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A B S T R A C T   

The clinical success of [223Ra]RaCl2 (Xofigo®) for the palliative treatment of bone metastases in patients with 
prostate cancer has highlighted the therapeutic potential of α-particle emission. Expanding the applicability of 
radium-223 in Targeted Alpha Therapy of non-osseous tumors is followed up with significant interest, as it holds 
the potential to unveil novel treatment options in the comprehensive management of cancer. Moreover, the use 
of barium radionuclides, like barium-131 and -135m, is still unfamiliar in nuclear medicine applications, 
although they can be considered as radium-223 surrogates for imaging purposes. Enabling these applications 
requires the establishment of chelators able to form stable complexes with radium and barium radionuclides. 
Until now, only a limited number of ligands have been suggested and these molecules have been primarily 
inspired by existing structures known for their ability to complex large metal cations. However, a systematic 
inspection of chelators specifically tailored to Ra2+ and Ba2+ has yet to be conducted. 

This work delves into a comprehensive investigation of a series of small organic ligands, aiming to unveil the 
coordination preferences of both radium-223 and barium-131/135m. Electronic binding energies of both metal 
cations to each ligand were theoretically computed via Density Functional Theory calculations (COSMO-ZORA- 
PBE-D3/TZ2P), while thermodynamic stability constants were experimentally determined for Ba2+-ligand 
complexes by potentiometry, NMR and UV–Vis spectroscopies. The outcomes revealed malonate, 2-hydroxypyr
idine 1-oxide and picolinate as the most favorable building blocks to design multidentate chelators. These 
findings serve as foundation guidelines, propelling the development of cutting-edge radium-223- and barium- 
131/135m-based radiopharmaceuticals for Targeted Alpha Therapy and theranostics of cancer.   

1. Introduction 

Radium-223 (223Ra) is an α-particle emitter characterized by a long 
half-life (t1/2 = 11.4 d) and a massive energy release (27–28 MeV) that 
make it suitable for treatment of cancer [1–3]. During its decay, 223Ra 
also emits γ-rays potentially useful for Single Photon Emission 

Computed Tomography (SPECT). However, the small photon abundance 
of suitable energy (< 2%) and the low activity injected in therapeutic 
assets produce quite low-quality images, so nowadays SPECT imaging 
with 223Ra is mainly limited to the rough evaluation of activity bio
distribution after therapy [2–6]. 

Barium-131 (131Ba, t1/2 = 11.5 d) and barium-135m (135mBa, t1/2 =
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28.7 h) decay by electron capture and isomeric transition emitting 124 
keV (30% abundance, together with higher energy radiations) and 268 
keV (16%) γ-rays, respectively, and have been recently proposed as 
suitable 223Ra surrogates for SPECT imaging due to the chemical simi
larity of these two metals. This would allow the so-called theranostic 
approach in cancer management [2,7,8]. 

The uniqueness of these alkaline earth radionuclides resides in their 
calcimimetic behavior: when injected in vivo as simple ionic compounds 
(e.g. RaCl2), radioactive Ra2+ and Ba2+ cations spontaneously and 
selectively accumulate in the bone, thus making it possible to treat or 
image osseous diseases, including metastases [3,4,9,10]. Indeed, [223Ra] 
RaCl2 (Xofigo®) is currently used for the palliative treatment of bone 
metastases in adult patients with castration-resistant prostate cancer and 
it is the sole α-particle-emitting radiopharmaceutical authorized for 
clinical use by the U.S. Food and Drug Administration (FDA) and the 
European Medicines Agency (EMA) [4,11]. 

The successful application of [223Ra]RaCl2 in bone-related therapies, 
combined with the possible theranostic approach based on 131/135mBa 
radionuclides, sparked interest in extending the use of 223Ra to Targeted 
Alpha Therapy (TAT) of non-osseous tumors. However, to broaden the 
plethora of treatable tumors, the intrinsic propensity of Ra2+ and Ba2+ to 
accumulate in the bones must be prevented and the possibility to target 
new objectives should be enhanced. These issues can be circumvented 
by the stable incorporation of the metal cation into a system able to 
retain it in vivo and suitable to carry it to the target site [3,12]. One 
strategy, which is commonly employed for developing radiopharma
ceuticals based on radioactive metals, is the bifunctional chelator 
approach, meaning that the radiometal is stably complexed by a 
chelator, in turn conjugated to a biologically active moiety able to direct 
the emitted radiation uniquely to the tumor expressing affinity for the 
biological vector. This strategy requires perfectly chemically-tailored 
chelators to fulfil the coordination requirements of the radiometal 
[13–16]. However, the shortage of chelating agents capable of firmly 
coordinating Ra2+ and Ba2+ in vivo has hindered their use in targeted 
cancer therapy and imaging to date. Indeed, very few chelators have 
been studied for the complexation of Ra2+ and Ba2+ for radiopharma
ceutical applications. These include the macrocyclic ligands macropa 
and its larger counterpart macropa-XL, which provide two picolinic acid 
pendants attached to the two N atoms of a diaza-18-crown-6 and a diaza- 
21-crown-7 ring, respectively (Fig. 1) [12,17,18]. Macropa was inves
tigated because it had previously shown a preference for large cations 
like La3+, Ce3+, Ac3+ and Ba2+ over smaller ones, and had been 
employed in lanthanum-132/135- and actinium-225-based radiophar
maceuticals [17,19–24]. Another proposed chelator is macrophospho, 
which bears two 2-pyridylphosphonic acid pendants on the same ring 
scaffold as that of macropa (Fig. 1) and which was studied for the 
complexation of Ba2+ [25]. Macrophospho was not originally conceived 
with a specific focus on Ba2+, but its capability to complex this cation 
was explored due to its previously investigated positive behavior with 
the α-emitter bismuth-213 [15,26]. It is worth noting that both macropa 
and macrophospho were initially designed for different (radio)metals 
and later tested with Ra2+ or Ba2+, adopting a “trial-and-observe” 
approach. 

The structure of these three chelators involves a macrocyclic back
bone functionalized with small chemical moieties provided with donor 
groups. The inclusion of side arms is crucial, since they both provide 
additional donors to the coordination sphere of the metal ion, thus 
increasing the inertness of the resulting complex, and increase the 
thermodynamic stability of the final complex. Although the use of 
picolinic and 2-pyridylphosphonic acid as pendants in macropa and 
macrophospho, respectively, provides encouraging outcomes regarding 
the feasibility of 223Ra-based radiopharmaceuticals for TAT, and 
possibly of 131/135mBa-labelled surrogates for diagnostic purposes, a 
systematic inspection of chemical groups expressly tailored to complex 
Ra2+ and Ba2+ is still an open field. This is likely because the funda
mental coordination chemistry of Ba2+ and especially Ra2+ has not been 
explored to a large extent so far, hampering the rational design of proper 
binding platforms [3,27]. In fact, it is not easy to obtain thermodynamic 
information about radium complexes through standard techniques since 
all its isotopes are radioactive. 

This work aims to investigate both in silico (for Ba2+ and Ra2+) and 
experimentally (only for Ba2+) the coordination preferences of these 
heavy alkaline earth metals in terms of binding affinity to a series of 
different donor atoms or groups. This exploration aims to lay the 
groundwork and provide the direction for the rational design and 
development of appropriate chelators to be employed in cutting-edge 
223Ra- and 131/135mBa-based targeted radiopharmaceuticals. The struc
tures of the molecules investigated in this study are listed in Fig. 2. 

2. Materials and methods 

2.1. Computational details 

All Density Functional Theory (DFT) calculations were carried out 
with the Amsterdam Density Functional (ADF) 2019.307 program 
[28,29]. Geometry optimizations were performed with the Perdew- 
Burke-Ernzerhof (PBE) density functional, combined with the Grimme 
D3 dispersion correction and the original damping factor [30–32]. The 
TZ2P basis set (triple-ζ with two sets of polarization functions on each 
atom) with a small frozen core approximation was used for all atoms. 
Scalar relativistic effects were taken into account via the zeroth order 
regular approximation (ZORA), as implemented in ADF [33]. All cal
culations were performed in implicit solvent (water), with the 
Conductor like Screening Model (COSMO), employing the default ADF 
parameters for atomic radii, dielectric constant and definition of the 
molecular cavity [34,35]. Frequency calculations were performed to 
assess the true nature of all minima, for which only positive (real) fre
quencies were computed. Electronic binding energies (ΔE) for a plethora 
of monodentate and bidentate ligands to either “naked” (i.e., not hy
drated) or hydrated Ra2+ and Ba2+ were thus calculated at the COSMO- 
ZORA-PBE-D3/TZ2P level of theory [36]. This approach had been pre
viously found to properly describe the geometric and thermodynamic 
features of heavy metals [36,37]. To obtain quantitative insight into 
metal-ligand bonding, selected complexes were investigated in the 
framework of the energy decomposition analysis (EDA) [37–41]. In 
EDA, the bonding energy (i.e., the interaction energy between two 

Fig. 1. Structures of macrocyclic chelators that have been recently proposed for Ba2+ and 223Ra-based radiopharmaceuticals for TAT [12,17,18,25].  
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fragments – ΔEint) was decomposed into chemically meaningful terms, i. 
e., Pauli repulsion (ΔEPauli) accounting for two centers-four electrons 
repulsive interactions, orbital interaction (ΔEoi) accounting for two 
centers-two electrons attractive interactions, electrostatic interaction 
(ΔVelst), and ΔEdisp accounting for dispersive interactions (Eq. (1)). 

ΔEint = ΔEPauli +ΔEoi +ΔVelst +ΔEdisp (1) 

Additionally, ΔEoi was further decomposed into pairwise in
teractions via the Natural Orbitals for Chemical Valence (NOCV) parti
tioning method [42,43]. The NOCV are the eigenvectors of the 

Fig. 2. Structures of A) monodentate and B) bidentate ligands that were investigated in this work (structures of H2O and the halides are not shown). Their charge is 
in brackets. Only one resonance structure or tautomeric form is represented when more are possible. Ligands marked with an asterisk (*) were considered both as 
monodentate and as bidentate. 
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deformation density matrix ΔP. One important feature of the NOCV is to 
be paired in couples (φ±k) with eigenvalues equal in absolute value, but 
with opposite sign (±νk). These properties can be used to define a 
deformation density Δρ (i.e., the change in molecular density after bond 
formation between the two fragments) according to the NOCV (Eq. (2)). 

Δρ =
∑

k
Δρk =

∑

k
vk
(
|φk|

2
− |φ–k|

2 ) (2) 

The total orbital interaction term can thus be rewritten as the sum 
over pairwise contributions, each one associated to a NOCV pair and 
thus to a specific deformation density Δρk (Eq. (3)). 

ΔЕoi =
∑

k
ΔEk

oi (3) 

Accordingly, this methodology allows the precise identification of 
the strongest orbital interactions, i.e., those associated to the most sta
bilizing (most negative) ΔEk

oi. 

2.2. Thermodynamic experiments 

A subset of representative ligands was further studied experimen
tally. All reagents were purchased from commercial suppliers (Sigma- 
Aldrich, Carlo Erba Reagents, Merck, Alfa Aesar, Prolabo, J.T. Baker, 
Riedal-De Haën, Carbosynth) and used as received. They were handled 
according to general safety practices adequate to chemistry laboratories. 
All experiments were performed in ultrapure water (18.2 MΩ/cm, from 
a Purelab Chorus Veolia system), unless otherwise stated, and at room 
temperature (T = 25 ◦C). Ionic strength (I) was not controlled due to the 
high amounts of Ba2+ salt required, which was introduced as Ba(ClO4)2 
(Emsure). 

2.2.1. NMR 
Batch solutions containing a ligand at a fixed concentration (CL =

1⋅10− 2 M) and increasing amounts of Ba(ClO4)2 (0 ≤ CBa ≤ 1 M) were 
prepared in 90% H2O + 10% D2O. 3-(Trimethylsilyl)propionic acid so
dium salt (TSP, Sigma-Aldrich, > 99%) was added to each solution as an 
internal standard for spectral calibration (δ = 0 ppm). The pH of each 
solution was adjusted to an appropriate value by adding small aliquots 
(~ μL) of HClO4 (Sigma-Aldrich) or CO2-free NaOH (Emsure) solutions. 
pH was measured by using a Mettler Toledo SevenEasy pH-meter and a 
Crison (pH 0–14) combined glass electrode calibrated with commercial 
buffers at pH 4.01 and 7.00 (XS Instruments). Protonic Nuclear Magnetic 
Resonance (1H NMR) spectra of each solution were acquired with a 
Bruker AMX 400 (400 MHz) spectrometer. Water signal was suppressed 
via the excitation sculpting pulse scheme. 

2.2.2. UV–Vis 
pH-Dependent in-cell titrations of the ligands and of solutions con

taining fixed amounts of ligand and Ba(ClO4)2 were performed (CL =

4⋅10− 4 M, CBa = 4⋅10− 1 M for picolinic acid; CL = 6⋅10− 5 M, CBa =

6⋅10− 3 M for 2-hydroxypyridine 1-oxide – 1,2-HOPO). The pH was 
adjusted and measured as described in Paragraph 2.2.1. UV–Vis spectra 
at different pH values were recorded in the wavelength range 200–800 
nm with a Cary 60 spectrophotometer (Agilent) equipped with 1 cm 
optical path length quartz cuvettes. 

2.2.3. Potentiometry 
Automatic in-cell pH-potentiometric titrations of the ligands and of 

solutions containing fixed amounts of ligand and Ba(ClO4)2 were per
formed with NaOH (CL = 1⋅10− 3 or 1⋅10− 2 M, CBa = 5⋅10− 2 M). Metrohm 
715 Dosimat titrator and burets and a Metrohm 713 pH-meter were 
used. The pH was measured with a Hamilton (pH 0–14) combined glass 
electrode. The cell was thermostated by a water circulator at T = 25 ◦C 
and CO2 was removed by bubbling purified N2 before and during each 
measurement. A 0.1 M solution of HCl was prepared by dilution from the 
concentrated one (Aldrich, 37%) and standardized against Na2CO3 

(Aldrich, 99.95–100.5%), which had been previously heated at 
255–260 ◦C for 1 h to remove H2O and CO2. A CO2-free 0.1 M solution of 
NaOH was standardized against the HCl solution and protected against 
carbonation. 

A more detailed description of the potentiometric procedures was 
reported in our previous work [44]. 

2.2.4. Data treatment 
NMR data (observed chemical shift – δobs – vs Ba2+:L molar ratio – x) 

were fitted with SciDAVis software by using Eq. (4), which was obtained 
by solving a mathematical system of equations including the stability 
constants and the mass balances (Eqs. S1 – S4). 

δobs =

{

β–βx–
1

CL
+

[

β2x2+

(
2β
CL

–2β2
)

x+β2+
1

C2
L
+

2β
CL

]1/2
}

•
δL–δBaL

2β
+δBaL

(4) 

In Eq. (4), β is the stability constant referred to the equilibrium Ba2+

+ Ln− ⇌ [BaL](2− n)+, while δL and δBaL are the calculated chemical shifts 
of species Ln− (L denotes the general ligand and n− its charge) and 
[BaL](2− n)+, respectively. CL was fixed as a constant parameter and not 
refined. UV–Vis and pH-potentiometric data were elaborated with 
HypSpec2014 and PITMAP programs [45,46], respectively. Conditional 
stability constants (β’) were computed at pH = 7.4 and pH = 4 by 
multiplying β values by the coefficient α, which is the relative amount of 
ligand in its complexing form (Ln− ) present at the pH of interest. Its 
value is 0 ≤ α ≤ 1 and depends on the ligand proton content. For 
example, for a monoprotic ligand having acidity constant Ka, Eq. (5) 
applies. The values of Ka for each ligand were taken from the literature 
and are collected in Table S1. 

α =
1

10pKa–pH + 1
(5) 

In all cases, the reported errors are standard deviations obtained 
from the fitting procedures and the propagation of error. 

3. Results 

3.1. Computational analysis 

To assess Ra2+ and Ba2+ intrinsic ligand preferences, the electronic 
binding energies (ΔE) of “naked” Ra2+ and Ba2+ cations with a plethora 
of ligands were firstly computed in silico as described in Paragraph 2.1. 
The obtained results are shown in Tables 1–2. 

Aiming at a more detailed description of Ra2+ donor preferences, and 
as further thermodynamic experiments are hampered by the radioac
tivity of all radium isotopes, the electronic reaction energy associated 
with the ligand exchange reaction between the Ra2+ aquo-complex ([Ra 
(H2O)9]2+) [47] and an incoming monodentate ligand was also 
computed for representative ligands. The obtained data are summarized 
in Table S2, while the structures adopted for the aquo-complex and the 
complexes [Ra(H2O)8(Me3N)]2+, [Ra(H2O)8(MeCOO)]+, and [Ra 
(H2O)8(Me2O)]2+ are reported in Fig. 3. The latter are shown as illus
trative examples of the substitution of a water molecule in [Ra(H2O)9]2+

by a monodentate ligand. 
A quantitative bonding analysis was also performed for the Ra2+

complexes of selected monodentate ligands (i.e., Me2O, Me2S, Me3N, 
Me3P, and MeCOO− ) within the framework of the EDA scheme 
(Table 3). Moreover, for the same ligands, the most important orbital 
interactions were identified by further decomposing the orbital inter
action (ΔEoi) term through the EDA-NOCV partitioning scheme 
(Table 3). 

To further highlight the similarities between Ba2+ and Ra2+ coordi
nation chemistry, the ligand exchange reaction energies between the 
Ba2+ aquo-complex ([Ba(H2O)8]2+) and Me2O, Me2S, Me3N, Me3P were 
computed as well, and an EDA-NOCV analysis was performed for these 
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complexes (Table 4). The structure adopted for the aquo-complex of 
Ba2+ is reported in Fig. S1. 

3.2. Thermodynamic experiments 

For Ba2+, a subset of monodentate and bidentate ligands, represen
tative of various donor groups, were also explored experimentally 
through titrations followed by either NMR, UV–Vis or pH- 
potentiometry. One example of the obtained results for each technique 
is shown in Figs. 4–6, while the spectra, titrations and fitting curves for 
all the other investigated Ba2+-ligand experiments are collected in the 
Supplementary Material (Figs. S2 – S12). The stability constants (both 
logβ and logβ’) of [BaL](2− n)+ complexes were determined and are re
ported in Table S3. Their trends are also graphically shown in Fig. 7. 

When possible, the obtained results were compared to literature values, 
which were available only in a few cases (Table S3). 

4. Discussion 

4.1. Ra2+ and Ba2+ coordination preferences 

Since all the isotopes of radium are highly radioactive, it is quite 
difficult to work with milligram amounts and millimolar concentrations 
of Ra2+ that are required to obtain thermodynamic data through stan
dard techniques like potentiometry, NMR and UV–Vis spectroscopies. 
Consequently, barium is often used as a non-radioactive surrogate to 
explore the aqueous and coordination chemistry of radium, albeit this 
approach might be approximate in some cases [27,48–52]. Moreover, 
the study of ligands able to coordinate Ba2+ has also an intrinsic value, 
as two radionuclides (131Ba and 135mBa) potentially useful for imaging 

Table 1 
Electronic binding energies (ΔE, kcal/mol) for monodentate ligands to “naked” 
Ra2+ and Ba2+ calculated in aqueous solution. Level of theory: COSMO-ZORA- 
PBE-D3/TZ2P.  

Ligand  
(charge; donor) 

Ra2+ Ba2+ Ligand (charge; donor) Ra2+ Ba2+

H2O (0; O) − 15.18 − 14.89 MeNH2 (0; N) − 20.58 − 20.25 
MeCN (0; N) − 15.79 − 15.33 Me2NH (0; N) − 19.78 − 19.32 
DMSO (0; O) − 23.42 − 23.58 Me3N (0; N) − 18.61 − 17.97 
Cl− (1− ; Cl) − 24.21 − 23.79 Aniline (0; N) − 16.55 − 15.60 
Br− (1− ; Br) − 22.85 − 22.23 Me3P (0; P) − 16.88 − 15.83 
I− (1− ; I) − 21.55 − 20.49 Pyridine (0; N) − 18.92 − 18.54 
MeO− (1− ; O) − 46.07 − 47.92 MeCOO− (1− ; O) − 30.27 − 30.72 
MeS− (1− ; S) − 29.53 − 29.06 PhCOO− (1− ; O)a − 28.68 − 28.28 
PhO− (1− ; O) − 36.13 − 37.16 MePO3

2− (2− ; O)b − 38.77 − 39.72 
PhS− (1− ; S)a − 29.09 − 28.25 PhPO3

2− (2− ; O)a − 41.73 − 40.93 
Me2O (0; O) − 15.73 − 15.38 Amidic -CO-NH2 (0; O) − 22.44 − 22.50 

Me2S (0; S) − 12.65 − 11.67 Amidic -CO-NH− (1− ; N)b − 31.55 − 31.51 
Amidic -CO-NH− (1− ; O)b − 33.38 − 34.09  

a The binding energy is partly due to π-cation interactions. 
b These ligands were considered both as monodentate and as bidentate (see 

Table 2). 

Table 2 
Electronic binding energies (ΔE, kcal/mol) for bidentate ligands to “naked” Ra2+ and Ba2+ calculated in aqueous solution. Level of theory: COSMO-ZORA-PBE-D3/ 
TZ2P.  

Ligand (charge; donors) Ra2+ Ba2+ Ligand (charge; donors) Ra2+ Ba2+

2-Aminobenzoate (1− ; N, O) − 35.30 − 35.16 8-Quinolinate (1− ; N, O) − 47.30 − 47.59 
Ethylenediamine (0; N, N) − 37.06 − 36.54 1,2-HOPO (1− ; O, O) − 47.47 − 48.03 
2-Amino-phenylphosphonate (1− ; N, O) − 38.87 − 38.46 Acetylacetonate (1− ; O, O) − 47.87 − 48.30 
2-Pyridylphosphonate (1− ; N, O) − 40.66 − 40.44 2,3-HOPO (1− ; O, O)b − 48.37 − 48.81 
Piperidine-2-phosphonate (1− ; N, O) − 40.82 − 40.07 Oxalate (2− ; O, O) − 49.72 − 50.28 
2-Aminophenolate (1− ; N, O) − 40.93 − 41.38 Malonate (2− ; O, O) − 49.86 − 50.16 
(Aminomethyl)phosphonate (1− ; N, O) − 41.08 − 40.77 2-Pyridylphosphonate (2− ; N, O) − 50.22 − 50.40 
Glycinate (1− ; N, O) − 41.75 − 41.81 3,4-HOPO (1− ; O, O)c − 51.56 − 52.13 
Picolinate (1− ; N, O) − 42.27 − 42.38 MePO3

2− (2− ; O, O)a − 51.80 − 52.08 
Semicarbazide (1− ; N, O) − 43.48 − 43.76 Salicylate (2− ; O, O) − 55.77 − 56.56 
Amidic -CO-NH− (1− ; N, O)a − 44.05 − 43.69 Catecholate (2− ; O, O) − 62.37 − 63.40  

a These ligands were considered both as monodentate and as bidentate (see Table 1). 
b 2,3-HOPO is 3-hydroxy-2-pyridone. 
c 3,4-HOPO is 3-hydroxy-4-pyridone. 

Fig. 3. Calculated geometries of A) [Ra(H2O)9]2+ and of three illustrative complexes [Ra(H2O)8L](2− n)+ with B) L = Me3N, C) L = MeCOO− , and D) L = Me2O. The 
Ra2+-ligand bond length is displayed in Å. All hydrogen atoms have been hidden for clarity. Level of theory: COSMO-ZORA-PBE-D3/TZ2P. 

Table 3 
EDA results (kcal/mol) for selected ligand-metal bond formations with the [Ra 
(H2O)9]2+ aquo-ion. The Hirshfeld partial charge (Q) on the binding atom of the 
ligand is also reported in atomic units. The percentages are only relative to the 
stabilizing components of ΔEint. Level of theory: ZORA-PBE-D3/TZ2P//COSMO- 
ZORA-PBE-D3/TZ2P.   

Me2O Me2S Me3N Me3P MeCOO−

ΔEr
a − 2.32 − 0.85 − 5.46 − 2.48 − 8.89 

ΔEint − 23.35 − 19.96 − 27.13 − 25.82 − 179.43 
ΔEPauli 17.83 16.67 24.71 22.7 35.54 

ΔEoi 
− 13.54 
(32.8%) 

− 14.10 
(38.5%) 

− 17.74 
(34.2%) 

− 17.05 
(35.1%) 

− 35.00 
(16.3%) 

ΔVelst 
− 23.66 
(57.4%) 

− 18.23 
(49.8%) 

− 28.52 
(55.0%) 

− 26.62 
(54.9%) 

− 177.3 
(82.4%) 

ΔEdisp − 3.98 − 4.3 − 5.59 − 4.85 − 2.73 
ΔEoi

(1) − 6.43 − 8.76 − 10.12 − 11.12 − 14.07 
Q − 0.154 − 0.018 − 0.102 0.122 − 0.469  

a Level of theory: COSMO-ZORA-PBE-D3/TZ2P. ΔEr values are taken from 
Table S2. 
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purposes are available among its isotopes. For these reasons, we decided 
to screen a wide selection of ligands bearing different donor groups (O, 
S, N, P), and their combinations, in silico to compare their binding en
ergies to Ra2+ and Ba2+. Our computational approach encompasses a 
systematic analysis providing energetic information on Ra2+ and Ba2+

complexes with the monodentate and bidentate ligands depicted in 
Fig. 2. Then, a subset of the same ligands was further studied in exper
imental conditions to enhance our understanding of the thermodynamic 
stability of their Ba2+ complexes in aqueous solutions and so possibly 
acquaint the same information for Ra2+ with a reasonable degree of 
approximation. 

4.1.1. Computational investigation with monodentate ligands 
The binding energy (ΔE) of twenty-five different monodentate li

gands (Fig. 2-A) was evaluated with the “naked” cations (M2+ = Ra2+ or 
Ba2+), according to the reaction Eq. (6) and including solvation with a 
continuum dielectric model. 

M2+ +Ln− →[ML](2− n)+ (6) 

Table 4 
EDA results (kcal/mol) for selected ligand-metal bond formations with the [Ba 
(H2O)8]2+ aquo-ion. The Hirshfeld partial charge (Q) on the binding atom of the 
ligand is the one reported in Table 3. The percentages are only relative to the 
stabilizing components of ΔEint. Level of theory: ZORA-PBE-D3/TZ2P//COSMO- 
ZORA-PBE-D3/TZ2P.   

Me2O Me2S Me3N Me3P 

ΔEr
a − 1.89 − 0.33 − 5.36 − 2.23 

ΔEint − 23.56 − 19.91 − 27.91 − 25.46 
ΔEPauli 16.58 16.11 24.06 22.30 

ΔEoi 
− 13.40 
(33.4%) 

− 13.47 
(37.4%) 

− 18.33 
(35.3%) 

− 17.02 
(35.6%) 

ΔVelst 
− 23.44 
(58.4%) 

− 18.41 
(51.1%) 

− 28.30 
(54.4%) 

− 25.87 
(54.2%) 

ΔEdisp − 3.30 − 4.14 − 5.34 − 4.87 
ΔEoi

(1) − 6.05 − 8.07 − 10.48 − 11.01  

a Level of theory: COSMO-ZORA-PBE-D3/TZ2P. 

Fig. 4. 1H NMR spectra of Ba2+-L solutions (L = benzoate) recorded at increasing Ba2+:L molar ratios at pH 10.4–11.8 (left) and data fitting (middle). Signal 
attribution is represented on the right. 

Fig. 5. UV–Vis spectra of Ba2+-L solutions (L = 1,2-HOPO, CL = 6⋅10− 5 M, CBa = 6⋅10− 3 M) recorded at increasing pH (left) and data fitting at selected wave
lengths (right). 
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This approach can be expected to underestimate the solvation of 
charged species, especially the metal cation, nevertheless it provides a 
close-up on the intrinsic trends in the strength of metal-ligand bonds. 
The results reported in Table 1 immediately disclose that no great dif
ference is appreciable when comparing Ra2+ to Ba2+, as far as the 
intrinsic strength of the metal-ligand bond is concerned. Indeed, only 
differences of fractions of kcal/mol are predicted when the two metals 
bind to the same ligand. While this quantitative result is affected by the 
lack of explicit solvation, it suggests that Ba2+ coordination chemistry 
closely resembles that of Ra2+, thus validating its use in the explorative 
investigations of the radioactive element. 

Among the plethora of the investigated ligands, both Ra2+ and Ba2+

display preferences for those defined as hard species, according to 
Pearson's Hard and Soft Acids and Bases (HSAB) theory [53]. For 
instance, oxygen-based ligands (e.g., Me2O, MeO− and PhO− ) form 
stronger bonds (i.e., more negative ΔE) than their softer sulfur-based 
counterparts (e.g., Me2S, MeS− , PhS− ). Similarly, trimethylamine 
(Me3N) binds more strongly to both metals than trimethylphosphine 

(Me3P). 
In addition, increasing the charge of the ligand leads to stronger 

binding energies, as can be inferred by comparing mono-anionic (e.g., 
MeCOO− and PhCOO− ) to bis-anionic oxygen-based ligands (e.g., 
MePO3

2− and PhPO3
2− ). Among the neutral ligands, amines (e.g., Me3N) 

appear to bind Ra2+ and Ba2+ moderately better than ethers (Me2O) (ΔE 
difference = − 2.6-2.8 kcal/mol). This outcome, which is apparently in 
opposition to the HSAB theory, was further explored through EDA, as 
discussed in Paragraph 4.2. 

The subsequent assessment was extended to exchange reactions 
involving ligands and [M(H2O)x]2+, aimed to better simulate solution 
conditions (Eq. (7)). These calculations were carried out mainly for 
Ra2+, as information about Ba2+ chemistry can also be obtained from 
experimental data. Selected ligand exchange reactions (i.e., with Me2O, 
Me2S, Me3N, and Me3P) were also computed for Ba2+ to verify whether 
the similarity between the coordination chemistry of the two metals 
holds true in the presence of explicit solvation as well. 
[
Ra(H2O)9

]2+
+Ln− →

[
Ra(H2O)8L

](2− n)+
+H2O (7)  

[
Ba(H2O)8

]2+
+ Ln− →

[
Ba(H2O)7L

](2− n)+
+ H2O 

In the ligand exchange reaction, one water molecule is expelled and 
replaced in the coordination sphere of M2+ by the incoming ligand. This 
reaction was chosen to mimic more closely the solution conditions, 
where the “naked” Ra2+/Ba2+ is not the representative species. The 
chosen species of Ra2+ aquo-complex was [Ra(H2O)9]2+, since a recent 
study highlighted a coordination number of 9 for the hydrated radium 
cation [47]. It is worth underlining that different starting geometries 
have been considered, but in all cases, at our level of theory, the fully 
converged geometry is a capped square antiprismatic arrangement 
(Fig. 3-A). Since the nine-coordinated arrangement of Ra2+ is deemed to 
be highly labile in solution [47], it is likely that other arrangements 
might be feasible as well. However, we do not envision that a different 
coordination arrangement could strongly affect the trends in the ligand 
exchange reaction energy shown in Table S2. Starting from this 
arrangement, the apical (i.e., capping) water molecule was substituted 
by each of the investigated ligands (e.g., Fig. 3-B, C, D). 

As for Ba2+, recent experimental and theoretical evidences agree on 

Fig. 6. Curve of a potentiometric titration of a Ba2+-L solution (L = malonate, 
CL = 1⋅10− 2 M, CBa = 5⋅10− 2 M) with a solution of 0.1 M NaOH. 

Fig. 7. Thermodynamic (logβ) and conditional (logβ’) stability constants of [BaL](2− n)+ complexes. Logβ’ were calculated at pH 7.4 and 4.  
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an average coordination number of 8 for the first solvation shell around 
the metal ion [54,55]. In this case the solvation shell is deemed to be 
labile as well, thus different geometries and arrangements exist in so
lution. In our case, various attempts converged to a distorted bicapped 
trigonal prism or distorted square antiprismatic geometry for [Ba 
(H2O)8]2+ (Fig. S1), which was used as the reactant in the ligand ex
change reactions. One water molecule was substituted in turn by each 
incoming ligand. The geometry of substituted complexes [Ba 
(H2O)7L](2− n)+ is not shown since it is not well defined, and it slightly 
changes for different ligands. 

In all cases, as expected, the ligand exchange reaction displays a less 
negative reaction energy (ΔEr) than the corresponding binding energy 
(ΔE). This occurs because the first explicit solvation shell around M2+

dampens the electrostatic interaction between the metal and the ligand 
(Table S2 vs Table 1). Nevertheless, the qualitative conclusions dis
cussed for the “naked” metal ions persist within this more elaborate 
model and are further supported by the trend of ΔEr. In particular, the 
preference of Ra2+ for hard ligands remains evident. Similarly, charged 
oxygen-based ligands are characterized by the most negative ΔEr. 
However, some distinctions emerge. For instance, while the halides (Cl− , 
Br− and I− ) appear to bind Ra2+ more strongly than amines within the 
“naked”-ion model, their ligand exchange reaction involving the aquo- 
ion suggests a different scenario. In the latter case, their ΔEr are quite 
close to those of amines, revealing a similar binding affinity to the Ra2+

(and likely Ba2+) solvated cation. The computed ligand exchange reac
tion energies for [Ba(H2O)8]2+ highlight that the coordination chemistry 
of barium with Me2O, Me2S, Me3N and Me3P closely matches that of 
radium also when the explicitly solvated metal is considered. Indeed, 
almost identical reaction energies were computed (Table 4 vs Table S2). 

4.1.2. Computational investigation with bidentate ligands 
A series of twenty-two bidentate ligands (Fig. 2-B), varying in 

charges (0, − 1, − 2) and donor atoms (oxygen and nitrogen), was also 
tested, employing the model depicted in Eq. (6), excluding the explicit 
solvation of the metal cation (Table 2). The qualitative conclusions 
described for the monodentate ligands hold true for this series as well. 
Specifically, more negatively charged hard ligands exhibit stronger 
bindings to both Ra2+ and Ba2+. Importantly, and in analogy with 
monodentate ligands, no strong differences between Ra2+ and Ba2+

emerged. 

4.1.3. Experimental investigation with mono and bidentate ligands 
Following the in-silico screening of the ligand set, our subsequent 

phase involved experimental investigations into the thermodynamic 
stability of Ba2+ complexes in aqueous solutions, utilizing a represen
tative selection of monodentate and bidentate ligands. The titrations of a 
fixed amount of ligand with increasing Ba(ClO4)2 at constant pH were 
followed via NMR spectroscopy to observe the variation of non- 
exchangeable protons' chemical shift (δ) with Ba2+ concentration. The 
trend of δ as a function of Ba2+:ligand molar ratio for each 1H nucleus is 
a curve that starts at the value δL representing the free ligand, and 
reaches a plateau when the formation of [BaL](2− n)+ is complete (δBaL). 
The data can be fitted with Eq. (4) to obtain the stability constant of 
[BaL](2− n)+ complex (logβ). The equation requires the assumption of a 
speciation model (i.e., number and stoichiometry of the complexes 
present at equilibrium) before the calculation is performed. In our 
conditions, it is reasonable to assume that [BaL](2− n)+ is the only one or 
the predominant species by far. In fact, due to the large molar excess of 
Ba2+ with respect to Ln− used in the experiments (i.e., Ba2+ concentra
tion reached up to 100-fold that of Ln− at the end of each titration), it is 
unlikely that complexes with more than one ligand bound to one Ba2+

cation (e.g., [BaL2](2− 2n)+, [BaL3](2− 3n)+) occurred. Such high Ba2+

concentrations were crucial to promote complex formation due to the 
relatively low thermodynamic stability of the investigated complexes. 
On the other hand, complexes with more than one Ba2+ bound to a single 
ligand molecule (e.g., [Ba2L](4− n)+, [Ba3L](6− n)+) are very unlikely as 

well, since we dealt with mono or short bidentate ligands that very 
hardly could act as a bridge between two metal centers. 

For specific ligands (i.e., picolinate, 1,2-HOPO, 2,3-HOPO, malonate, 
salicylate, and catecholate), pH-dependent titrations of fixed amounts of 
ligand and Ba(ClO4)2 were conducted via UV–Vis or potentiometry, 
thanks to the higher stability of their complexes with respect to the other 
ligands. In these cases, either the trend of the absorbance at selected 
wavelengths vs pH, or the trend of the measured pH vs the added amount 
of base, can be fitted with appropriate softwares to determine logβ. 
Relatively high barium-to-ligand molar ratios (5- to 1000-fold) were 
employed in these cases too to promote the complexation. 

The logβ found in this work reasonably match those available in 
literature. The agreement can be considered satisfactory also consid
ering the relatively high uncertainties arising from the quite low sta
bility of the complexes (Table S3). 

Since logβ represent the experimental thermodynamic stability of 
Ba2+ complexes, their values can be compared to the computed binding 
energies for [BaL](2− n)+, even if a rigorous comparison would require to 
take into account entropic contributions as well, which are not consid
ered within the calculation of ΔE. Within this approximation, a quite 
good linear correlation (R2 = 0.77) is observed when plotting logβ as a 
function of ΔE (Fig. 8). The correlation points out a satisfactory agree
ment between the trend of logβ and the trend of theoretical ΔE across all 
the investigated ligands. These results highlight that the strongest 
binding interactions and thus the most stable Ba2+ complexes (i.e., 
higher logβ), and with a good approximation also Ra2+ complexes, are 
formed with bidentate ligands containing negatively charged, hard 
donor groups, particularly those with oxygen as donor atoms, such as 
phosphonates, carboxylates, alkyl and aryl oxides. Deprotonated pico
linic and 2-pyridylphosphonic acids may be taken as reference ligands 
since they are the building blocks of macropa, macropa-XL and macro
phospho (Fig. 1). They appear as very good candidates for the 
complexation of Ra2+ and Ba2+. However, ligands with more oxygen 
donors, such as hydroxypyridones (HOPOs), dicarboxylic acids like 
malonic acid, dihydroxide derivatives like catechol, and hybrids like 
salicylic acid, may surpass their stability. 

Lastly, conditional stability constants (logβ’) at pH 7.4 and 4 were 
calculated to take into account how the thermodynamic stability of the 
ligand-metal complex is influenced by the protonation state of the ligand 
(based on its pKa) at radiochemically relevant pH (Table S3 and Fig. 7). 
In fact, solutions for the radiolabeling of radiopharmaceuticals are 
commonly buffered at pH values between 4 and 7.4 [17,18], and addi
tionally the latter is the physiological pH: under these conditions, proton 
competition may lower the effective stability of the complexes. Logβ’ 
has the same value as logβ if the ligand is fully deprotonated at the pH of 
interest, while it decreases as a function of the protonation state ac
cording to the basicity of the ligand as H+ can compete with the 
complexation of Ba2+ (or Ra2+). Therefore, while logβ (and the corre
sponding computed ΔE) represents the thermodynamic affinity between 
ligand and metal, logβ’ values express the effective stability of the metal 
complexes at a given pH. If logβ’ values are considered, 1,2-HOPO, pi
colinate, and malonate emerge as the most promising Ba2+/Ra2+ bind
ing moieties. 

4.2. On the origin of Ra2+ and Ba2+ preference for hard donors 

To understand the origin of Ra2+ and Ba2+ pronounced preference 
for hard donors, a quantitative bonding analysis was performed on the 
complexes of selected monodentate ligands within the framework of the 
EDA scheme (Tables 3–4). Particularly, Me2O was compared to Me2S 
and Me3N to Me3P. For Ra2+ EDA was also performed on MeCOO− as a 
representative charged ligand, to account for the effect of charge on the 
binding energy. It must be pointed out that in the EDA framework the 
solvation effect is not conventionally considered. Thus, this analysis was 
performed as gas phase single point energy calculations on the geome
tries optimized in water. This approach had been previously used in the 
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literature to obtain a qualitative insight into ligand preferences for 
charged heavy metals [36,37]. To obtain the most representative 
description at our current level of theory, the metal-ligand interaction 
was investigated between radium/barium and the selected ligands (L) in 
the aquo-complexes [Ra(H2O)8L](2− n)+ and [Ba(H2O)7L](2− n)+. 

The observed trends in ΔEr align with those in ΔEint, emphasizing 
that the most favored ligand exchanges are due to the formation of the 
strongest ligand-metal interactions. Across all cases, ΔVelst term is 
consistently the strongest contribution to ligand-metal bonding, 
regardless of the atoms involved. Indeed, for all tested cases, ΔVelst ac
counts for ~50–60% of the overall stabilizing interaction. Conversely, 
ΔEoi accounts for ~30–40% of the stabilization. These results are 
consistent with a predominantly ionic bond which however includes 
also important covalent contributions. Accordingly, the two harder li
gands (i.e., Me2O and Me3N) display a more stabilizing electrostatic 
contribution than their softer counterparts (i.e., Me2S and Me3P, 
respectively). Thus, the preference of Ra2+ and Ba2+ for hard ligands 
appears to be mainly due to electrostatic factors. This result is in line 
with the qualitative trend of the Hirshfeld partial charges on the donor 
atom (Table 3). Indeed, the partial charge on oxygen is more negative 
than the sulfur one, and the partial charge on nitrogen is more negative 
than the phosphorus one. Interestingly, the stronger bond between 
Ra2+/Ba2+ and Me3N with respect to Me2O is also characterized by a 
stronger electrostatic interaction, despite oxygen having a more nega
tive partial charge than nitrogen. A careful inspection of the electrostatic 
potential reveals that, despite the less negative partial charge, the ni
trogen atom in Me3N has a more localized negative potential, while the 
potential is more evenly spread over oxygen in Me2O (Fig. 9). This 
different feature accounts for the stronger Ra-N (and Ba-N) bond with 
respect to the Ra-O (and Ba-O) one. Additionally, ΔEoi and ΔEdisp are 
also more stabilizing for Me3N with respect to Me2O. 

Although orbital interaction only plays a secondary role in bond 
stability, the most significant covalent interaction was quantified 
through the EDA-NOCV partitioning scheme. Expectedly, in all cases the 
most important covalent contribution to the metal-ligand bond comes 
from the σ-donation of the ligand to the metal (ΔEoi

(1)). This term is 

systematically associated to the single strongest contribution to each 
ΔEoi and to the strongest NOCV eigenvalue (νk) (i.e., to the most intense 
ligand-to-metal charge transfer). The absolute value of ΔEoi

(1) increases 
from Me2O to Me2S and from Me3N to Me3P, suggesting a stronger 
σ-donation capability towards Ra2+ and Ba2+ by the softer ligands. 
Nevertheless, the combined effect of all ΔEoi

(n) results in only small dif
ferences between the overall ΔEoi of harder and softer analogous li
gands. Additionally, the stronger σ-donation of Me3N with respect to 
Me2O partially contributes to its stronger binding to both metals. 

Lastly, as expected, the EDA for the charged MeCOO− ligand shows a 
very negative ΔEint, due to the strong effect of ΔVelst, which almost 
perfectly matches the value of the interaction. While this effect is very 
likely overestimated due to the lack of implicit solvation, it reinforces 
the concept of the importance of the electrostatic contribution to Ra-L 
bond formation. 

Fig. 8. Correlation between the calculated electronic binding energies (their absolute value |ΔE| is reported, kcal/mol) and the thermodynamic stability constants 
(logβ) of Ba2+ complexes. Only the ligands for which both the computational and experimental investigations were carried out are shown. Level of theory: COSMO- 
ZORA-PBE-D3/TZ2P. 

Fig. 9. Molecular electrostatic potential over Me2O (left) and Me3N (right). Red 
areas correspond to a negative electrostatic potential, while blue areas corre
spond to a positive electrostatic potential. (For interpretation of the references 
to color in this figure legend, the reader is refered to the web version of 
this article.) 
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5. Conclusions 

The use of 223Ra in nuclear medicine is the current state of the art of 
α-particle therapy but is limited to the treatment of prostate-cancer- 
derived bone metastases so far. The possibility to extend 223Ra 
employment also to TAT of non-osseous tumors is very appealing but 
still challenging, due to the absence of a carrier system able to stably 
incorporate and retain this metal in vivo. On the other hand, the use of 
barium radionuclides such as 131Ba and 135mBa is still unfamiliar in 
nuclear medicine applications, although their utilization could be 
postulated as 223Ra surrogates for imaging purposes. The development 
of chemically tailored chelators suitable for the complexation of Ra2+

and Ba2+ in vivo represents an unexplored area, also constrained by the 
limited knowledge on Ra2+ coordination preferences due the radioac
tivity of all its isotopes. In this work, a plethora of monodentate and 
bidentate ligands, which are possible candidates as pendants in macro
cyclic chelators suitable to strongly complex Ra2+ or Ba2+, were 
considered, and their interaction with both Ra2+ and Ba2+ was investi
gated theoretically and experimentally. Electronic binding energies of 
each ligand to Ra2+ and Ba2+ were calculated using a relativistic DFT- 
based protocol, while stability constants were determined for Ba2+

through a combination of thermodynamic techniques. Both approaches 
converged to reveal that these heavy alkaline earth metal cations form 
stronger interactions with ligands possessing negative charges and 
exhibiting hard donor characteristics, particularly those involving oxy
gen atoms. Notably, 1,2-HOPO, picolinate, and malonate emerged as the 
most promising candidates. Moreover, quantitative bonding analyses 
highlighted the pivotal role of electrostatic interactions in Ra2+ and 
Ba2+ preference for hard donors, with covalent contributions only 
moderately influencing bonding stability. 

These findings hold promise in guiding the strategic design of che
lators specifically tailored to meet the chemical requirements of Ra2+

and Ba2+, potentially paving the way for groundbreaking novel targeted 
223Ra/131/135mBa theranostic radiopharmaceuticals. This insight could 
significantly advance the development of novel therapies in nuclear 
medicine, extending the scope of these radiometals beyond their current 
applications. 
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