/SCPP + SMD level, the preference of La(L)+ is even
larger, 63.3 kJ/mol.
Another noteworthy issue is the prediction of the energetic

order of the two conformers of Lu(L)+ in solution by the applied
DFT + SMD model. As can be seen in Figure 2, in aqueous

solution, the computed Δ(δλδ)(δλδ) conformer became
superior to the Δ(λδλ)(λδλ) one, in contrast to available
experimental information on Ln(macropa) complexes (vide
supra).34 Altogether, while recognizing the merits of this
complex theoretical model (consisting of the TPSSh functional,
SMD solvation model, and PCM radii for Ln3+) on reproducing
the experimental stability trend of Ln(L)+ complexes in aqueous
solution, the reliability of the predicted energy values is still
restricted. In the view of the shown performance of the DFT
calculations, (only) a qualitative assessment is reasonable for the
thermodynamic properties of the present An(L)+ complexes.
For the Ac3+ and Cf3+ ions, no experimental hydration

energies are available. They were calculated on the basis of the
ionic model by Bratsch and Lagowski61,93−95 and by David.96

The ΔGhyd
0 values from the two different model calculations

differ considerably. From the two literature sources, the one by
Bratsch and Lagowski56,85 was chosen here because their ΔGhyd

0

results for Ln3+ ions93,95 (after correction for the new standard
Gibbs free hydration energy of proton91) achieved excellent
agreement40 with the experimental data.90,97 The literature
hydration energies of Ac3+ and Cf3+ were also corrected here for
the new ΔGhyd

0 of H+ according to (2)40,45 and then used as a
reference for the development of the PCM radii of these ions.

Figure 6. Bond critical points from QTAIM analysis of the Δ(λδλ)(λδλ) conformer of Lu(L)+.
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Δ = Δ + −

− −

+ +G G(M ) (M ) 3( 1066.3)

3( 1104.8) kJ/mol

0
hyd

3 0
hyd

3

(2)

The PCM radii of hydrated Ac3+ and Cf3+ were obtained here by
SMD calculations, applying a correction on the calculated ΔG0

values for the concentration change between the gas and liquid
phase (7.83 kJ/mol under standard conditions).40 The thus
obtained PCM radii for Ac3+ and Cf3+ were 1.933 and 1.747 Å,
respectively, with both the LCPPs and SCPPs. They are
depicted together with the ones of La3+ and Lu3+ from ref 40 and
available crystal ionic radii81 in Figure S4, where an
approximately linear relationship can be recognized. The
above PCM radii were used in the SMD calculations of the
Ac(L)+ and Cf(L)+ complexes.
The calculated relative stabilities (ΔG0) of the studied M(L)+

conformers in water are given in Figure 2. The relative stabilities
of the Ac(L)+ complexes show only small variations in the
gaseous and aqueous phases; the preferred stability of the
Δ(δλδ)(δλδ) conformer was computed to be ca. 13 kJ/mol with
respect to Δ(λδλ)(λδλ). In contrast, for the La, Cf, and Lu
complexes, a considerable stabilization of the Δ(δλδ)(δλδ)
conformer with respect to Δ(λδλ)(λδλ) was predicted by the
theoretical model upon solvation. Similarly, a larger stability of
theΔ(δλδ)(δλδ) conformer in aqueous solution with respect to
the Δ(λδλ)(λδλ) conformer has been recently obtained at the
same theoretical level for Ln(CHX-L)+ complexes, where CHX-
L is a slightly modified rigid analogue of macropa.56 In the view
of the abovementioned NMR results on Ln(macropa)
complexes,34 the predicted stabilizations of the Δ(δλδ)(δλδ)
conformers are likely overestimated. Accordingly, here, the
predicted preference of theΔ(δλδ)(δλδ) conformer of Cf(L)+ is
ambiguous.
From the point of view of medical application, the main

question is the stability of the Ac(L)+ and Cf(L)+ complexes in
aqueous solution. In Table 2, the computed ΔGaq

0 data of the

exchange reaction 1 are presented using the Δ(δλδ)(δλδ)
conformer of La(L)+ as reference. Because of the lack of BSSE
corrections for Ac(L)+ and Cf(L)+ with SCPP, data with both
pseudopotentials, furthermore with and without BSSE correc-
tion, are presented. According to the available data, correction
for BSSE can stabilize the complexes with respect to La(L)+ by
4−15 kJ/mol.
The data predict Ac(L)+ and Cf(L)+ relative stabilities

between La(L)+ and Lu(L)+ in aqueous solution (cf. Table 2).

In agreement with the expectation, the stability of Ac(L)+ is
close to that of La(L)+. The computed high thermodynamic
stability of Ac(L)+ extends the experimental observations on the
outstanding kinetic stability of Ac(macropa), according to which
the complex did not release Ac3+ in vivo and 98% of it remained
intact against excess La3+ over 7−8 days.33
The LCPP and SCPP results show larger differences for

Cf(L)+: the former theoretical level predicted stability close to
Lu(L)+ while the latter a considerably higher one in between
La(L)+ and Lu(L)+. The source of this difference is the
considerably smaller hydration energy of the Cf(L)+ complex
calculated with SCPP.

■ CONCLUSIONS

In the present study, the complex formation of four f elements
(La and Lu with 4f valence subshell and Ac and Cf with 5f
valence subshell) with the 18-membered macrocycle macropa
ligand was compared. While all four metals have isotopes with
potential radiotherapeutic applications, the greatest interest
presently is in finding a suitable chelator ligand for Ac. The
bonding interactions in the complexes were analyzed on the
basis of characteristic geometrical parameters, topological
properties of the electron density distribution, natural atomic
charges, and properties of CT interactions based on the NBO
model.
For the gaseous phase, the DFT computations predicted very

weak charge-transfer interactions in Ac(L)+, which could not
efficiently be compensated by the stronger ionic interactions and
the weakest strain of L in this complex, resulting in the lowest
stability of Ac(L)+ from the four complexes. The largest
dissociation energy was obtained for Lu(L)+, in which the strong
(short distance) ionic interactions could compensate effectively
for the weak CT and largest strain of the L ligand. The strong
ionic interactions (due again to the relatively short bond
distances) could be suggested to be responsible for the larger
stability of the Cf(L)+ molecule with respect to La(L)+, in spite
of the strongest computed CT interactions in the latter complex.
The present results demonstrated the strong effect of water

solvent on the thermodynamic equilibria of metal complexes. As
a major effect, the large differences in the hydration energies of
the M3+ ions play a crucial role in the ion exchange reactions of
theseM(L)+ complexes. Altogether, the computations predicted
comparable stability of Ac(L)+ andCf(L)+ complexes to those of
the Ln(L)+ ones in aqueous solution, in agreement with
experimental observations on Ac(L)+. The stability of Ac(L)+

was predicted to be somewhat lower than that of La(L)+, while
the stability of the smaller Cf(L)+ was even lower but still higher
than that of Lu(L)+. These stabilities support a potential medical
application of these actinides.
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Relative Gibbs free energies of the eightM(L)+ complexes
in the gaseous phase and aqueous solution; selected bond
distances and topological properties of the Δ(δλδ)(δλδ)
andΔ(λδλ)(λδλ) conformers; figures on the strain energy
of the ligand, electron density distribution, and Laplacian
of the electron density distribution at selected bond
critical points; PCM radii; Cartesian coordinates of the

Table 2. Relative Stabilities of M(L)+ Complexes in Aqueous
Solution in Terms of ΔGaq

0 (kJ/mol) of the Exchange
Reaction 1a

method conformerb Ac(L)+ La(L)+ Cf(L)+ Lu(L)+c

LCPP + BSSE δλδ 8.4 0.0 43.6 46.2
λδλ 21.1 28.3 51.9 54.4

SCPP + BSSE δλδ 0.0 58.0
λδλ 22.7 63.3

LCPP δλδ 13.9 0.0 52.3 56.2
λδλ 25.4 30.7 65.1 69.9

SCPP δλδ 26.2 0.0 34.8 69.7
λδλ 38.6 24.5 39.6 77.4

aReference is the Δ(δλδ)(δλδ) conformer of La(L)+. bThe
conformers Δ(δλδ)(δλδ) and Δ(λδλ)(λδλ) are denoted by δλδ and
λδλ, respectively. cThe experimental value is 38.5 kJ/mol.40
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Celis-Barros, C. Theoretical examination of covalency in berkelium-
(IV) carbonate complexes. Int. J. Quantum Chem. 2020, 120,
No. e26254.
(85) Chandrasekar, A.; Ghanty, T. K. Uncovering Heavy Actinide
Covalency: Implications for Minor Actinide Partitioning. Inorg. Chem.
2019, 58, 3744−3753.
(86) Kelley, M. P.; Deblonde, G. J. P.; Su, J.; Booth, C. H.; Abergel, R.
J.; Batista, E. R.; Yang, P. Bond Covalency and Oxidation State of
Actinide Ions Complexed with Therapeutic Chelating Agent 3,4,3-
LI(1,2-HOPO). Inorg. Chem. 2018, 57, 5352−5363.
(87) Lacoste, R. G.; Christoffers, G. V.; Martell, A. E. New
Multidentate Ligands. II. Amino Acids Containing α-Pyridyl Groups.
J. Am. Chem. Soc. 1965, 87, 2385−2388.
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