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Name of the ligands: 

H4DOTA: Tetraazacyclododecane-1,4,7,10-tetraacetic acid 

H8DOTP:1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetra(methylene 

phosphonic acid) 

H3HP-DO3A: 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triacetic acid 

H2C-Me-DO2PA: 6,6'-((4,10-dimethyl-2-(4-nitrobenzyl)-1,4,7,10-

tetraazacyclododecane-1,7-diyl)bis(methylene))dipicolinic acid 

H53p-C-DEPA: 2,2',2''-(10-(2-(bis(carboxymethyl)amino)-5-

phenylpentyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 

H5PEPA: 2,2',2'',2''',2''''-(2-(4-nitrophenyl)-1,4,7,10,13-

pentaazacyclopentadecane-1,4,7,10,13-pentayl)pentaacetic acid 

H5DTPA: diethylene-triamine-N,N,N’,N”N”-pentaacetic acid 

H3HEDTA: 2,2′,2′′,2′′′-(Ethane-1,2-diyldinitrilo)tetraacetic acid 

H5C-DTPA: 2,2'-((2-((2-(bis(carboxymethyl)amino)-3-(4-

nitrophenyl)propyl)(carboxymethyl)amino)ethyl)azanediyl)diacetic acid 

H5p-NO2-Bn-CHX-A"-DTPA: 2,2'-(((1S,2S)-2-((2-

(bis(carboxymethyl)amino)-3-(4-

nitrophenyl)propyl)(carboxymethyl)amino)cyclohexyl)azanediyl)diacetic 

acid 

H51B4M-DTPA: 2,2'-((1-((2-(bis(carboxymethyl)amino)-3-(4-

nitrophenyl)propyl)(carboxymethyl)amino)propan-2-

yl)azanediyl)diacetic acid 

H4neunpa: 6,6'-(((((4-nitrophenethyl)azanediyl)bis(ethane-2,1-

diyl))bis((carboxymethyl)azanediyl))bis(methylene))dipicolinic acid 

H3C-NE3TA: 2,2'-(7-(2-((carboxymethyl)amino)-5-(4-

nitrophenyl)pentyl)-1,4,7-triazonane-1,4-diyl)diacetic acid 
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H43p-C-NETA: 2,2'-((1-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)-

5-(4-nitrophenyl)pentan-2-yl)azanediyl)diacetic acid 

H4AAZTA: 6-amino-6-methylperhydro-1,4-diazepine -N,N’,N’’,N’’-

tetraacetic acid 

H4AAZTA-C4-COOH: 2,2'-((1,4-bis(carboxymethyl)-6-(3-

carboxypropyl)-1,4-diazepan-6-yl)azanediyl)diacetic acid 

AAZTA-TATE: AAZTA-[Tyr3]-Octreotate 

H3NTA: nitrilotriacetic acid 
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MRI: Magnetic Resonance Imaging 
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TAT: Targeted Alpha Therapy  
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LET: Linear Energy Transfer 
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FDA: Food and Drug Administration 
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CZE: Capillary Zone Electrophoresis 

DMSO: Dimethyl Sulfoxide 

NMP: N-methyl-piperazine 
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I. Introduction 

Bismuth is the heaviest element in the Group of 15 in the periodic 

table with atomic number is 83 and relative mass of 209. Its first written 

mention dates from Valentius Basilius in 1450. The name of metallic 

element comes from the German Wismut word. Wismut means white metal. 

The name of the element was changed from Wismut to bisemutum by 

German scientist Bauer in XVI century[1]. 

Bismuth is commonly used in metal industry (e. g. Wood metal), 

metallurgical application and medicine. Bismuth has not known biological 

role in nature, nevertheless application of bismuth containing medicines 

dates back centuries. 

Bismuth was used as treatment of different disorders or war wounds 

in medicine. Since 1901 Pepto-Bismol (bismuth subsalicylate, BSS) is 

used in the treatment of gastritis and dyspepsia. There are some other 

bismuth based medicines (e.g. De-Nol, colloidal bismuth subcitrate, CBS 

and Pylorid, ranitidine bismuth subcitrate, RBC), which are applied for the 

treatment of H. pylori and ulcers[2].  

 Nowadays the modern healthcare is not conceivable without usage 

of radioisotopes in medical diagnosis and therapy. Among the 

radioisotope-based imaging modalities the Positron Emission 

Tomography (PET) is the most sensitive molecular imaging technique. 

During the PET examinations there is a delivery of the compound labeled 

with a short-lived positron emitting (+) radionuclide, which is an active 

participant in various biochemical and biophysical processes. The positron 

(+) emitted by the radionuclide of the labeled molecule annihilates upon 
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encountering with an electron followed by the generation of two γ-photons 

(released at 180° relative to each other). The signal requires the 

simultaneous detection of both γ-photons by the ring shaped detectors (γ-

cameras), which indicates the distribution and the accumulation of the 

radioisotope in the cross-sectional planes. By recording the two-

dimensional image of several cross-section planes, three-dimensional PET 

image of the whole body can be created by the suitable image software. 

The most commonly used isotopes are 11C (methionine), 13N (ammonia), 

15O (butyl alcohol) and 18F (fluorodeoxyglucose)[3]. Another imaging 

technique with the application of γ-photon emitting radioisotpes is Single-

Photon Emission Computed Tomography (SPECT). Isotopes suitable for 

SPECT experiments should emit γ-photon with an energy greater than 70 

keV in order to obtain detectable radiation outside the body. By 

considering this criteria isotopes suitable for SPECT applications are 99mTc 

(γ, t1/2 = 6.0 hour), 111In (γ, t1/2 = 2.8 days) 201Tl (γ, t1/2 = 73.5 hour)[4]. 

Bismuth and its isotopes have been proposed for the application in 

computed tomography (209Bi)[5], single-photon emission computed 

tomography (213Bi)[6] and multimodal imaging purposes (the quadruple 

209Bi isotope may serve a relaxation enhancing agent in magnetic 

resonance imaging (MRI) and photoacoustic imaging) [7],[8]. On the other 

hand bismuth has two important α-emitter isotopes 212Bi and 213Bi which 

have been proposed for Targeted Alpha Therapy (TAT) [9],[10]. Recently 

there is a growing interest for TAT application of 212Bi (- : 64 %; : 36%, 

t1/2=60.6 min) and 213Bi (- : 98 %; : 2 %, t1/2=45.6 min) due to the 

availability of both isotopes through commercial benchtop generators 

(212Pb/212Bi and 225Ac/213Bi). Moreover, 212Pb can also serve as an in vivo 

generator of 212Bi in TAT application (212Pb: -, t1/2=10.6 h). The in vivo 
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application of 212/213Bi isotopes requires thermodynamically stable and 

kinetically inert complexes at physiological conditions (being stable in 

competitive biological media where several endogenous ligands and metal 

ions are present). These requirements are generally fulfilled by the the 

tetraaza macrocyclic DOTA ligand, the triaza open-chain DTPA ligands 

and their derivatives. However, the physico-chemical properties of Bi(III) 

complexes have attracted only moderate interest, which is probably related 

to the difficulties arising during the studies of the Bi(III) complexes in 

solution owing to its strong tendency to hydrolyze (Bi3+(aq) ion is present 

only in strongly acidic solutions, and some [Bi(OH)]2+ is formed even in 

1.0 M HClO4 solution)[11]. 

In our work, we aimed to explore the equilibrium, formation, and 

dissociation kinetic properties of some Bi(III) complexes proposed for 

diagnostic and therapeutic applications.  

The core aims of this work are summarized below: 

• Characterization of equilibrium, formation and dissociation kinetic 

properties of [Bi(DOTA)]- and [Bi(DOTP)]5- complexes.  

• Study of structural feature of [Bi(DOTP)]5- complex in solution  

• Optimization of the radiolabeling procedure of H4DOTA with 

213Bi(III) isotope. 

• Exploring the thermodynamic and kinetic properties of 

[Bi(AAZTA)]- , [Bi(AAZTA-C4-COO-)]2- and [Bi(AAZTA-C4-

TATE)]- complexes. 

• Investigation of the structural properties of [Bi(AAZTA)]- and 

[Bi(AAZTA-C4-COO-)]2- complexes in solution and in solid state. 

• Radiolabeling of AAZTA-C4-TATE with 205/206Bi 
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• Ex vivo and in vivo biodistribution studies of the 

[205/206Bi][Bi(AAZTA-C4-TATE)]- conjugate in animal models. 

II. Literature overview 

II.1. Chemistry of bismuth 

Bismuth is a rare element in the Earth’s crust (0.008 ppm). It is 

accumulated in oxide and sulphide ores mostly. Few bismuth-based 

minerals exist only (e.g. bismite Bi2O3, bismuthinite Bi2S3 and bismuthin 

(BiO)2CO3. In elemental state bismuth can also be found in the nature. 

However, this form of bismuth is very rare. It is commonly obtained as by-

product of the zinc, lead and copper mining[1]. The occurrence of bismuth 

similar to gold and platinum[12]. Bismuth is monoisotopic element 

(natural abundance of 209Bi is 100%). Bismuth is radioactive with 

extremely long half-life (t1/2= 9 × 10 19 years) which is even longer than the 

age of the universe. The colour of bismuth in elemental form is grey or 

white, and it is a brittle metal under normal conditions. The surface of the 

element is generally covered by an oxide layer caused by air oxidation, 

giving it a nice multicoloured sheen. It has low melting and boiling point 

(mp: 271°C bp: 1564°C) and high density (9.78 g/cm3). It is one of the 

three elements (along with Ga and Ge) for which an increase of its volume 

is observed during the solidification of its melt [1]. It is unique among 

metals because it has the lowest thermal conductivity, the highest Hall 

effect and it is the most diamagnetic element[13]. The common oxidation 

state of bismuth is +3 (Bi(III)) and +5 (Bi(V)) due to 6s26p3 electronic 

configuration of the valence shell. According to the inert-pair effect[14] 

the most common oxidation state of bismuth is +3.  
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Only few inorganic salts are known with bismuth in +5 oxidation state (e.g. 

BiF5 and NaBiO3 which are strong oxidizing agents). Bi reacts with 

halogens (X2) by froming BiX3 and BiX5 if X=F, and burns in air (O2) to 

produce Bi2O3. It also reacts with sulphuric acid, nitric acid and 

concentrated hydrochloric acid giving the related bismuth(III) salts. 

According to the Persons’s hard-soft acid and base theory, Bi(III) is a 

borderline or ,,soft” metal ion. It has a very strong tendency to hydrolyse 

in aqueous solution. 

                   𝑥 𝐵𝑖3+ + 𝑦𝐻2𝑂 ⇌  [𝐵𝑖𝑥(𝑂𝐻)𝑦]
𝑦−3

+ 𝑦 𝐻+               II.1.1 

𝛽𝑥𝑦 =
[𝐵𝑖𝑥(𝑂𝐻)𝑦]

[𝐵𝑖3+]𝑥[𝑂𝐻−]𝑦
 

where log11=-1.1; log12=-4.0; log13=-8.9; log14=-21.8, 

log6,12=0.33[15].   

The coordination number of the trivalent Bi(III) ion spans from 3 

to 10. Structure of Bi(III) compounds varies  from pyramidal (CN: 3), 

through octahedral (CN: 6, [Bi6O4OH)4]
6+), bicapped trigonal prism (CN: 

8, [Bi(HEDTA)]·2H2O) and square antiprism ([Bi(NTA)2]
3-, 

[Bi(DOTA)])[16], [17] to tricapped trigonal prism (CN: 9, [Bi(H2O)9]
+3) 

[18]. The [Bi(H2O)9]
3+ exists only in very acidic solution. This is why, 

[Bi(OH)2]
+ known to form even in very acidic solutions (even in 1M 

HClO4) due to its strong tendency to hydrolize[11]. The structure of 

[Bi(H2O)9]
3+ cation is tricapped trigonal prismatic where the bismuth is 

coordinated by nine water molecules with 2.448 - 2.577Å Bi-O distances. 

In the hydrolysis of Bi(III) ion monomeric [BiO+] and polymeric cations 

such as [Bi6O4(OH)4]
+4 are formed all the time before the precipitation of 

Bi(OH)3[19]. The structure of the [Bi6O4(OH)4]
+4 cation has been 

investigated by X-ray diffraction studies[20]. The obtained crystal 
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structure shows that the six Bi(III) ions are placed at the apices of an 

octahedron in non-bonding distances and the octahedron is face-capped by 

OH- and O2- with the formation of Bi-O-Bi bridges[21]. 

The strong interaction with heavier halides indicates the ,,softness” 

of Bi(III) ion. Bi(III) forms BiX3 trihalides with all halogen anions (X=F-, 

Cl-, Br- and I-) except for F- which can produce BiF5 pentahalide. All the 

trihalides have trigonal pyramidal structure in vapour phase. Preparation of 

the halides is possible by direct reaction of the elements at high 

temperature. 

All of the BiX3 trihalides hydrolyze in water by producig BiOX species 

[22].  

BiX3 + H2O ⇌  BiOX + 2 HX                             II.1.2 

The resulting BiOX is insoluble in water, but the high concentration of HX 

results in the reformation of the water soluble BiX3 according to Eq. 

(II.1.2). The trihalides form donor-acceptor complexes with ethers e.g. fac-

[BiCl3(THF)3], halides e.g. [BiI6]
3- because these ligands are Lewis acids 

[22]. When the trihalides react with halide anions polynuclear halide 

anionic complex species of different structures are formed. The most 

polynuclear halide anionic complexes are binuclear (e.g. [Bi2X8]
2-, 

[Bi2X9]
3-, [Bi2X10]

4- and [Bi2X11]
5-). The [Bi2X8]

2- anion has square 

pyramidal structure, this is the rarest coordination type among the Bi(III) 

complexes. The structure of the other Bi2Xx complexes is composed by 

octahedral units (e.g. two {BiX6} moiety share a common face with three 

binding X ligands in [Bi2X9]
3-). Besides these, there are several polynuclear 

halide anionic complex with tri-, tetra-, penta-, hexa-, hepta- and 

octanuclear species (e.g. [Bi3I12]
2-, [Bi4Cl18]

6-, [Bi5I19]
4-, [Bi6I22]

4-, 

[Bi7I24]
3- and [Bi8I28]

4-) [23]. 
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Bismuth in its +5 oxidation state is a very strong oxidizing agent in aqueous 

solution. The potential of Bi(V)/Bi(III) redox couple is E°=2.03V, which 

is able to liberate Cl2 from hydrochloric acid. Moerover, Bi(V) can oxidize 

Mn(II) to MnO4
- in acidic solution used in the qualitative analytical 

chemistry to detect Mn(II) ion. 

Only a few Bi(V) containing species are known (e.g. BiF5, [BiF6]
- and 

Bi2O5). The most common Bi(V) salt is the NaBiO3 (sodium bismuthate). 

It is an orange solid possessing poor solubility in water. It is made by 

heating Na2O2 and Bi2O3 mixture or melt NaOH and Bi2O3 suspension 

oxidized by bromine[22]. In organic and analytical chemistry NaBiO3 is 

frequently used as oxidizing agent and to quantify manganese. One of its 

specific applications belongs to the oxidative cleavage of α-hydroxy 

ketones[24]. Zn(BiO3)2 is another bismuthate salt, which is used for the 

oxidation of alcohols to ketones, thiols to disulphides and thioethers to 

sulfoxides[25]. 

II.2. Medical applications of bismuth 

The first medical application of bismuth compounds was made by 

Louis Odier for a treatment of dyspepsia in 1786. Bismuth compounds are 

widely used for the treatment of different microbial infection such as 

wound infections, syphilis, quartan malaria and colitis[26] but the most 

important medical applications of bismuth compounds are linked to the 

treatment of gastrointestinal disorders and ulcers. The medical use of these 

drugs is related to the inhibition of the Helicobacter pylori (slow-growing, 

micro-aerophilic, spiral shaped, gram-negative bacterium) which can 

prevent ulcers from healing[26]–[28]. Approximately about half of the 

world’s population is infected with Helicobacter pylori. However, the 
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majority of infected people (< 80%) do not develop any associated 

diseases[29]. 

The bismuth subsalicylate (BiOC7H5O3, BSS, Pepto–Bismol) is 

preferred for the rapid treatment of heartburn, upset stomach, indigestion, 

diarrhoea and nausea. Another type of bismuth containing drugs are based 

on Bi(III)-citrate complexes such as ranitidine bismuth citrate (RBC, Tritec 

and Pylorid, GSK, C19H27N4O10SBi), and colloidal bismuth subcitrate 

(CBS, De–Nol; Gist Brocades and Yamanouchi, 

K3(NH4)2[Bi6O3(OH)5(C6H5O7)4) which is used around the globe to treat 

different type of gastrointestinal diseases, caused by the Helicobacter 

pylori infection[30, o. 34], [31, o. 77], [32, o. 50].  

There is a growing interest in other Bi(III)-containing 

antibacterial/antifungal agents. Thiosemicarbazones have anti-parasitic, 

anti-bacterial and anti-cancer properties. Lessa and co-workers described 

some of Bi(III)-thiosemicarbazones ([Bi(2Ac4Ph)(dmso)Cl2] H2Ac4Ph= 

1-(pyridine-2-yl)ethenone-4-phenyltiosemicarbazone)) and -bis 

(thiosemicarbazone)) complexes as a potential anti-bacterial agents[33]. 

The antibacterial activity of these complexes were better than those of the 

free ligands against the Gram-positive bacteria such as Enterococcus 

faecalis, Staphylococcus aureus and Staphylococcus epidermidis [2]. The 

anti-fungal activity of Bi(III)-hydrazone complex [Bi(HAcPh)Cl2], 

HAcPh: 2,6-diacetylpiridine bis(benzoylhydrazone)) is better than that of 

the Sb(III) analogue or that of the well-known anti-fungal agent 

fluconazole[34]. Turel and co-workers developed the Bi(III)-based 

ciprofloxacin derivatives, which is a second generation fluoroquinolone 

antibiotics against antimicrobial resistant bacteria[35], [36].  
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Bi(III) complexes play also an important role as contrast agents in 

several imaging modalities. [Bi(DTPA)]2− was recently proposed as a 

computed tomography contrast agent with improved efficiency and 

reduced toxicity as compared to classical iodinated agents[7]. Recently, 

Bi(III) complexes have also been proposed as quadrupolar relaxation 

enhancement agent (QRE) in Magentic Resonance Imaging (MRI) due to 

the high quadrupolar moment of Bi(III) ion. Quadrupolar nuclei can also 

shorten the bulk solvent T1 relaxation time and the given relaxation 

phenomena was utilized recently while proposing a new class of MRI 

contrast agents (CAs) [37], [38]. QRE takes place by the couple of the 

quadrupole moments of the nucleus and the nucleus with I=1/2 spin (for 

instance 1H) via a dipole–dipole interaction. The loss of 1H magnetisation 

takes place by time independent dipole–dipole coupling between the 1H 

spins and the quadrupolar nucleus while time dependent fluctuating 

dipole–dipole interactions generate the QRE. In the literature 14N- and 

209Bi(III)-based systems were proposed for QRE applications[39]. 

II.3.  Alpha Radiotherapy 

Medical application of radioisotopes for therapy has a very long history. 

The discovery of alpha emitting 226Ra isotope by Pierre and Marie Salomea 

Skłodowska–Curie in 1898 was rapidly followed by the application of 

226Ra in the therapy of skin lesions in 1901. Alpha decay is a type of 

radioactive decay in which an atomic nucleus emits an alpha particle and 

thereby transforms or 'decays' into a different atomic nucleus, with a mass 

number that is reduced by four and an atomic number that is reduced by 

two. Alpha radiation occurs when the nucleus of an atom becomes unstable 

(the ratio of neutrons to protons is too low) and alpha particles are emitted 

to restore balance. Alpha decay occurs in elements with high atomic 
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numbers, such as uranium, radium, and thorium. In alpha decay, a 

positively charged particle, identical to the nucleus of 4He, is emitted 

spontaneously. This particle, also known as an alpha particle, consists of 

two protons and two neutrons.  

Since an alpha particle is more massive than other forms of 

radioactive decay, it can be stopped by a sheet of paper and cannot 

penetrate the human skin. A 4 MeV alpha particle can only travel about 

2.54 cm through the air. Indeed, alpha radiation has the lowest penetrating 

power compared to other types of radiation. Alpha particles are highly 

ionising (high energy) because of their double positive charge, large mass 

(compared to a beta particle) and therefore they are relatively slow. In 

contrary, beta particles are much smaller than alpha particles and, that is 

why they have much less ionizing power (less ability to damage tissue), 

but owing to their small size their penetration power is greater. 

The different physical properties of  vs. - particles offer various 

options for personalized medicine and endoradiotherapy. Both  and - 

radiations can be employed for targeted radiotherapy, though the first one 

is not commercial yet. The primary benefit of targeted alpha particle 

therapy is the ability to deliver radiation in a highly localized manner. 

Typical alpha particles have a range of only a few cell diameters (50-90 

μm). Thus, if delivery to cancerous cells is achieved, there is lower risk of 

healthy cells being affected by the radiation “crossfire”. The linear energy 

transfer (LET) of alpha particles, approximately 25-230 keV/μm, is about 

100 to 1000 times greater than the average LET of beta particles[40]. The 

higher LET of alpha particles results in a greater potential for biologic 

damage as compared to beta particles. DNA double strand breaks are 

considered the major clinically relevant lesions caused by alpha particle 



11 

 

radiation[41]. The double strand breaks created by alpha particle radiation 

have been found to be highly complex, more resistant to normal repair, and 

thus more genotoxic than double strand breaks caused by other modalities. 

However, the downside of this lethality is a higher toxicity, if the emitters 

are not precisely localised inside the tumours. This can be caused by off-

target localisation of the targeted radiopharmaceutical, or by radiation from 

daughter radionuclides released by the recoil energy. These phenomena 

need to be minimised by proper selection and optimization of the 

target/probe pair and by careful selection of a radionuclides with suitable 

radiochemical properties. In fact, upon α-emission, recoil energy imparted 

to the daughter (~100 keV) is about 1000 times higher than the binding 

energy of any chemical bond, resulting in the daughter’s release. 

Among the alpha emitter isotopes only six (227Th, 225Ac, 223Ra, 

212/213Bi, 211At, 149Tb) have been considered for clinical applications up to 

now [30]. Main radiochemical properties of the alpha emitter radioisotopes 

(half-life, decay scheme, energy, recoil energy and daughter isotopes) 

proposed for clinical applications are shown in II.3.1 Table[42].  

II.3.1. Table. Radiochemical properties of the alpha-emitters proposed for TAT 

Isotopes 
Half-

lives 

Main 

emissions 

Energy 

(MeV) 

Energy 

recoil 

(keV) 

Daughters 

227Th 18.7 d  6 – 223Ra 

Ac 10.0 d  5.8 – 221Fr 

223Ra 11.4 d  5.7 108.4 219Rn 

213Bi 45.6 m  6 132 213Po 

  β- 0.444  209Tl 

   0.440  209Pb 
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212Bi 60.6 m  6.1 – 212Po 

  β- –  208Tl 

211At 7.2 h  5.9 116 207Bi 

  EC   211Po 

 

Among the alpha emitter isotopes native 223Ra cation is the only one, which 

is approved by FDA [223Ra]RaCl2 (Xofigo®, Bayer) for the treatment of 

symptomatic bone metastases from castration-resistant prostate 

cancer[43]. On the other hand, the weak -emission from 223Ra (1.1%) 

allows a quick dosimetric evaluation of the absorbed dose. Nowadays 

225Ac, 212/213Bi and 211At alpha emitters are under intense scrutiny for the 

development of targeted alpha therapeutics[44]. 

II.4. Production of the bismuth isotopes 

Bismuth has 41 isotopes from A=184-224. 209Bi isotope can be considered 

as stable (it has very long half-life t ½ = 1.9 × 10 19 years) while the 

remaining 40 isotopes are unstable and suffer radioactive decay. The 

unstable isotopes of Bi have different decay mode (e.g. , β+, β- and α). The 

α emitter isotopes 212/213Bi are the most important in the clinical 

application. In the decay chain of 229Th, 213Bi is formed as a daughter 

radionuclide of 215Ac (Figure II.4.1), it has a short half-life (t½ = 45.6 min) 

and emits high-energy (8 MeV) α particles. The range of the α particles is 

50-80μm in tissue. Worldwide there are three places where 229Th is 

produced: Directorate for Nuclear Safety and Security of the JRC of the 

European Commission in Karlsruhe, Germany[31], Oak Ridge National 

Laboratory (ORNL) USA[45], and the Institute of Physics and Power 

Engineering (IPPE) in Obninsk, Russia.  
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Figure II.4.1. Decay chain of 229Th 

Since 1990s, the main production of 225Ac takes place by the 

radiochemical extraction. Amount of the 225Ac produced by radiochemical 

extraction is approximately 55-65 GBq[31]. 213Bi is generally produced 

with 225Ac/213Bi generators. Many types of generators were designed 

worldwide[32] and these generators are well known and explored. In the 

frequently used generators, 225Ac is bound to the cation exchange resin, 

which is eluted from time to time using diluted acids (e.g. 0.1 M solution 

of HCl or 0.1 M HCl/0.1 M NaI mixture etc.) in order to obtain 213Bi 

isotope.  

In the automated PNNL generator (commercialized by Pacific Northwest 

National Laboratory), 225Ac is fixed on AG MP 50 cation exchange resin 

and the 213Bi is eluted by 0.1 M HCl solution. Further purification of the 

elute from 225Ac is performed by anion exchange resin which is able to 

absorbe 213Bi isotope in the form of [213Bi][BiXx]
(x-3)- complexes. The resin 

gets washed with 0.5M HCl solution to remove the traces of 225Ac, which 
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is followed by the elution of 213Bi with sodium-acetate (NaOAc) buffer 

solution (4M) (pH 4.0-5.5). 

Generator produced by MSKCC (Memorial Sloan-Kettering 

Cancer Center) based on its setup is very similar to that of PNNL. The 

acidic solution of 225Ac is loaded to the analytical-grade macroporous 

cation-exchange resin (AGMP-50). The small plug of acid-washed glass 

wool is applied on top of the 225Ac-loaded resin followed by 25 mg of clean 

resin[30]. The 213Bi isotope is eluated with mixture of 0.1M NaI and 0.1M 

HCl in [213Bi][BiIx]
3-x (where x is 4,5 and 6) form. The given form can be 

used directly during the radiolabeling experiments. Owing to the transient 

equilibrium these generators can be milked every three hours[46]. The 

generators that have high activity (up to 4 GBq 225Ac) and are developed 

at JRC Karlsruhe yields 213Bi elution exceeding 80% and with low 

breakthrough of 225Ac (less than 0.2 ppm) [46]. Due to the relatively long 

half-life of the 225Ac, these generators can be used for 3-4 weeks in a 

clinical practice. Moreover, the long half-life of 225Ac allows for the 

shipment of the generator to places of application at long distance.  

At the present time the global supply of the 225Ac obtained from 

229Th is still inadequate for widespread consumption of the 225Ac and 213Bi-

labeled compounds in the radiotherapy. As a result, alternative methods for 

a production of 225Ac have been investigated by considering the irradiation 

of 226Ra targets with gamma-rays, deuterons and protons, the spallation of 

232Th or natural U targets with highly energetic protons[47]. 

The 212Bi (t1/2=60.6 min) is formed from 224Ra (t1/2=3.6 days) in the decay 

chain of 228Th (t1/2=1.9 years)[48] (Figure II.4.2). 228Th is available by 

228Ra from 232Th or from 232U. Due to the difficulties of natural 228Ra 

separation form 232Th it must be processed on the scale of thousands of kilo 
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in order to obtain sufficient quantities. 228Th also can be produced from 

consecutive neutron capture and β- decay of 226Ra[49]. 

 

Figure II.4.2. Decay chain of 228Th 

During the production of 212Bi isotope the 228Th dissolved in 8 N 

HNO3 solution passing through an anion-exchange resin, which retains 

Th(IV), while the 224Ra2+ and its daughter elements are coeluted. In the 

preparation of the generator the 224Ra isotope is loaded to the cation-

exchange resin and 212Bi can be eluted with the use of 0.5-2.0 M HCl or HI 

solution. By the application of less acidic eluent, the elution of 212Pb can 

be minimized, nevertheless both radionuclides are frequently coeluted and 

labeled in transient equilibrium[50]–[52]. 

Westrøm et al. prepared a 228Th/224Ra generator based on thorium. 

In this case, 228Th was loaded on a DIPEX (Eichrom) actinide resin. The 

dauther element 224Ra could be eluated regularly from the generator by 

using 1 M hydrochloric acid[53].  

Another very interesting way for the production of 212Bi takes place 

by its separation from the gaseous or aqueous 220Rn. Radon is easily 
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removed because it is solubility (460 ml/dm3 at 0°C).  However, these 

methods have not been further explored due to the limited availability of 

228Th [27], [54]–[56]. The 208Tl (daughter element of 212Bi), emits high-

energy (2.6 MeV) gamma photons which require the shielding of the 

medical staff. It may limit the clinical applicability of 212Bi, whereas 213Bi 

is a preferred radioisotope and it has a high potential for TAT applications 

[27]. 

 

II.5.  Selected 212/213Bi(III) chelators 

Radiometals play an important role in the diagnoses of physiological 

processes in vivo by imaging techniques, but they also contribute to the 

treatment of diseases. Only in very few cases, the radiometals are applied 

as cations: 82Rb and 201Tl used for myocardial imaging, 89Sr and 223Ra are 

applied for the treatment of bone metastases. Thus, the use of metal ion-

based radioisotopes implies the use of their corresponding complexes 

formed with sutable ligands. Most of the trivalent, but also some divalent 

and tetravalent radiometals utilize amino-polycarboxylate and 

polyphosphonate ligands to coordinate the metal cation. The radiometal 

complexes must be characterized by several requirements for therapeutic 

applications such as: high thermodynamic stability, kinetic inertness, fast 

formation, slow dissociation, availability, low cost and easy conjugation to 

the targeting vectors (through bifunctional ligands). By considering the 

thermodynamic stability and kinetic inertness of the resulting complexes 

acyclic DTPA and macrocyclic DOTA, NOTA and their derivatives have 

been proposed for the chelation of 212/213Bi isotopes. 

DTPA forms a very stable complex with Bi(III) ion (logKBi(DTPA)=33.9 – 

35.2). However, the early in vivo studies revealed the low inertness of 
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[212/213Bi][Bi(DTPA)]2- , which resulted in the accumulation of the released 

(free) 212/213Bi isotope in kidneys. Therefore, [212/213Bi][Bi(CHX-A’’-

DTPA)]2- has been proposed for targeted applications due to its similar 

stability (logKBi(CHX-A’’-DTPA)=34.9 – 35.6) and condsiderably enhanced 

inertness[57]. Crystal structure of [Bi(CHX-A’’-DTPA)]2- revealed the 

coordination of Bi(III) ion by three N and five carboxylate -O- donor atoms 

in square antiprismatic coordination geometry. The similar Bi − O (2.4−2.5 

Å) and Bi − N bond lengths (2.5−2.6 Å) are in line with the softer character 

of the Bi(III) ion as compared to the bonding preferences of harder metal 

ions such as Y(III) and Lu(III). The rigid cyclohexyl moiety embedded in 

the backbone of CHX-A”-DTPA chelator resulted in a slower 213Bi 

labeling compared to DTPA[58]. In vivo studies of the 206Bi labeled DTPA, 

1B4M-DTPA and CHX-A’’-DTPA confirmed the significantly lower 

kidney uptake evidenced for [206Bi][Bi(1B4M-DTPA)]2- and 

[206Bi][Bi(CHX-A’’-DTPA)]2- complexes, which can be explained by their 

improved kinetic inertness due to the increase in the rigidity of the ligands. 

Despite of the kidney uptake, [213Bi][Bi(CHX-A’’-DTPA)]2- is commonly 

used for targeted application due to the widespread availability of CHX-

A’’-DTPA  [59], [60].  

NEUNPA ligand is a DTPA analogue bearing two picolinic acid (PA) 

pendant arms attached to the terminal N atoms. The stability constant of 

the Bi(III) complex (logKBiL = 28.8) is lower than that of DTPA and DOTA 

complexes. However, the conditional stability of the [Bi(NEUNPA)]- is 

similar to that of [Bi(DOTA)]- [57] 

DOTA can be regarded as “gold standard” chelator of 212/213Bi isotopes. 

Several studies reveal the stability of [213Bi]Bi(DOTA)-bioconjugates for 

at least two hours in vivo and in vitro experiments [51][52]. Based on the X-
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ray diffraction studies of [Bi(DOTA)]- the Bi(III) ion is wrapped around 

by four ring-N and four carboxylate-O donor atoms in square antiprismatic 

geometry[16]. Because of the soft Lewis acid character of Bi(III) ion, the 

given metal ion is more deeply penetrated inside the cage of macrocyclic 

ligand than the smaller and harder Lu(III). In spite of the high 

thermodynamic stability of [Bi(DOTA)]- (logKBiL= 30.3)[16] the ligand 

has numerous drawbacks for the complexation of 213Bi. The quantitative 

radiolabeling of DOTA with 213Bi requires high temperature (e.g. 95°C at 

pH=4.0 ) longer reaction times (e.g. 30 – 60 min), and high DOTA 

concentration (10 μM), which is about 10 times higher than that of CHX-

A”-DTPA (1 M) for a similar radiolabeling yield [63]. Since 213Bi is a 

short-lived isotope, the fast radiolabeling is crucial. However, the 

formation rate of [212/213Bi][Bi(DOTA)]- is very low resulting in a 

significant loss of radioactivity during the 18abelled18. Furthermore, the 

high temperature is not suitable for heat-sensitive DOTA-bioconjugates 

because it may cause denaturation of the biological vector molecules.  

Preclinical test was performed for some peptide bioconjugates. For 

instance [213Bi]Bi(DOTA-TOC) has been shown to be effective in 

controlling the growth of small tumors and shows a dose-dependent 

response in large tumors over 20 days on STT receptor-expressing 

pancreatic tumors[64].  

[213Bi]Bi(DOTA-TATE) was tested in mice with pancreatic cancer 

(AR42J). The result has been reported by Chan et al[65]–[67]. 

Interestingly, preinjection of L-lysine was able to improve the kidney 

depuration and led to decreased renal dose during the [213Bi]Bi(DOTA-

TATE) treatments. A separate study investigated the influence of tumor 

size on the efficacy of [213Bi]Bi(DOTA-TATE) treatment and it was shown 
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that smaller tumors generally received higher doses compared to large 

tumors (both for H69 and CA20948 cell lines). 

[213Bi]Bi(PSMA-617) is promising candidate for the treatment of 

metastatic castration-resistant prostate cancer based on the results 

evidenced in a patient receiving a total dose of 592 MBq (in two cycles). 

After 11 months no accumulation of [68Ga]Ga(PSMA-617) used to monitor 

the therapeutical treatment was foud by  PET/CT in cancerous regions [68]. 

PEPA is a 15 membered decadentate macrocyclic ligand possessing five 

ring N and five carboxylate O- donor atoms. Comparison of the 

[205,206Bi][Bi(B3-PEPA)]2- with [213Bi][Bi(CHX-A’’-DTPA)]2- reveals 

lower tumor and higher kidney uptake of [205,206Bi][Bi(B3-PEPA)]2-, which 

in turn seriously questions the suitability of PEPA ligand for the chelation 

of Bi(III) ion [69]. 

Me-DO2PA is cyclen derivative ligand possessing two picolinic acid (PA) 

pendant arms and two methyl groups. According to the detailed physico-

chemical studies [Bi(Me-DO2PA]+ is characterized by somewhat higher 

stability constants (logKBiL=34.2)[70] and kinetic inertness comparable to 

that of [Bi(DOTA)]-. Moreover, the serum stability test confirmed the 

presence of the intact [213Bi][Bi(Me-DO2PA)]+ complex for at least 2 

hours. 

NEPA and DEPA are NOTA and DOTA derivative ligands possessing 

animino-diacetate moiety linked via ethylene bridge to one of the 

macrocyclic nitrogen atoms. These ligands are promising chelators for α 

and β- emitters such as 90Y, 177Lu, 206Bi, 207Bi, 213Bi, and 212Pb[71], [72]. A 

common feature of these ligands is the combination of the macrocyclic 

NOTA and DOTA with the flexible imino-diacetate moiety which can 

accelerate the formation of the thermodynamically stable and inert 
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radiocomplexes [63], [72]. Moreover, the radiochemical studies reveal that 

the20abelled20 of it’s a bifunctional version 3p-C-NETA with 213Bi 

isotope takes place in quantitative yield at room temperature in the 

presence of low chelate concentration (≥1.5μM). In vivo experiments show 

lower dissociation of [205/206Bi]Bi(NETA) derivatives than 

[205/206Bi][Bi(CHX-A′′-DTPA)]2-. Interestingly,20abelled20nision of the 

kidney uptake revealed significantly lower accumulation of the seven-

coordinated [205/206Bi]Bi(C-NE3TA)]- than that observed for the eight 

coordinated [205/206Bi][Bi(C-NETA)]- in nontumor-bearing mice [63], [73]. 

205/206Bi labeled 3p-C-NETA-trastuzumab shows remarkable tumor 

accumulation without increasing kidney uptake in mice bearing 

subcutaneous tumors [74]. Radiochemical studies of [205/206Bi]Bi(DEPA) 

derivatives indicate that the [205/206Bi]Bi(DEPA-trastuzumab) complex 

remained completely intact, whereas 23% of [205/206Bi]Bi(DTPA-

trastuzumab) dissociated after 72 h in human serum[75]. Moreover, 

[205/206Bi]Bi(3p-C-DEPA-trastuzumab) also showed remarkable tumor 

uptake in LS-174T tumor-bearing mice. 

  



21 

 

III. Experimental section 

III.1.  Materials 

The chemicals used for the experiments were of analytical grade. 

Bi(ClO4)3 solution was prepared by dissolving Bi2O3 (99.9%, Fluka) in 6 

M HClO4. The concentration of the Bi(ClO4)3 solution was determined by 

complexometric titration with a standardized Na2H2EDTA solution and 

xylenol orange as indicator at pH=1. The H+ concentration of the Bi(ClO4)3 

solution was determined by using pH potentiometric titration in the 

presence of two fold excess of Na2H2EDTA. 

H4DOTA, H5DTPA and H3NTA were purchased from Sigma, 

while H8DOTP, H4AAZTA and H5AAZTA-C4 ligands were synthesized 

following literature procedures [76]–[78]. H4AAZTA-C4-TATE and 

H3HP-DO3A was provided by Bracco Imaging spa. The concentration of 

the ligand stock solutions was determined by pH-potentiometric titration 

in the presence and absence of a large (40-fold) CaCl2 excess. The pH-

potentiometric titrations were made with standardized 0.2 M NaOH. The 

concentration of the AAZTA-C4-TATE stock solution was determined by 

spectrophotometry with the standardized Bi(ClO4)3 solution by following 

the formation of the [Bi(AAZTA-C4-TATE)]- complex at 280 nm and 

pH=7.4 (formation of the [Bi(AAZTA-C4-TATE)]- complex is rapid 

process). 

Bi(III) complexes were prepared by the reaction of the ligand and 

equivalent amounts of Bi(ClO4)3. The Bi(ClO4)3 solution was slowly added 

dropwise to the intensively stirred solution of DOTA, DOTP, HP-DO3A, 

DTPA, AAZTA, AAZTA-C4 and AAZTA-C4-TATE. The pH of the 
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solution was controlled, and it was set to 5.0-7.0 by addition of 

concentrated NaOH solution.  

III.2. pH-potentiomtery 

The protonation constants of the ligands and the Bi(III) complexes 

were determined by pH potentiometric titration with 0.2 M NaOH at 25C 

using a constant ionic strength (0.15 M NaClO4) in 6 mL samples. The 

concentration of the ligand and Bi(III) complexes was generally 0.002 M. 

For the pH measurements and titrations, Metrohm 888 Titrando titration 

workstation equipped with Metrohm-6.0234.110 combined electrode 

loaded with 3 M NaCl solution was used. The solutions were stirred, and 

N2 was bubbled through them. The titrations were made in the pH range of 

1.7-12.0. KH-phthalate (pH=4.005) and borax (pH=9.177) buffers were 

used to calibrate the pH meter. For the calculation of [H+] from the 

measured pH values, the method proposed by Irving et al. was used as 

follows:[79] 0.01M HClO4 solution was titrated with standardized NaOH 

solution at 0.15 M NaClO4 ionic strength. The differences (A) between the 

measured (pHread) and calculated pH (-log[H+]) value (i.e., the average of 

A values in the pH-range of 1.75-2.20 was used to obtain the equilibrium 

H+ concentration from the pH values measured in the titration experiments 

(typically A=-0.042). For the equilibrium calculations, the stoichiometric 

water ionic product (pKw) was also calculated. The VNaOH – pHread data 

pairs of the HClO4 – NaOH titration obtained in the pH range 10.8 – 12.0 

were used to calculate the pKw value (pKw=13.65). 
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III.3. Determination of stability constants of Bi(III) complexes 

The stability constants of the [Bi(NTA)] and [Bi(NTA)2]
3- complexes were 

determined by following the competition reactions in Bi(III) - NTA – H+ 

systems with spectrophotometry at the absorption band of [Bi(NTA)] and 

[Bi(NTA)2]
3- complexes in the wavelength range of 240-300 nm. In these 

experiments two series of samples were prepared with [Bi3+]=0.1 mM and 

[NTA]=0.1 mM or [Bi3+]=0.1 mM and [NTA]=0.2 mM in 0.15 M NaClO4 

solution. In the first series the -log[H+] values were adjusted to 0.1, 0.3, 0.6 

and 1.0 M with the addition of calculated amounts of 3.0 M HClO4 (ionic 

strength was not constant in these samples). In the second series, the pH 

values of the samples were adjusted by stepwise addition of the 

concentrated NaOH and HClO4 solutions in the pH range 2.0 – 5.5.  

The stability constants of [Bi(DOTA)]-, [Bi(DOTP)]5-, 

[Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2- complexes were determined by 

following the competition reactions of DOTA, DOTP, AAZTA and 

AAZTA-C4-COO- ligands with NTA for the Bi(III) ion with 

spectrophotometry at the absorption band of [Bi(DOTA)]-, [Bi(DOTP)]5-, 

[Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2- complexes in the wavelength 

range of 260-310 nm (10 wavelenghts). For Bi(III) -DOTA - NTA systems, 

six samples were prepared with [Bi3+]=50 M, [NTA]=50 mM and 

[DOTA]=0.0, 20, 40, 60, 80 and 100 M in 0.15 M NaClO4 solution. For 

Bi(III) - DOTP - NTA systems, eight samples were prepared with 

[Bi(III)]=50 M, [NTA]=10 mM and [DOTP]=0.0, 30, 60, 90, 120, 150, 

210 and 300 M in 0.15 M NaClO4 solution. The pH values of the samples 

were adjusted to 3.0 by stepwise addition of the concentrated NaOH and 

HClO4 solutions. The samples were kept for a week at 50C and eight 

weeks at 25C in order to attain equilibrium. The time needed to reach the 
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equilibrium was determined by spectrophotometry. For Bi(III) -AAZTA - 

NTA systems, five samples were prepared with [Bi3+]=30.2 M, 

[NTA]=10 mM and [AAZTA]=0.0, 10, 20, 30 and 50 M in 0.15 M 

NaClO4 solution. For BiIII - AAZTA-C4-COOH - NTA systems, six 

samples were prepared with [Bi3+]=27.0 M, [NTA]=30 mM and 

[AAZTA-C4-COO-]=5.0, 10, 20, 30, 40 and 60 M in 0.15 M NaClO4 

solution ([Bi(NTA)2]
3- was prepared at pH=7.4 in 10 or 30 mM solution of 

NTA). The pH values of the samples were adjusted to 7.4 by stepwise 

addition of the concentrated NaOH and HClO4 solutions. The samples 

were kept at 50C for a week and then at 25C for two weeks in order to 

attain equilibrium. For the calculations of the stability constants of the 

Bi(III) complexes, the molar absorptivities of [Bi(NTA)], [Bi(NTA)2]
3-, 

[Bi(DOTA)]-, [Bi(DOTP)]5-, [Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-

)]2-complexes were determined by recording the spectra of 0.01, 0.05, 0.1 

and 0.2 mM solutions of [Bi(NTA)], [Bi(NTA)2]
3-, [Bi(DOTA)]-, 

[Bi(DOTP)]5- in the presence of 0.15 M NaClO4. ([Bi(NTA)] was prepared 

at pH=2.0 in the presence of two fold NTA excess). The 

spectrophotometric measurements were made with the use of PerkinElmer 

Lambda 365 UV-Vis spectrophotometer at 25 C, using 1.0 cm cells. The 

protonation and stability constants were calculated with the PSEQUAD 

program. 

The thermodynamic properties of [Bi(AAZTA-C4-TATE)] 

complex were characterized by the conditional stability constant (logKcond) 

at pH=7.4 in 0.15 M NaClO4 solution. To determine the logKcond value of 

[Bi(AAZTA-C4-TATE)]- complex, the competition reaction of AAZTA-

C4-TATE with NTA at pH=7.4 in 0.15 M NaClO4 solution have been 

studied by Capillary Zone Electrophoresis (CZE) due to the high sensitivity 
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and the low material demand of the CZE method. For capillary 

electrophoresis Hewlett-Packard HP3D capillary electrophoresis system 

was used. Separations were performed using bare fused-silica capillaries 

of 64 cm x 50 m i.d. (Agilent). Before the first use of the capillary it was 

washed with 1.0 M NaOH (15 min), with 0.1 M NaOH (30 min) and with 

the buffer electrolyte (30 min). Prior to CE analysis all buffers were filtered 

through a 0.45 m syringe filter and stored in refrigerator at +4ºC. In CZE 

the sample solutions were introduced at the anodic end of the capillary in 

normal mode (50 mbar, 6 s). The effective length of the capillary was 56 

cm. The capillary was preconditioned with the buffer electrolyte (150 mM 

disodium hydrogen phosphate, pH=7.4) for 3 minutes. The separation was 

performed at 10C with the application of 20 kV voltage. After analysis, 

the postconditioning (0.1 M NaOH (3 min) and buffer (3 min)) was applied 

to remove all possibly adsorbed materials from the capillary. In all 

measurements, 5 mM DMSO as internal standard was applied in order to 

correct the migration time of components on the electropherogram. The 

detection was carried out by on-column DAD measurement at 200 nm. The 

electropherograms were recorded and processed by ChemStation computer 

program of B.04.02 version (Agilent). 

In CZE experiments, 5 samples were prepared in which the 

concentration of Bi(III) and NTA was 30.2 M and 15.0 mM, respectvelly 

while that of the AAZTA-C4-TATE was varied between 0.0 and 50.4 M. 

Samples were prepared by the addition of AAZTA-C4-TATE to the pre-

prepared [Bi(NTA)2]
3- complex in 0.15 M NaClO4 solution. The pH was 

adjusted to pH=7.4 by stepwise addition of concentrated NaOH or HClO4. 

The samples were kept at 50C for a week and then at 25C for two weeks 

in order to attain the equilibrium (the time needed to reach the equilibria 
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was determined by capillary electrophoresis). For the equilibrium 

calculations, the molar integral values of the AAZTA-C4-TATE and 

[Bi(AAZTA-C4-TATE)]- were used. The molar integral values of the 

AAZTA-C4-TATE and [Bi(AAZTA-C4-TATE)]- were determined by 

recording the electropherograms of 10, 20, 30 and 40 M AAZTA-C4-

TATE and [Bi(AAZTA-C4-TATE)]- solutions at pH=7.4 and 25C in the 

presence of 0.15 M NaClO4 ionic strength. The individual linear regression 

equations (response-concentration) for each component were determined 

according to four concentrations. The peak areas were found to be linear 

(R2>0.998) in a concentration range specified in III.3.1 Table, in each case 

with a precision better than 4%. The limit of detection (LOD) and linear 

range values obtained at 200 nm are summarized in Table III.3.1. 

Table III.3.1 Analytical performance data of the CZE determination of AAZTA-C4-

TATE and Bi(AAZTA-C4-TATE) at pH=7.4 and 25C in 0.15 M NaClO4 

 LODa 

(M) 

molar 

integral 

(mAu-1M-1) 

 linear 

range (M) 

AAZTA-C4-TATE 0.467 (1.60.1)106  10 - 40 

Bi(AAZTA-C4-TATE) 0.534 (1.80.1)106  10 - 40 
a LOD=3/ molar integral 

 

III.4.  Formation kinetic studies of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes 

Formation rates of [Bi(DOTA)]- and [Bi(DOTP)]5- were studied by 

spectrophotometry at 308 nm in the presence and absence of citrate as an 

auxiliary ligand in order to avoid the hydrolysis of the Bi(III) ion. The 

formation of [Bi(DOTA)]- was followed with a PerkinElmer Lambda 365 

UV-Vis spectrophotometer at 25 °C, using 1.0 cm cells (pH=3.3–5.9). 
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However, the formation of [Bi(DOTP)]5- was too fast for the conventional 

spectrophotometry. Therefore, the formation of [Bi(DOTP)]5- was 

monitored with Applied Photophisics DX-17MV stopped-flow instrument 

using l=1.0 cm (pH=3.0–5.6) at 25°C in the presence of 0.15 M NaClO4. 

The formation of Bi(III) complexes were studied in the presence of a 2- to 

40-fold DOTA or DOTP excess in order to guarantee the pseudo-first order 

conditions ([Bi(III)]tot=25 µM). The effect of citrate for the formation rate 

of [Bi(DOTA)]- and [Bi(DOTP)]5- was also investigated in the presence of 

0.05 – 2.0 mM citrate in the pH range 3.0 – 5.6 ([Bi(III)]tot=25 µM, 

[DOTA]tot=1.0 mM, [DOTP]tot=0.1 mM, 0.15 M NaClO4, 25°C). pH 

values were maintained constant by the application of 0.01 M buffers 

(chloroacetic acid (CA), N-methyl-piperazine (NMP), N,N-dimethyl-

piperazine (DMP), MES). The pseudo-first order rate constants (kobs) were 

calculated by fitting the absorbance values to the Eq. III.4.1. 

𝐴𝑡 = (𝐴0 − 𝐴𝑒)𝑒
(−𝑘𝑜𝑏𝑠𝑡) + 𝐴𝑒                                    III.4.1 

where A0, Ae and At are the absorbance values at the start (t=0 s), at 

equilibrium and at the t time of the reaction, respectively.  

To investigate the formation and the compostion of the 

diprotonated *[Bi(H2DOTP)] intermediate in the Bi(III) -H6DOTP reaction 

system pH value was determined by spectrophotometry at 506 nm in the 

presence of methyl-orange as indicator ([Bi(III)]tot=0.5 mM, [H6DOTP], 

[methyl orange]tot=12.5 µM, pHend=3.17, 0.15 M NaClO4, 0°C). pH was 

calculated by considering the absorbance values of the Bi(III)-H6DOTP 

reaction system at the start (A0) and at equilibrium (Ae). A0 and Ae were 

calculated by fitting of the absorbance values to Eq. (III.4.1). For the 

calculation of pH, the protonation constant (logKH=3.52 (4)) and the 
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molar absorptivity of the protonated (εHL=42780 M-1cm-1) and 

deprotonated (εL=15483 M-1cm-1) methyl-orange at 506 nm was 

determined by recording the absorption spectra of methyl orange with 

PerkinElmer Lambda 365 UV-Vis spectrophotometer in the pH range 2.5-

4.5 ([methyl orange]tot=12.5 µM, 0.15 M NaClO4, 0°C). The absorbance 

of the methyl orange at any wavelengths is a combination of the absorption 

of each protonated species and expressed by Eq. III.4.2.  

𝐴 = ∑[𝐻𝑖𝐿]𝜀𝐻𝑖𝐿
𝑙                                        III.4.2                                         

where, A is the absorbance at a given wavelength, [HiL], εHiL and l are the 

concentration and the molar absorptivity of the species and the path length 

of the cell, respectively. The absorbance values (A) of methyl orange 

obtained at 506 nm have been fitted to the Eq (III.4.2) (the concentration 

of the different protonated species has been expressed by the protonation 

constants, Ki
H, Eq. (IV.1.1)). The calculations were performed by using the 

computer program Micromath Scientist, version 2.0 (Salt Lake City, UT, 

USA). 

 

III.5. Dissociation kinetic studies of Bi(III) complexes. 

The kinetic inertness of the [Bi(DOTA)]- , [Bi(DOTP)]5- , [Bi(AAZTA)]- , 

[Bi(AAZTA-C4-COO-)]2-, [Bi(AAZTA-C4-TATE)]- and [Bi(DTPA)]2- 

was characterized by the rates of the transchelation reactions taking place 

with transchelating  AAZTA, DTPA, DOTP and HP-DO3A ligands in 

acidic and basic conditions. The exchange reactions in [Bi(DOTA)]- - 

AAZTA, [Bi(DOTP)]5-  - AAZTA, [Bi(AAZTA)]- - DTPA, [Bi(AAZTA-

C4-COO-)]2- - DOTP and [Bi(DTPA)]2- - DOTP systems were studied by 

spectrophotometry, following the dissociation of the [Bi(DOTA)]- and 
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[Bi(DOTP)]5- complexes at 308 nm and the formation of [Bi(DTPA)]2- and 

[Bi(DOTP)]5- complexes at 278 and 308 nm. The concentration of the 

[Bi(DOTA)]- and [Bi(DOTP)]5- was 50 M, while the concentration of 

AAZTA was 40 times higher, in order to guarantee pseudo-first order 

conditions. The temperature was kept at 25C and the ionic strength of the 

solutions was kept constant, 0.15 M for NaClO4. The exchange rates were 

studied in the pH range about 1.0 – 3.3. For keeping the pH values constant, 

mono-chloroacetic acid buffer (0.01 M) was used. In the transchelation 

reactions of the [Bi(AAZTA)]- - DTPA, [Bi(AAZTA-C4-COO-)]2- - DOTP 

and [Bi(DTPA)]2- - DOTP systems, the concentration of [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)]2- and [Bi(DTPA)]2- was 0.1 mM while the 

concentration of DTPA and DOTP was 10  - 20 and 20 - 40 times higher 

in order to guarantee pseudo-first order conditions. The temperature was 

maintained at 25C and the ionic strength of the solutions was kept 

constant, 0.15 M for NaClO4. The pH was adjusted to 8.5, 9.0, 9.5, 10.0, 

10.5, 11.0 and 11.5 by stepwise addition of concentrated NaOH or HClO4. 

For keeping the pH values constant 0.01 M N-methyl-piperazine - NMP 

(pH11) buffers were used. At pH>11, buffer was not used to keep the 

constant pH due to the presence of large [OH-] excess. The pseudo-first 

order rate constants (kd) were calculated by fitting the absorbance – time 

data sets to Eq. III.5.1. 

At = (A0 − Ae)e
(−kdt) + Ae                              III.5.1 

where A0, Ae and At are the absorbance values at the start (t=0 s), at 

equilibrium and at the t time of the reaction, respectively.  

The ligand exchange reaction of [Bi(DOTA)]- and [Bi(DOTP)]5- 

with HP-DO3A as an exchanging ligand have also been studied by 

Capillary Zone Electrophoresis (CZE) in the pH range 10.0 – 12.0. The 
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transchelation reactions of [Bi(DOTA)]- and [Bi(DOTP)]5- were studied by 

following the formation of the [Bi(HP-DO3A)] complex (migration time 

is 5.2 min) with Hewlett-Packard HP3D capillary electrophoresis system. 

The concentration of the HP-DO3A was 5 and 10 mM, while the Bi(III) 

complexes was employed in high excess ([BiL]tot=60 mM), in order to 

guarantee pseudo-first order conditions. The temperature was maintained 

at 25C and the ionic strength of the solutions was kept constant, 0.15 M 

NaClO4. The exchange rates were studied in the pH range about 9.0 – 11.5. 

For keeping the pH values constant, 0.01 M phosphate buffers were used. 

The rates of the transchelation reactions have been studied in the presence 

of Bi(III)  complex excess, when the reactions can be regarded as pseudo-

first order ones and the rates of transmetallation can be expressed by Eq. 

III.5.2. 

−
d[BiL]t

dt
=

d[Bi(HP−DO3A)]t

dt
= 𝑘d[BiL]t                         III.5.2 

where kd is a pseudo-first order rate constant, [BiL]tot and [Bi(HP-

DO3A)]tot are the concentration of complexes, containing the species 

[Bi(DOTA)]-, [Bi(DOTP)]5- and [Bi(HP-DO3A)] at the time t, 

respectively. During the progress of the transchelation reactions the 

concentration of the [Bi(HP-DO3A)] complex increases. By the following 

the integral of the [Bi(HP-DO3A)] formed in transchelation reaction of the 

Bi(III) complex, the first-order rate constant, kd can be expressed by Eq. 

III.5.3. 

𝑘𝑑 =
𝛥∫

𝛥𝑡
×

1

∫𝐵𝑖(𝐻𝑃−𝐷𝑂3𝐴)
𝑀 ×

1

[𝐵𝑖𝐿]𝑡
                                    III.5.3 

In the Eq. (III.5.3)  is the increase of the integral value of [Bi(HP-

DO3A)] during the time t. MBi(HP-DO3A) is the molar integral value of the 
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[Bi(HP-DO3A)] (MBi(HP-DO3A)=1.96106 mAU-1M-1), which was 

determined by recording the CZE electropherograms of 0.2, 0.4, 0.6, 0.8, 

1.0, 1.2, 1.4 and 1.7 mM solutions of [Bi(HP-DO3A)] complex at pH=7.4 

and 25C in the presence of 0.15 M NaClO4 ionic strength. 

The kinetic inertness of [Bi(AAZTA-C4-TATE)]- was determined by 

following the ligand exchange reaction of [Bi(AAZTA-C4-TATE)]- with 

AAZTA by CZE at pH=9.0 and 25C in 0.15 M NaClO4 solution. At 

pH=9.0 the degradation of the TATE unit in [Bi(AAZTA-C4-TATE)]- 

takes place slowly, whereas the transchelation reactions of [Bi(AAZTA-

C4-TATE)]- was not too slow to be monitored by CZE method. For the 

kinetic experiments, two samples were prepared with 50.1 M 

[Bi(AAZTA-C4-TATE)]- in the presence of 20 and 40 fold excess AAZTA 

ligand in order to guarantee the pseudo-first order kinetic condition. The 

pH was adjusted to pH=9.0 by stepwise addition of concentrated NaOH or 

HClO4. The temperature was maintained at 25C and the ionic strength of 

the solutions was kept constant, 0.15 M for NaClO4. The pseudo-first order 

rate constants (kobs=kd) were calculated by fitting the absorbance data to 

Eq. (III.5.1). Calculation of the kinetic parameters were performed by the 

fitting of the absorbance and area - time data pairs to Eq. (III.5.1) with the 

Micromath Scientist computer program (version 2.0, Salt Lake City, UT, 

USA).  
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III.6. Radiolabeling of DOTA with 213Bi isotope in the presence of 

citrate, acetate and MES buffers 

In order to investigate the effect of different buffers on the formation of 

[213Bi(DOTA)]-, the labeling yield of DOTA ligand with 213Bi isotope was 

determined by radio-TLC in the presence of trisodium-citrate, ammonium-

acetate and MES buffers (MES: 2-(N-morpholino)ethanesulfonic acid). 

Radiolabeling of DOTA with 213Bi isotope was performed by Prof. 

Johannes Notni in Technical University of Munich.  

  

III.7. Radiolabeling of AAZTA-C4-TATE and DOTA-TATE with 

205/206Bi isotope, in vitro and ex vivo studies of [205/206Bi][Bi(AAZTA-

C4-TATE)]- 

Suprapur nitric acid (s.p. HNO3), ≥ 96% ethanol and the human 

plasma type AB from male AB were obtained from Merck. Ultrapure 

ammonium acetate (CH3CCONH4) was purchased from VWR. TK-200 

resin (a trioctyl-phosphine oxide (TOPO) based extractant) was purchased 

from TRISKEM. The Strata-X 33u Polymeric Reversed Phase cartridge 

was purchased from Phenomenex. Glass macrofiber chromatography paper 

impregnated with silica gel (iTLC-SG) was bought from Agilent 

Technologies. All other solvents and reagents were bought from ROTH. 

Labelling experiments were followed by Raytest miniGita Star TLC 

scanner with beta-positron detector.  

The 205/206Bi isotope mixture was produced in a GE PETtrace 

cyclotron with 16 MeV proton beam on natural Pb-foil target (99.995%, 

0.9 by 0.9 cm, 0.25 mm thick). A 60 min irradiation with a 10 μA beam 

current yielded approx. 60 MBq activity. After a 24 hours decay period, 
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the irradiated Pb target was dissolved in 7 M suprapur HNO3 (2 mL). 

Solutions were prepared with ultrapure (u.p.) water. Pb(NO3)2 precipitation 

was observed after the solution was concentrated to circa 1 mL. The 

solution was separated from the solid and diluted to 10 mL with u.p. water 

and filtered with Millipore 0.22-µm filter. This solution was transferred 

onto a column self-filled with TK 200 resin (150 mg), which is a trioctyl-

phosphine oxide (TOPO) based extractant. The TK 200 column was 

preconditioned with 0.7 M s.p. HNO3 (1 mL), 7 M s.p. HNO3 (1 mL) and 

0.7 M s.p. HNO3 (5 mL). After loading the 205/206Bi isotope solution the 

column was washed with 5 mL 0.7 M s.p. HNO3 to remove the remaining 

Pb target contaminants and the 205/206Bi isotopes were eluted with 7 M s.p. 

HNO3 in 1 mL fractions. The fractions which contained 205/206Bi isotopes 

(~30 MBq) were concentrated to dryness and were dissolved in 200 µL 0.1 

M u.p. HCl. The activity of the solution was measured by ISOMED 2010 

Dose calibrator at 18F channel. 

The effect of pH, temperature and ligand concentration on the 

labeling of AAZTA-TATE and DOTA-TATE ligands with 205/206Bi(III) as 

a model of 213Bi have been examined by radio-TLC method (205Bi: 100% 

β+, t1/2=15.31 d and 206Bi: 100% β+, t1/2=6.24 d; 205Bi:206Bi=1:2). 5 µl of the 

reaction mixture was dropped to a glass macrofiber chromatography paper 

impregnated with silica gel (iTLC-SG) strip. The strip has 12.5 cm length 

and 1.5 cm wide, start line was placed 1.5 cm and the front line was placed 

1 cm. It was developed in 0.5 M sodium citrate eluent (pH=5.5). The 

205/206BiIII in the form of citrate complex was eluted with the solvent front 

(Rf= 0.8 – 1), whereas the retention factor of [205/206Bi(AAZTA-C4-

TATE)]- were found to be 0.1 - 0.2. The stability of [205/206Bi][Bi(AAZTA-

C4-TATE)]- has been investigated in PBS buffer, 0.01 M DTPA solution 



34 

 

at room temperature and in human plasma at 37C. Radio labeling of 

AAZTA-C4-TATE and DOTA-TATE with 205/206Bi isotope and the 

stability of [205/206Bi][Bi(AAZTA-C4-TATE)]- in PBS buffer, 0.01 M 

DTPA solution and in human plasma were performed by Dr. Adrienn 

Vágner and Dr. Gábor Nagy in Scanomed Ltd. and by Dr. Dezső Szikra in 

Department of Nuclear Medicine, Universitiy of Debrecen. 

The somatostatin receptor specificity of [205/206Bi][Bi(AAZTA-C4-

TATE)]- and [205/206Bi][Bi(DOTA-TATE)]- was investigated in vitro using 

AR42J cell line. The efficiency of [213Bi][Bi(AAZTA-C4-TATE)]- as TAT 

agent of neuroendocrine tumours have been investigated by monitoring the 

relative accumulated dose (%ID/g) obtained at 15, 60 and 90 min for 

[205/206Bi][Bi(AAZTA-C4-TATE)]- in AR42J tumour-bearing mice (n=9). 

The localization of the dissociated 205/206Bi isotope was determined by ex 

vivo biodistribution studies of free 205/206Bi in healthy control mice (n=3). 

Radioactivity was measured with a calibrated gamma counter (Perkin-

Elmer Packard Cobra, Waltham, MA, USA). In vitro and ex vivo studies 

were performed by Dr. György Trencsényi in Department of Nuclear 

Medicine, Universitiy of Debrecen. 

 

III.8. Multinuclear 1D and 2D NMR studies of DOTP ligand and 

Bi(III) complexes 

1H, 13C and 31P NMR measurements were performed with the Bruker 

Avance III (9.4 T) spectrometer, equipped with Bruker Variable 

Temperature Unit (BVT), Bruker Cooling Unit (BCU) and a BB inverse z 

gradient probe (5 mm). log K1
H and log K2

H values of DOTP8- ligand were 

determined by following the 1H and 31P NMR chemical shifts of DOTP 

ligand as a function of -log[H+]. Since the protonation/deprotonation is fast 
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on the NMR time scale, the chemical shifts of the observed signals 

represent a weighted average of the shifts of the different species involved 

in a specific protonation step (Eq. (III.8.1)):[80]  

𝛿𝑜𝑏𝑠 = ∑𝑥𝑖𝛿 
𝐻𝑖𝐿                                     III.8.1 

where, δobs is the observed chemical shift of a given signal (1H and 31P), xi 

and 𝛿 
𝐻𝑖𝐿 are the molar fraction and the chemical shift of the involved 

species, respectively. The observed chemical shifts (𝛿𝑜𝑏𝑠) have been fitted 

to the Eq. (III.8.1), respectively (the molar fractions xi and the 

concentration of the different protonated species have been expressed by 

the protonation constants Ki
H, Eq. (IV.1.1)).  

For these experiments, a 0.01 M solution of DOTP in 0.15 M NaClO4 

aqueous solution was prepared (a capillary with D2O was used for lock). 

The -log[H+] values were adjusted by stepwise addition of NaOH and 

HClO4 solutions (both prepared in H2O). At -log[H+]>12.0 the required -

log[H+] values of the DOTP solution were obtained by the addition of 

calculated amount of 19.3 M NaOH solution. The chemical shifts are 

reported in ppm, relative to DSS for 1H and 13C and 85% H3PO4 for 31P as 

the external standard. The protonation constants were determined by fitting 

of the chemical shift versus -log[H+] data using Micromath Scientist, 

version 2.0 (Salt Lake City, UT, USA). 

VT- NMR spectra of [Bi(DOTP)]- were aquired in 0.1 M samples 

prepared at pD=10 in D2O. The 1H-1H COSY and 1H-1H EXSY spectra 

were collected by using gradient pulses in the z direction with the standard 

Bruker pulse program. The 1H - 13C correlation spectra were recorded by 

using gradient pulse in the z direction with the usual Bruker heteronuclear 

single quantum coherence (HSQC) pulse sequence. 1D and 2D NMR 

spectra of [Bi(DOTP)]5- obtained in the temperature range 273 - 333 K are 
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shown in the Appendix Figures A.2-A.6.  1H and 13C NMR signals of the 

[Bi(DOTP)]5- were assigned on the basis of 1H – 1H COSY (Figure A.8), 

1H – 1H EXSY (Figure A.9) and 1H – 13C HSQC (Figure A.10) techniques 

at 273 and 298K. Dynamic properties of H6DOTP2- and [Bi(DOTP)]5- 

complexes were investigated by Band-shape analyses with the use of 

DNMR program included in the Bruker Topspin software package. The 31P 

NMR signals of H6DOTP and 13C NMR signals of [Bi(DOTP)]5- were 

simulated. Values of the chemical shift, the spin-spin coupling constants, 

intensity and line width without chemical exchange were fixed input 

parameters during the fitting procedure. Agreement of the measured and 

calculated 31P NMR and 13C NMR spectra obtained at different 

temperature was >92%. 

Solution structure and dynamic properties of [Bi(AAZTA)]- and 

[Bi(AAZTA-C4-COO-)]2- complexes were investidted by multinuclear 1D 

and 2D NMR spectrosctopy. For these experiments, a 0.01 M solution of 

[Bi(AAZTA)]- and 0.02 M sample of [Bi(AAZTA-C4-COO-)]2- was 

prepared in D2O. The pD was adjusted to 7.4 by stepwise addition of the 

NaOD and DCl solutions. The chemical shifts are reported in ppm, relative 

to DSS for 1H as an external standard. The 1H-1H (COSY) and 1H - 13C 

(HSQC and HMBC) correlation spectra of [Bi(AAZTA)]-  and 

[Bi(AAZTA-C4-COO-)]2- were collected by using gradient pulses in the z 

direction with the standard Bruker pulse programs.  

 

III.9. X-Ray diffraction studies of the [Bi(HAAZTA)] and 

[Bi(AAZTA)]- complexes 

Colourless single crystals of formula [Bi(HAAZTA)(H2O)]·3H2O 

([Bi(HAAZTA)]) suitable for X-ray diffraction studies were grown from 
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an aqueous solution of [Bi(HAAZTA)] complex prepared by mixing 

stoichiometric amounts of Bi2O3 and H4AAZTA in water. Single crystals 

of {[C(NH2)3][Bi(AAZTA)]}·3.5H2O ([Bi(AAZTA)]-) were grown from 

an aqueous solution of [Bi(HAAZTA)] complex at pH=6.0 adjusted by 

guanidine carbonate. 

Single crystal XRD data collections were performed at the X-ray 

diffraction beamline (XRD1) of the Elettra Synchrotron, Trieste 

(Italy).[81] The crystals were dipped in NHV oil (Jena Bioscience, Jena, 

Germany) and mounted on the goniometer head with kapton loops 

(MiTeGen, Ithaca, USA). Complete datasets were collected at 100 K 

(nitrogen stream supplied through an Oxford Cryostream 700 (Oxford 

Cryosystems Ltd., Oxford, United Kingdom) through the rotating crystal 

method. Data were acquired using a monochromatic wavelength of 0.700 

Å, on a Pilatus 2M hybrid-pixel area detector (DECTRIS Ltd., Baden-

Daettwil, Switzerland). The diffraction data were indexed and integrated 

using XDS.[82] Two different datasets have been merged for 

[Bi(HAAZTA)], collected from random orientations of the same crystal. 

Semi-empirical absorption corrections and scaling were performed on 

datasets, exploiting multiple measures of symmetry-related reflections, 

using SADABS program [83]. Both the samples were prone to radiation 

damage, especially for the thin needles of ([Bi(AAZTA)]-), that show also 

limited diffraction power (best dataset resolution of ~0.86 Å). The 

structures were solved by the dual space algorithm implemented in the 

SHELXT code.[84] Fourier analysis and refinement were performed by the 

full-matrix least-squares methods based on F2 implemented in SHELXL 

(Version 2018/3)[85]. The Coot program was used for modeling.[86] 

Anisotropic thermal motion refinement have been used for all atoms with 
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occupancy greater than 50%. Hydrogen atoms were included at calculated 

positions with isotropic Ufactors = 1.2·Ueq or Ufactors = 1.5·Ueq for 

methyl and hydroxyl groups (Ueq being the equivalent isotropic thermal 

factor of the bonded non hydrogen atom). Hydrogen atoms for solvent 

water molecules have not been included in the refined models since it was 

not possible to locate them unambiguously in electron-density peaks of 

Fourier difference maps (contributions of these missing H atoms are still 

included in the properties reported in appendix Table.A.22). Geometric and 

thermal motion parameters restrain (DFIX, DANG, SIMU) have been 

applied on disordered and poorly defined fragments. Pictures were 

prepared using Ortep3,[87] CCDC Mercury[88] and Pymol [89] software. 

Essential crystal and refinement data are reported in the appendix 

Table.A.22). Deposition numbers: 2115291 and 2115292 contain the 

supplementary crystallographic data for compounds [Bi(AAZTA)]- and 

[Bi(HAAZTA)], which are provided free of charge by the joint Cambridge 

Crystallographic Data Centre and Fachinformationszentrum Karlsruhe 

Access Structures service. 
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IV. Results and Discussion 

IV.1. Acid-base properties of ligands. 

The protonation constants of ligands, defined by Eq. IV.1.1, have been 

determined by pH-potentiometry, 1H- and 31P-NMR spectroscopy. 

𝐾𝑖
𝐻 =

[𝐻𝑖𝐿]

[𝐻𝑖−1𝐿][𝐻+]
                                      IV.1.1 

where i=1, 2…7. Because of the high log K1
H and log K2

H values of DOTP5- 

the protonation constant of DOTP has also been determined by 1H and 31P 

NMR spectroscopy, recording the chemical shift variations of the non-

labile protons and phosphorous atoms as a function of -log[H+] (Figure 

IV.1.1).  

The protonation sequence of the AAZTA ligand was characterized 

in detail by both spectroscopic and potentiometric methods.[90] The first 

protonation occurs at both endo- and exocyclic nitrogen atoms of the ligand 

(all nitrogen atoms are partially protonated). The second proton is attached 

to the exocyclic nitrogen, whereas the first proton is shifted to the exocyclic 

nitrogen because of the electrostatic repulsion between the protonated 

nitrogen atoms. Further protonations take place at the carboxylate groups 

attached the unprotonated exocyclic nitrogen or the exocyclic nitrogen 

groups. According to the similarities one it can be assumed that the 

protonation sequence of AAZTA-C4-COOH is similar to that of the parent 

AAZTA. A comparison of the protonation constants obtained in the 

presence of the same background electrolyte (0.15 M NaClO4, Table 

IV.1.1) indicated that the log K3
H value of AAZTA-C4-COOH is slightly 

larger than the corresponding protonation constants of AAZTA. By taking 

into account the protonation constant of n-valeric acid (log K1
H=4.69, 1.0 
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M NaClO4, 25C)[91]. it is reasonable to assume that the 3rd protonation 

of AAZTA-C4-COOH occurs at the “IMDA” carboxylate. The comparison 

of the log Ki
H values in Table IV.1.1 reveals that the log K1

H value of 

AAZTA determined in 0.15 M NaClO4 or NaCl solution is significantly 

lower than that value obtained in 0.1 M KCl or Me4NCl solutions due to 

the competition between the first protonation process and the Na+ 

complexes formed in the presence of Na+ion.[90] The fitting of the 

experimental data points are shown in Figures IV.1.1. The obtained log Ki
H 

values are listed in Table IV.1.1. 
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Table IV.1.1 Protonation constant of NTA, DTPA, DOTA, DOTP, AAZTA and AAZTA-C4-COO ligands (25C). 

 

 
NTA DTPA DOTA DOTP 

 

AAZTA-C4-COOH 

 

AAZTA 

I 
0.15M 

NaClO4 

0.1 M 

NaClO4 
[e] 

0.15M 

NaClO4
 

0.1M 

Me4N(NO3)[a] 

0.15M 

NaClO4 

0.1M 

Me4N(NO3)[b] 

0.15 M             

NaClO4 

0.15 M        

NaCl[d] 

0.15M 

NaClO4 

0.1M 

NaCl[c] 

log K1
H 9.22 (2) 10.00 9.12 12.09 *13.6 (1) 13.7 10.21 (2) 10.48 10.29 (2) 10.06 

log K2
H 2.80 (2) 8.63 9.50 9.76 *12.21 (4) 12.2 6.85 (3) 6.90 6.51 (3) 6.50 

log K3
H 1.06 (3) 4.13 4.51 4.56 8.62 (2) 9.28 4.73 (3) 4.68 3.86 (3) 3.77 

log K4
H − 2.90 4.05 4.09 7.53 (2) 8.09 3.91 (4) 3.73 1.94 (3) 2.33 

log K5
H − 2.46 2.05 − 5.82 (3) 6.12 2.83 (4) 2.60 1.00 (6) 1.51 

log K6
H − − 1.14 − 5.11 (3) 5.22 2.11 (3) 1.80 − − 

log K7
H − − − − 1.64 (3) − − − − − 

log 

Ki
H 

13.08 28.12 30.37 30.50 54.53 54.61 

25.91 

(log Ki
H- 

log K3
H) 

25.51 

(log 

Ki
H-log 

K3
H) 

23.6 24.17 

 

 a Ref. [[92]];  b Ref. [[93]]; c Ref.[[94]]* 1H and 31P NMR spectroscopy d Ref[[95]] e Ref[[96]]
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The protonation of DOTA-like ligands is fully characterized with both 

spectroscopic and potentiometric methods.[93], [97]–[99] These studies 

reveal that the first and second protonation takes place at nitrogen atoms 

positioned trans to each other. Third and fourth protonation steps take place 

at the carboxylate or basic phosphonate groups of the pendant arms 

attached to the non-protonated ring nitrogen atoms, because of the greater 

charge separation and lower electrostatic repulsion between the protonated 

donor atoms.[93], [97] Further protonation processes occur on the non-

protonated carboxylate/basic phosphonate groups of DOTA and DOTP 

ligands.[93], [97] Acidic phosphonate groups of DOTP might be 

protonated at pH<2.[93] Since the deprotonation of the ring nitrogen atoms 

in H2DOTP6- species takes place at pH>12, the accurate determination of 

the protonation constants cannot be performed by pH-potentiometry. 

Therefore, log K1
H and log K2

H values of the DOTP ligand were determined 

by 1H and 31P NMR spectroscopy (Figure IV.1.1). In the 1H NMR spectra 

of DOTP there are only two signals, which can be assigned to the ring 

methylen protons of the macrocycle (a singlet) and the methylene protons 

of the phosphonate group (a doublet, 2JPH=9.8 Hz), respectively. Starting 

from the basic form (solution), the addition of the first and the second 

equivalent of acid to DOTP results in a significant downfield shift of the 

1H NMR signals of both the ring and phosphonate methylen protons and 

the upfield shift of the 31P NMR signal of the phosphonate group. Since the 

largest changes of the chemical shifts take place on the 1H NMR signals of 

the ring methylen protons, it can be safely assumed that the first and second 

protonation processes occur at two opposite ring nitrogen atoms of the 

DOTP ligand.  
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Figure IV.1.1 400 MHz 1H-NMR spectra (A) at pH = 11.0 and the chemical shifts of the 

ring () and the phosphonate (, ) –CH2- protons (B) and 162 MHz 31P NMR shift of 

phosphorous atoms () of DOTP ligand at different pH (C). The solid lines and the 

symbols represent the calculated and the experimental H and P values, respectively 

([DOTP]tot=10 mM, pH=12.6, H2O, [Na+]tot0.15 M→[NaOH]tot+[NaClO4]tot=0.15 M, 

25C) 

Comparison of the related protonation constants of DOTA ligand 

indicates that the log Ki
H values obtained in 0.15 M NaClO4 and 0.15 M 

NaCl solutions are essentially identical confirming the negligible influence 
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of the anions of the background electrolyte for the protonation constants of 

the ligand. On the other hand, the log K1
H value of DOTA obtained in 0.15 

M NaClO4 or 0.15 M NaCl is lower by about 3 log units than the constant 

determined in 0.1 M Me4N(NO3) solutions. The lower log K1
H value 

obtained in NaClO4 or NaCl solutions can be interpreted by the formation 

of the relatively stable [Na(DOTA)]3- complex (logKNa(DOTA)=4.38).[100] 

The log Ki
H values of DOTP ligand determined in 0.15 M NaClO4 and 0.1 

M Me4N(NO3) solutions are essentially identical, which might be 

interpreted by the very weak interaction between the Na+ ion and the DOTP 

ligand. Interestingly, the single resonance in 31P NMR spectra of H6DOTP 

is broadened and split into two resonances of equal area separated by about 

14 ppm with the lowering of temperature from 313 K to 253 K at pH=2.5 

in DMSO-D6/H2O: 40/60 vol % mixture (Figure IV.1.2). A similar 

behaviour for ligand DOTP was evidenced at pH=7.0.[76] By taking into 

account the structure of H6DOTP species, it can be assumed that the 

broadening and coalescence of 31P NMR signals is caused by the increased 

exchange rate of non-H-bonded and H-bonded phosphonate pendants with 

the protonated ring nitrogen atoms (Figure (IV.1.3.)). The 31P-NMR 

signals of the –PO3H
- group were suitable to carry out line-shape analysis 

by simulating the 31P NMR spectra obtained at different temperatures. The 

transverse relaxation time (T2) of the –PO3H
- phosphorous signal was 

found to be T2=0.016 s. The experimental spectra have been simulated 

using the chemical shift difference of the two phosphorous signals 

(=2271 Hz). Examples for typical experimental and simulated spectra 

are shown in Figure IV.1.3.  
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Figure IV.1.2. Experimental (A) and simulated (B) proton-decoupled 31P NMR spectra 

of H6DOTP in DMSO-D6/ H2O: 40/60 vol % mixture ([H6DOTP]tot=5.0 mM, 162 MHz. 

 

 

Figure IV.1.3. Proposed isomerization process of the H6DOTP species 

The activation parameters (Table IV.1.2) of the isomerization 

process for H6DOTP species have been estimated with the Eyring equation 

by using the kex rate constant obtained by the line-shape analysis The 

Eyring plot for the determination of the activation parameters for H6DOTP 

species is shown in the appendix Figure A.1.  

Table IV.1.2 Rate constants and activation parameters of the isomerization process for 

H6DOTP species obtained from the line-shape analysis of the 31P NMR spectra. 

 H6DOTP 

H‡ /kJ·mol-1 45  1 

S‡ / J·mol-1K-1 -15  2 

G‡
298 /kJ·mol-1 49  1 

kex
298 /s-1 13226 
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The activation energy (G‡
298) of the isomerization process of the 

H6DOTP is 45 kJ·mol-1, which is somewhat lower than that of H3DOTP-

H4DOTP mixture obtained at pH=7.0 (G‡
298=56 kJ·mol-1).[76] The lower 

G‡
298 value of H6DOTP might be explained by the protonation of the 

phosphonate pendants results in the weaker interaction between the non-

protonated phosphonate O- and the protonated ring nitrogen donor atoms. 

Our band shape analysis provides negative activation entropy (S‡), which 

is probably related to the reorganization of the hydration shell around the 

positively charged ring NH+ donor atoms in the transition state. 

IV.2. Equilibrium, kinetic and structural studies of [Bi(DOTA)]- 

and [Bi(DOTP)]5- complexes 

The stability constants of Bi(III)-polyamino-policarboxylate 

complexes have been commonly determined by spectrophotometry relying 

on the competition or decomplexation reaction by Br- at acidic conditions 

(pH= 2-3) or by OH- at basic conditions (pH> 11). 

Stepwise, cumulative and conditional stability and protonation 

constants of Bi(III)  complexes are defined by Eq IV.2.1-IV.2.5, where 

H=K1[H
+]+K1K2[H

+]+…K1K2..Kn[H
+]n. 

  𝐾BiL =
[BiL]

[Bi3+][L]
                                            IV.2.1  

𝛽BiL =
[BiL2]

[Bi3+][L]2
  (L=NTA)                        IV.2.2 

𝐾Bi(HiL) =
[Bi(HiL)]

[Bi(Hi−1L)][H+]
                            IV.2.3 

𝐾BiL
cond =

𝐾BiL

(1+𝛼H)
                                        IV.2.4 

𝛽BiL2

cond =
𝛽BiL2

(1+𝛼H)2
                                       IV.2.5 
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IV.2.1  Equilibrium studies of Bi(III) - NTA system 

Karadakov and co-workers had determined the stability constants of 

the [Bi(NTA)] and [Bi(NTA)2]
3- complexes defined by Eqs. (IV.2.1) and 

(IV.2.2) by spectrophotometry in 1.0 M NaClO4 solution 

(logKBi(NTA)=17.54, logKBi(NTA)2=9.01, logBi(NTA)2=26.55, 25C, 1.0 M 

NaClO4,[101]. To obtain equilibrium data for Bi(III) - NTA system in 0.15 

M NaClO4 solution, the stability constants of [Bi(NTA)] and [Bi(NTA)2]
3- 

complexes (Eqs. (IV.2.1) and (IV.2.2)) were also determined by 

spectrophotometry at 25 ºC in 0.15 M NaClO4 solution. 

The KBiL and BiL2 values have been calculated from the 

spectrophotometric titration data obtained at 1:1 and 1:2 metal to ligand 

concentration ratio. The equilibrium reaction has been studied in the –

log[H+] range of 0.0 – 5.3 (the ionic strength were constant 

I=[NaClO4]+[HClO4]=0.15 in the samples [H+]0.15 M), where the 

formation of BiIII, BiL, BiL2 and HxL species was assumed (x=1 – 3, y=1 

or 2). Some characteristic absorption spectra of Bi(III) - NTA systems are 

shown in Figure IV.2.1.1. 

Bi3+ + yHxNTA ⇌ Bi(NTA)y + x×yH+                IV.2.1.1 
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Figure IV.2.1.1 Absorption spectra of the Bi(III) - NTA system at 1:1 (A) metal to 

ligand concentration ratio. The solid lines and the open symbols represent the 

experimental and the calculated absorbance values, respectively. A: 

[Bi(III)]tot=[NTA]tot=0.1 mM, -log[H+]=0.1, 0.3, 0.6 and 1.0 M. 

 

Figure IV.2.1.2. Absorption spectra of the Bi(III) - NTA system at 1:2 (B) metal to 

ligand concentration ratio. The solid lines and the open symbols represent the 

experimental and the calculated absorbance values, respectively.B: [Bi(III)]tot=0.1 mM, 

[NTA]tot=0.2 mM, pH=2.01, 2.41, 2.95, 3.52, 3.96, 4.42 and 5.15, [H+]0.15 

M→[Na+]+[H+]=0.15 M, l=1 cm, 25C 

Stability constant of the [Bi(NTA)] and [Bi(NTA)2]
3- complexes at 

25C in 0.15 M NaClO4 solution were found to be KBiL=16.97 (3) and 

BiL2=26.20 (6), which are in a good agreement with the KBiL=17.53 and 
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BiL2=26.56 values obtained at 25C in 1.0 M NaClO4 solution by 

Karadakov and co-workers.[101]  

 

IV.2.2  Equilibrium studies of the of Bi(III)-DOTA-NTA and Bi(III)-

DOTP-NTA systems 

Based on our model calculations the nitrilotriacetic acid (H3NTA) 

can efficiently compete with the H8DOTP and H4DOTA for the Bi(III) ion 

in the pH range of 1.8-3.2 regardless of the fact that  the stability constant 

of the Bi(III) complexes are logKBiL > 30.0, due to the comparatively low 

conditional stability constant of the protonated [Bi(HxDOTP)]x-5 and 

[Bi(DOTA)]- species. The four basic phosphonate O donor atoms, which 

do not participitate in the coordination of Bi(III) ion, enable the formation 

of different protonated [Bi(HxDOTP)]x-5 species (Eq IV.2.2.1).  

Bi(NTA)2 + HxL ⇋ Bi(HiL) + 2 H2NTA                    IV.2.2.1  

where x=6 and i=4 for DOTP , x=4 and i=0 for DOTA, at pH=3.0 where 

the [Bi(DOTA)]- and [Bi(H4DOTP)]- species predominates. The stability 

constants can be determined by following the competition equilibria in the 

systems Bi(III) - NTA - HxL with spectrophotometry due to the different 

absorption spectra (6p  6s transitions) of the [Bi(NTA)2]
3-, [Bi(DOTA)]- 

and [Bi(H4DOTP)]- complexes. The competition equilibria could be 

monitored via the absorption band of both [Bi(DOTA)]- or [Bi(H4DOTP)]- 

and the [Bi(NTA)2]
3- complexes. Some characteristic absorption spectra 

obtained in the systems Bi(III) - NTA - H4DOTA and Bi(III) - NTA - 

H6DOTP systems are shown in Figure IV.2.2.1 
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Figure IV.2.2.1 Absorption spectra of the Bi(III) - NTA – DOTA (A) and Bi(III) - NTA 

– DOTP (B) systems. The solid lines and the open symbols represent the experimental 

and the calculated absorbance values, respectively (A: [Bi(III)]tot=0.05 mM, [NTA]tot=50 

mM, [DOTA]tot=0.0, 20, 40, 60, 80 and 100 M; B: [Bi(III)]tot=0.05 mM, [NTA]tot=10 

mM, [DOTP]tot=0.0, 30, 60, 90, 120, 150, 210 and 300 M pH=3.0, 

[NTA]tot+[NaClO4]tot=0.15 M, 25C) 

The absorbtion spectra indicate the presence of two absorbing species, 

[Bi(NTA)2]
3- and [Bi(DOTA)]- (A) or [Bi(H4DOTP)]- (B) in equilibrium. 

Considering the molar absorptivities of [Bi(DOTA)]- and [Bi(H4DOTP)]-, 

the protonation constants of NTA, DOTA and DOTP ligand (Table IV.1.1), 

the stability product of [Bi(NTA)2]
3- (logBi(NTA)2, Table IV.2.2.1), the 

stability constants of [Bi(DOTA)]- and [Bi(DOTP)]5- are calculated, and 

[Bi(NTA)2]3- 

[Bi(DOTA)]- 

[Bi(NTA)2]3- 

[Bi(H4DOTP)]- 
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the log KBiL values are presented in Table IV.2.2.1 For the equilibrium 

calculations, the protonation constants of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes (log KBi(HiL), Eq. (IV.2.3), Table IV.2.2.1) determined by pH-

potentiometry at 25C in 0.15 M NaClO4 solution are also included in the 

model.  

Table IV.2.2.1. Stability and protonation constants of the Bi(III) complexes (0.15 M 

NaClO4, 25C). 

 NTA DOTA DOTP 

log KBiL 16.97 (3) 30.86 (7) 30.3a 38.67 (2) 

logKBi(HL) − 1.38 (4) − 7.04 (3) 

logKBi(H2L) − − − 5.86 (3) 

logKBi(H3L) − − − 4.81 (4) 

logKBi(H4L) − − − 4.27 (2) 

(log=60.65) 

log KBiL2 9.23 (6) 

(log=26.21) 

− − − 

logKFeL 14.78 b 29.4 e − 

logKInL 13.81 c 24.53 f − 

logKGdL 11.11 d 24.7g, 24.67h, 25.58 i 28.8 j 

aRef [16](1.0 M NaBr, 25C); b Ref.[[102]] (1.0 M NaClO4, 25C); c Ref.[[103]] (0.1 M 
KNO3, 25C); dRef. [[104]] (0.5 M NaClO4, 25C); e Ref. [[105]] (0.1 M KCl, 25C); f 
Ref. [[106]] (0.1 M KCl, 25C); g Ref. [[107]] (0.1 M NaCl, 25C); h Ref. [[108]] (0.1 M 
Me4NCl, 25C); i Ref. [[109]](0.1 M Me4NCl, 25C); j Ref. [[110]] (0.1 M Me4NCl, 
25C). 

Bi(III) is a soft or borderline metal ion and it usually forms stable 

complexes with ligands containing O, N and S donor atoms. Ionic radius 

of the Bi(III) ion in complexes is 124-133 pm and CN=8. Comparing the 

obtained stability constant of [Bi(DOTP)]5- with that of [Bi(DOTA)]- 

reveals that the substitution of the carboxylate with the phosphonate 

pendants results in about 8 log unit increase of the log KBiL value due to the 

higher basicity of the ring nitrogen atoms and the higher total basicity of 

the DOTP ligand (Table IV.1.1).  
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The stability constants in Table IV.2.2.1 indicate that the log KBiL 

values of the [Bi(DOTP)]5- and [Bi(DOTA)]- complexes are significantly 

higher than the log KML values of Fe(III), In(III) and Gd(III) complexes. 

Considering the size of Bi(III) (124-133 pm) and Gd(III) ion (100 pm), the 

higher stability constant of the [Bi(DOTP)]5- and [Bi(DOTA)]-  complexes 

is probably accounted  to the stronger interaction of the ring nitrogen atoms 

with the softer Bi(III) ion. It has been confirmed by the shorter Bi(III)-N 

bound distances than those observed in the Gd(III) complexes in the single 

crystals .  

 

IV.2.3 Formation kinetic studies of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes 

The complex formation reactions of the trivalent metal ions with 

protonated macrocyclic DOTA-like ligands are usually slow[16], [111]–

[113]. This slow formation is not favourable for the short-lived radiometals 

(e.g 213Bi, 68Ga). The phenomenon is well known in the literature that slow 

complexation of macrocyclic liagnds of trivalent metal ions is mostly 

caused by rigid structure of highly preorganized macrocycle, which can 

form the long lived protonated intermediate. 

The formation of M(III) complexes and deprotonation of the 

intermediate takes place simultaneously by the slow penetration of the 

M(III) ion into the coordination cage formed by the four ring N atoms and 

the four O atoms of the pendant arms[109], [111]–[115]. The formation of 

the final in-cage complex occurs via deprotonation of the intermediate and 

by the rearrangement to the final M(III) complexes. 

The formation of [Bi(DOTA)]− and [Bi(DOTP)]5- complexes was 

followed by spectrophotometry using the absorption bands of the 
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[Bi(DOTA)]− and [Bi(DOTP)]5- complexes (308 nm) in the pH range 3.0 

– 6.0 (0.15 M NaClO4, 25C). Some characteristic absorption spectra 

obtained for the reacting systems Bi(III) - DOTA and Bi(III) - DOTP are 

shown in Figure IV.2.3.1. 

 

Figure IV.2.3.1. Absorption spectra of Bi(III) - DOTA (A) and and BiIII - DOTP (B) 

reacting systems. (A: [Bi(III)]tot=0.050 mM, [DOTA]tot=5.0 mM, pH=4.0, 

[NMP]tot=0.01 M, 25C; B: [Bi(III)]tot=0.05 mM, [DOTP]tot=1.0 mM, pH=3.0, 

[CA]tot=0.01 M, 0C; 0.15 M NaClO4). 

Under these conditions the formation of the [Bi(DOTP)]5- was fast, 

thus the absorption spectra of the Bi(III)–DOTP reacting system were 

recorded at 0C. In the reaction mixture of Bi(III)-DOTA at pH=4.0, two 

new absorption bands were observed with maxima at 260 and 308 nm. In 

the progress of the reaction the intensity of the band at 260 nm decreased, 

whereas the other band at 308 nm increased. Based on this phenomena the 

absorption bands at 260 and 308 nm were characteristic for the 

intermediate and the final [Bi(DOTA)]− complex, respectively. For the 
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reaction mixture of Bi(III)-DOTP at pH=3.0, absorption bands at 240 and 

308 nm might be assigned in a similar manner. Since the structure of the 

ligands is similar, it can be assumed that the formation of [Bi(DOTA)]− 

occurs by coordination of four acetates to Bi(III) ion, to form a 

diprotonated intermediate [Bi(H2DOTA)]+, in which the Bi(III) ion is 

placed outside the coordination cage, meanwhile two opposite macrocyclic 

ring-N atoms are protonated.  

To characterise the stoichiometry and the possible structure of the 

[BiHx(DOTP)]x-3 intermediate, pH was monitored by spectrophotometry 

in the Bi(III) - H6DOTP reaction system ([Bi(III)]tot=0.5 mM, [H6DOTP], 

pHend=3.17, Vtot=1.8 mL, 0.15 M NaClO4, 0C) using methyl orange as 

indicator. The absorption spectra of methyl orange and the absorbance 

values of the Bi(III) - H6DOTP reaction system at 506 nm as a function of 

time are shown in Figures IV.2.3.2 and IV.2.3.3.  

 

 

 

 

 

 

Figure IV.2.3.2 Absorption spectra (A) and absorbance values at 506 nm of methyl 

orange as a function of pH (B). 
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Figure IV.2.3.3. Absorbance values of the Bi(III) - H6DOTP reacting system as a 

function of time ([Bi(III)]tot=0.5 mM, [H6DOTP]tot=10 mM, [methyl orange]tot=12.5 M, 

pHend=3.17, l=1 cm, 0.15 M NaClO4, 0C). 

 

The absorbance values obtained at 506 nm decrease over time, which 

can be interpreted by the increase of the pH value in the Bi(III) - H6DOTP 

reaction system (Figure IV.2.3.3). By taking into account the protonation 

constant (log KH=3.52 (4)) and the molar absorptivity of the protonated 

(HL) and deprotonated (L) methyl-orange obtained at 506 nm (L=15483 

M-1cm-1; HL=42780 M-1cm-1), the pH was found to be +0.44 ([H+] = -

1.2 mM) in the Bi(III) - H6DOTP reaction system. Considering the large 

excess of H6DOTP, it can be assumed that the intermediate is fully formed 

at the beginning of the reaction. So, the increase of the pH might be 

accounted to the transformation of the intermediate to the final 

[Bi(H4DOTP)]- complex during the H+ consuming process 

([Bi(H4DOTP)]- predominates at pHend=3.17). By taking into account the 

concentration of Bi(III) ion ([Bi(III)]tot=0.5 mM) and [H+]= -1.2 mM, the 

formation of the diprotonated *[Bi(H2DOTP)]3- intermediate can be 

assumed in the Bi(III) - H6DOTP reaction system. In the *[Bi(H2DOTP)]- 
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intermediate the Bi(III) ion is coordinated by the four more basic 

phosphonate –O- donor atoms, whereas two opposite macrocyclic ring N 

atoms are protonated (four weakly basic deprotonated phosphonate –O- 

donor atoms very likely do not take place in the coordination of the Bi(III) 

ion). The formation of *[Bi(H2DOTP)]- intermediate is also supported by 

the structural characterization of H6DOTP2- ligand (Figure IV.1.1, Figure 

IV.1.2, Table IV.1.2,), which reveals the availability of the more basic 

phosphonate –O- donor atoms for the coordination of the Bi(III) ion, 

whereas four weakly basic deprotonated phosphonate –O- donor atoms 

might form the H-bonding with the protonated macrocyclic ring N atoms. 

The formation of the final in-cage Bi(III) complex occurs by the 

deprotonation of the two macrocyclic ring N atoms of the diprotonated 

*[Bi(H2DOTP)]3- intermediate, which is followed by the rearrangement to 

the final [Bi(H4DOTP)]- complex with the consumption of two equivalents 

of H+. 

The formation rates of Bi(III) complexes have been studied under pseudo-

first order conditions that were ensured by the presence of a large excess 

of DOTA or DOTP ([Bi(III)]tot=25 M). In these cases, the rate of 

formation reactions can be expressed by Eq. IV.2.3.1 

d[BiL]

dt
= 𝑘obs[Bi(III)]t                             IV.2.3.1 

where [BiL] is the concentration of the [Bi(DOTA)]- and 

[Bi(DOTP)]5- complexes formed, [Bi(III)]tot is the total concentration of 

species containing Bi(III) ions and kobs is the pseudo-first order rate 

constant. The formation reaction of [Bi(DOTA)]- and [Bi(DOTP)]5- was 

investigated by varying the concentrations of DOTA and DOTP at 

different pH values. As expected, the kobs vs. [DOTA]tot and kobs vs. 
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[DOTP]tot (Figures IV.2.3.4 and IV.2.3.5) were saturation curves 

indicating the fast formation of the *[Bi(H2DOTA)]+ and 

*[Bi(H2DOTP)]3- intermediates in a pre-equilibrium characterized by a 

stability constant defined by Eq. IV.2.3.2.  

𝐾Bi(𝐻2L) =
[ B 
∗ i(𝐻2L)]

[BiIII][𝐻2L]
                                    IV.2.3.2 

where [*Bi(H2L)] is the concentration of *[Bi(H2DOTA)]+ and 

*[Bi(H2DOTP)]3- intermediate and [H2L] is the concentration of the 

H2DOTA2- and H2DOTP6-.  

 

Figure IV.2.3.4 Pseudo-first order rate constants (kobs) for the formation reaction of 

[Bi(DOTA)]- complex. The symbols and the solid lines represent the experimental and 

the calculated rate constants, respectively. ([Bi(III)]tot=25 M, pH=3.3, 3.9, 4.5, 4.9, 5.4 

and 5.9, 0.15 M NaClO4, 25C). 
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Figure IV.2.3.5 Pseudo-first order rate constants (kobs) for the formation reaction of 

[Bi(DOTP)]5- complex. The symbols and the solid lines represent the experimental and 

the calculated rate constants, respectively. ([Bi(III)]tot=25 M, pH=3.0, 3.3, 4.0, 4.5, 4.8, 

5.3 and 5.6, 0.15 M NaClO4, 25C). 

The rate-determining step of the reactions is the deprotonation and 

rearrangement of the *[Bi(H2DOTA)]+ and *[Bi(H2DOTP)]3- 

intermediates by the entrance of the metal ion into the cavity of the DOTA 

or DOTP ligands: 

                
d[BiL]

dt
= 𝑘obs[Bi(III)]t = 𝑘f[∗ Bi(𝐻2L)]t                     IV.2.3.3 

where [*Bi(H2L)]tot is the concentration of [*Bi(H2DOTA)]+ and 

*[Bi(H2DOTP)]3- intermediates and kf is the rate constant characterizing 

the deprotonation and rearrangement of the intermediate to the final BiIII 

complexes. The concentration of the non-complexed ligand can be 

expressed by Eq. (IV.2.3.4) using the protonation constants of DOTA and 

DOTP ligand (Table IV.1.1). 

[L]free = [H2L](1 + 𝐾3
H[H+] + 𝐾3

H𝐾4
H[H+]2 + 𝐾3

H𝐾4
H𝐾5

H[H+]3 +

𝐾3
H𝐾4

H𝐾5
H𝐾6

H[H+]4) = (1 + 𝛼2H)[H2L]                                      IV.2.3.4. 

where α2H = 𝐾3
H[H+] + 𝐾3

H𝐾
4

H
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H𝐾
4
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H[H
+
]3 + 𝐾3
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H[H+]4. 

By taking into account the hydrolysis of the Bi(III) ion the total metal 

ion concentration can be expressed by Eq. IV.2.3.5. 
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[Bi(III)]tot=[*Bi(H2L)]+[Bi(OH)]+[Bi(OH)2]+[Bi(OH)3]+[Bi(III)] 

IV.2.3.5 

Under the experimental conditions (pH=3.0–6.0), the hydrolysis of 

Bi(III) ion may occur resulting in the formation of [Bi(OH)]2+, [Bi(OH)2]
+ 

and Bi(OH)3 species. The formation of polymeric Bix(OH)y (x=6 and 9, 

y=12, 20 – 22) species does not take place under the experimental 

conditions applied in our kinetic studies.[15] Considering the hydrolysis 

of Bi(III) ion, the OH- ion may compete with the ligands for the Bi(III) 

ions. By taking into account the protonation constants of DOTA and 

DOTP (Table IV.1.1 and (Eq. (IV.1.1)), the stability constant of 

[*Bi(H2L)] intermediates (Eq. (IV.2.3.2.)), the total concentration of the 

Bi(III) ion (Eq. (IV.2.3.5)) and Eq. (IV.2.3.3), the pseudo-first order rate 

constant can be expressed by Eq. IV.2.3.6. 

                                  𝑘obs =

𝑘f𝐾Bi(𝐻2L)[L]t

1+𝛼2H

1+
KBi(𝐻2L)[L]t

1+𝛼2H
+𝛼OH

                          IV.2.3.6            

where [L]tot is is the total concentration of DOTA and DOTP ligand and 

OH=1
OH/[H+] +2

OH/[H+]2+ 3
OH/[H+]3 (log1

OH=-1.09; log2
OH=-4.0 and 

log3
OH=-8.86 for Bi(III) ion).[116]  The pseudo-first order rate constants 

determined at various pH, [DOTA] and [DOTP] values (Figures IV.2.3.4 

and IV.2.3.5) were fitted to Eq. (IV.2.3.6) and the stability constant of the 

[Bi(H2L)]+ intermediates (KMH2L) and the kf rate constants were calculated. 

The calculated kf rate constants obtained for the formation of the 

[Bi(DOTA)]- and [Bi(DOTP)]5- complexes are shown in Figure IV.2.3.6 as 

a function of pH and [OH-]. 
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Figure IV.2.3.6 kf rate constants characterize the formation of [Bi(DOTA)]- () and 

[Bi(DOTP)]5- () complex as a function of pH (A) and [OH-] (B). The symbols and the 

solid lines represent the experimental and the calculated kf rate constants, respectively 

(0.15 M NaClO4, 25C). 

The proposed mechanism for the formation of [Bi(DOTA)]− and 

[Bi(DOTP)]5− complexes is shown in Figure IV.2.3.7. 

 

Figure IV.2.3.7 Formation mechanism of [Bi(DOTA)]− and [Bi(DOTP)]5− complexes 

(x= 2–4 for DOTA and x=4–6 for DOTP in the pH range 3–6). 

Based on the reaction mechanism proposed for the formation of 

[M(DOTA)]− complexes with trivalent metal ions, the di- and the 

monoprotonated intermediates exist in equilibrium.[112]–[114] The 

dependence of the kf values on the [OH−] can be interpreted by the 

formation of the kinetically active monoprotonated *[Bi(HL)] 

intermediates via the dissociation of the diprotonated *[Bi(H2L)] 

intermediates in an equilibrium characterized with the KH
Bi(HL) protonation 

constant Eq. IV.2.3.7. 
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H =

[ B 
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                                     IV.2.3.7 
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The rate-controlling step of complex formation involves the H2O or OH- 

assisted deprotonation and rearrangement of the monoprotonated 

*[Bi(HL)] intermediates to the final [BiL] complex. However, the 

formation of [Bi(DOTP)]5− might occur by the spontaneous deprotonation 

of the *[Bi(H2DOTP)]3− intermediates and rearrangement to the final 

[Bi(DOTP)]5- complex at pH<4.0 (Figure IV.2.3.6) According to the 

proposed reaction mechanism, the formation rate of the [Bi(DOTA)]- and 

[Bi(DOTP)]5- complexes can be given by Eq. IV.2.3.8. 

d[BiL]

dt
= 𝑘f[ B 

∗ i(𝐻2L)]t = 𝑘Bi(𝐻2L)[ B 
∗ i(𝐻2L)] + 𝑘 

H2O
Bi(𝐻L)[ B 

∗ i(𝐻L)] 

+ 𝑘 
OH

Bi(𝐻L)[ B 
∗ i(𝐻L)][OH−]                                                                    IV.2.3.8 

By considering the total concentration of intermediates 

([*Bi(H2L)]tot=[*Bi(HL)]+[*Bi(H2L)]), the definition of KH
Bi(HL) 

protonation constant (Eq. IV.2.3.7), the kf rate constant can be expressed 

by Eq. IV.2.3.9.  

𝑘f =
𝑘Bi(𝐻2L)𝐾Bi(HL)

H [H+]+ 𝑘 
H2O

Bi(HL)+ 𝑘 
OH

Bi(HL)𝐾w/[H+]

1+𝐾Bi(HL)
H [H+]

                IV.2.3.9 

This equation was used for the fitting of the kf values to determine 

the kBi(H2L), 
H2OkBi(HL) and OHkBi(HL) rate constants and the KH

Bi(HL) 

protonation constants that characterize the formation of [Bi(DOTA)]− and 

[Bi(DOTP)]5− complexes. For [Bi(DOTA)]−, the protonation constants of 

the monoprotonated *[Bi(HL)] intermediate (KH
Bi(HL)) can not be 

calculated, which might be explained by the very low KH
Bi(HL) due to the 

high affinity of Bi(III) ion to the ring N donor atoms. The kBi(H2L), 
H2OkBi(HL) 

and OHkBi(HL) rate constants and the KH
Bi(HL) protonation constants are 

shown in Table IV.2.3.1. 
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Table IV.2.3.1. Rate (k) and equilibrium (K) constants characterizing the formation of 

[Bi(DOTA)]−, [Bi(DOTP)]5− [Ce(DOTA)]− and [Gd(DOTP)]5− complexes (0.15 M 

NaClO4, 25C) 

 [Bi(DOTA)]− [Bi(DOTP)]5− [Ce(DOTA)]− 

a,b 

[Gd(DOTP)]5−

d 

kM(H2L) 
(s−1) 

− 0.33  0.01 − − 

H2OkM(HL) 
(s−1) 

(21)10-5 2.2  0.2 18.5 − 

OHkM(HL) 
(M−1s−1) 

(1.20.2)
106 

− 1.9107 7.2103 

logKH
M(HL) − 5.61  0.05 8.64 − 

logKM(H2L) 11.6 (3) 21.8 (1) 4.5c − 
a Ref. [[117]], b Ref. [[114]], c Ref. [[118]], d Ref. [[119]] 

The H2OkM(HL) and HOkM(HL) rate constants relatied to the H2O as 

Brønsted base and OH− assisted deprotonation and rearrangement of the 

*[Bi(HDOTA)] intermediates via the formation of the final [Bi(DOTA)]− 

complex is significantly lower than those of [Ce(DOTA)]− complex. By 

taking into account the similar charge and size of Bi(III) and Ce(III) ions 

(Bi(III): 124–133 pm; Ce(III): 114 pm),[16] the slower formation of 

[Bi(DOTA)]−  is likely associated to the higher stability of the diprotonated 

*[Bi(H2DOTA)]+ intermediate (logKBi(H2L)=11.6), which results in slower 

H2O- and OH−-assisted deprotonation and rearrangement processes to the 

final Bi(III) complex. 

To confirm the role of the general base catalysis in the deprotonation 

of the *[Bi(H2DOTA)]+ intermediate, the formation rate of [Bi(DOTA)]- 

was followed by spectrophotometry at the absorption band of the final 

[Bi(DOTA)]− complex (308 nm) in the presence of acetate as base (pH=3.3 

– 5.5, 0.15 M NaClO4, 25C). The formation rates of Bi(III) complexes 

have been studied under pseudo-first order conditions that was ensured by 

the presence of a 40 fold excess of  DOTA ([Bi(III)]tot=25 M, 
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[DOTA]tot=1.0 mM). In these cases, the rate of formation reactions can be 

expressed by Eq. IV.2.3.1 

The formation reaction of [Bi(DOTA)]− was investigated by varying 

the concentrations of acetate [Ac] at different pH values. As expected, the 

kobs values increase monotonously as a function of [Ac]tot (Figure IV.2.3.8). 

As it has been shown previously, the diprotonated *[Bi(H2DOTA)]+ 

intermediate is fully formed in the presence of 40 fold excess of DOTA 

([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM and [DOTP]tot=0.1 mM, Figures 

IV.2.3.4 and IV.2.3.5). Moreover, the deprotonation of the diprotonated 

*[Bi(H2DOTA)]+ intermediate takes place by the formation of the 

monoprotonated *[Bi(HDOTA)] intermediate in our experimental 

condition. 

 

Figure IV.2.3.8. Pseudo-first order rate constants (kobs) for the formation reaction of 

[Bi(DOTA)]- complex. The symbols and the solid lines represent the experimental and 

the calculated rate constants, respectively. ([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM, 

pH=3.3, 4.0, 4.6, 4.8 and 5.4, 0.15 M NaClO4, 25C). 

Since the formation rate of the Bi(III) complexes is directly 

proportional to the concentration of the diprotonated *[Bi(H2L)] 

intermediate (Eq. IV.2.3.3.), it can be assumed that the rate-determining 

step of the reactions is the acetate as general base assisted deprotonation 
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and rearrangement of the monoprotonated *[Bi(HDOTA)] intermediate 

(k’Ac) and the entrance of the metal ion into the cavity of the DOTA. 

According to the proposed reaction mechanism, the formation rate of the 

[Bi(DOTA)]- complex in the presence of acetate buffer can be given by 

Eq. IV.2.3.10. 

d[BiL]

dt
= 𝑘obs[BiIII]tot = 𝑘′Ac[∗ Bi(𝐻L)]t[Ac]tot               IV.2.3.10 

Under the experimental conditions and at pH between 3.3 and 5.4, the H2O 

and OH- assisted deprotonation of the *[Bi(HDOTA)] intermediates is very 

slow process, so their contribution to the formation rate of [Bi(DOTA)]- 

can be neglected. By considering the total concentration of Bi(III) 

([Bi(III)]tot=[*Bi(HL)]tot) and Eq. (IV.2.3.10.), the pseudo-first order rate 

constant can be expressed by Eq. IV.2.3.11. 

 

                                          𝑘obs = 𝑘′Ac[Ac]tot                                       IV.2.3.11 

This equation was used for the fitting of the kobs values in Figure IV.2.3.9 

to determine the k’
Ac rate constants characterizing the acetate anion assisted 

formation of [Bi(DOTA)]- complexes at given pH. The k’
Ac rate constants 

are shown as a function of pH in Figure IV.2.3.9. 
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Figure IV.2.3.9. k’
Ac rate constants characterizes the acetate assisted deprotonation and 

transformation of the *[Bi(HDOTA)] intermediate to the final [Bi(DOTA)]- complex 

The symbols and the solid lines represent the experimental and the calculated rate 

constants, respectively. (0.15 M NaClO4, 25C). 

The k’Ac rate constants increase with the increase of the pH. The 

dependence of the k’Ac values on the pH can be interpreted by the formation 

of the kinetically active deprotonated acetate anion, which might assist the 

deprotonation *[Bi(HDOTA)] intermediate via proton exchange processes. 

By considering the total concentration of acetate ([Ac]tot=[HAc]+[Ac-]), 

and the definition of protonation constant of the acetate anion (Eq. (IV.1.1), 

the k’Ac rate constant can be expressed by Eq.IV.2.3.12 

𝑘′Ac =
𝑘Ac

1+ 𝐾 Ac
1
H[H+]

                               IV.2.3.12 

where kAc is the rate constant characterizing the acetate anion assisted 

deprotonation of *[Bi(HDOTA)] intermediate, whereas AcK1
H is the 

protonation constant of the acetate anion. This equation was used for the 

fitting of the k’Ac values to determine the kAc rate constant and the AcK1
H

  

protonation constant of the acetate anion. The protonation constant of the 

acetate anion obtained by the fitting of the kinetic data in Figure IV.2.3.9 

is logAcK1
H = 4.8(2), which is in reasonable agreement with the published 

data (logAcK1
H= 4.52, 25C, 0.15 M NaClO4).[120] The kAc rate constants 
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characterizing the acetate assisted deprotonation and transformation of 

*[Bi(HDOTA)] intermediate to the final [Bi(DOTA)]- complex is kAc = 0.7 

 0.1 M-1s-1. The kAc rate constant that characterise the acetate-assisted 

formation of [Bi(DOTA)]− is about six orders of magnitude lower than the 

OHkBi(HL) rate constant relatied to the OH−-assisted formation of 

[Bi(DOTA)]− due to the much lower basicity of acetate compared to OH− 

(Ac: log AcK1
H= 4.8 (2); OH−: log KH= 15.4, 0.15 M NaClO4, 25C). 

Surprisingly,    the stability constant of diprotonated *[Bi(H2DOTP)]3+ 

intermediate (log KM(H2L)) is about two times higher than that  of 

*[Bi(H2DOTA)]+ intermediate,  in which the Bi(III) ion is coordinated by 

four highly basic phosphonate –O− donor atoms A comparison of the 

formation rate (kobs) of the [Bi(DOTP)]5− (Figure IV.3.4) to [Gd(DOTP)]5− 

[119] indicates that the kobs values of [Bi(DOTP)]5− are more than  hundred 

times higher than those of the [Gd(DOTP)]5−, i.e.: the Bi(III) complex is 

formed more rapidly at pH < 6. However, the faster formation of 

[Bi(DOTP)]5− in the pH range 3–6 cannot be explained by the   higher 

concentration of the kinetically active monoprotonated *[Bi(HDOTP)]4− 

intermediate, since its protonation constant is relatively high (log 

KH
Bi(HL) = 5.61, Table IV.2.3.1). Thus, the faster formation of 

[Bi(DOTP)]5− can be attributed by the rapid proton exchange between 

protonated ring-N atoms of the deprotonated *[Bi(H2DOTP)]3+ and the 

monoprotonated *[Bi(HDOTP)]4− intermediates and H2O (kM(H2L) and 

H2OkM(HL)), which might be assisted by the four weakly basic deprotonated 

phosphonate –O− donor atom in the general base catalized process. 
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IV.2.4 Formation kinetics of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes in the presence of citrate 

In order to avoid the precipitation of Bi2O3, the Bi(III) ion must be 

pre-complexed at pH > 2.5 in a form of a weak complex because of its 

strong tendency  to hydrolysis.[116] Citrate was used previously as 

auxiliary ligand [121]–[125]. The effect of citrate on the formation rate of 

[Bi(DOTA)]−  and [Bi(DOTP)]5- complexes was followed by 

spectrophotometry at the absorption band of the final [Bi(DOTA)]− and 

[Bi(DOTP)]5- complexes (308 nm) in the presence of 0.25 – 2.0 mM citrate 

(pH=3.0 – 5.6, 0.15 M NaClO4, 25C). Some characteristic absorption 

spectra of the Bi(III) - DOTA – citrate reacting system are shown in Figure 

IV.2.4.1. 

 

Figure IV.2.4.1 Absorption spectra of Bi(III) - DOTA - citrate reacting system 

([Bi(III)]tot=50 M, [DOTA]tot=2.0 mM, [Cit]tot=4.0 mM; at pH=4.0, 0.15 M NaClO4, 

25C) l =1 cm. 

 

The formation reaction of [Bi(DOTA)]- and [Bi(DOTP)]5- was 

investigated by varying the concentrations of citrate between 0.25 – 2.0 

mM at different pH values in the presence of DOTA and DOTP excess 

guaranteeing the pseudo-first-order kinetic condition ([Bi(III)]tot=25 M, 

[DOTA]tot=1.0 mM, [DOTP]tot=0.1 mM). The kobs vs. [Cit]tot for the 
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formation of [Bi(DOTA)]- and [Bi(DOTP)]5- are shown in Figures 

IV.2.4.2 and IV.2.4.3. 

 

Figure IV.2.4.2 Pseudo-first-order rate constants (kobs) for the formation reaction of 

[Bi(DOTA)]- complex in the presence of citrate at different pH. The symbols and the 

solid lines represent the experimental and the calculated rate constants, respectively. 

([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM, pH=3.0, 3.4, 4.0, 4.6 and 5.0, 0.15 M NaClO4, 

25C). 

  

Figure IV.2.4.3 pseudo-first-order rate constants (kobs) for the formation reaction of 

[Bi(DOTP)]5- complex in the presence of citrate at different pH. The symbols and the 

solid lines represent the experimental and the calculated rate constants, respectively. 

([Bi(III)]tot=25 M, [DOTP]tot=0.1 mM, pH=3.0, 3.3, 4.0, 4.5, 4.8, 5.3 and 5.6, 0.15 M 

NaClO4, 25C). 

Interestingly, the formation rate (kobs) of [Bi(DOTA)]- increase with 

the citrate concentration showing the saturation curve (Figure IV.2.4.2). 

However, the kobs values that characterize the formation of the 

[Bi(DOTP)]5- decrease with the increase of [Cit]tot (Figure IV.2.4.3). The 

comparison of the absolute values of the kobs reaction rate constants 
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obtained in the absence and presence of 2.0 mM citrate indicates that citrate 

accelerates the formation of [Bi(DOTA)]- by a factor of 8 - 10 in the pH 

range pH 3.0-5.0. The presence of 2.0 mM citrate slows down the 

formation of [Bi(DOTP)]5- by a factor of 10 at pH between 3.0 and 4.5, and 

by about 5 times in the pH range 4.8-5.6. Under the experimental 

conditions and at pH between 3.0 and 5.6, the Bi(III) ion might form 

[Bi(Cit)] and [Bi(Cit)2]
3- complexes characterized by Eqs. IV.2.4.1 and 

IV.2.4.2 (logKBi(Cit)=10.78, logKBi(Cit)2=5.05, 37C, 0.15 M NaClO4).[126] 

 

Bi3+ + Cit3− ⇌ Bi(Cit)                            IV.2.4.1 

  

Bi(Cit) + Cit3− ⇌ Bi(Cit)2                          IV.2.4.2 

As it has been shown previously, the diprotonated *[Bi(H2L)] intermediate 

is fully formed in the presence of DOTA and DOTP excess ([Bi(III)]tot=25 

M, [DOTA]tot=1.0 mM and [DOTP]tot=0.1 mM). Since the formation rate 

of the Bi(III) complexes is directly proportional to the concentration of the 

diprotonated *[Bi(H2L)] intermediate, it can be assumed that the slower 

formation of [Bi(DOTP)]5- in the presence of citrate is caused by the 

formation of [Bi(Cit)] and [Bi(Cit)2]
3- complexes, i.e decreasing the 

concentration of the kinetically active diprotonated *[Bi(H2DOTP)]3- 

intermediate. To explain the faster formation of [Bi(DOTA)]- in the 

presence of citrate, we hypothesize the intermediate contains a citrate 

ligand coordinated to the Bi(III) ion (*[Bi(H2DOTA)(citrate)], Eq. 

(IV.2.4.3)), which deprotonates and transforms to the final [Bi(DOTA)]- 

complex in the rate determining step. The rate determining deprotonation 

and transformation of the *[Bi(H2DOTA)(citrate)]) intermediate takes 
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place simultaneously with release of the coordinated citrate ligand. The 

formation of similar ternary *[Ga(HNOTA)(citrate)] intermediate has been 

found in the Ga(citrate) – NOTA reacting system.[127] 

𝐾Bi(H2L)(Cit) 

Bi(Cit) + H2L ⇌ Bi(H2L)(Cit)                      IV.2.4.3 

𝐾Bi(H2L)(Cit) =
[Bi(𝐻2L)(Cit)]

[Bi(Cit)][𝐻2L]
 

The formation rates of Bi(III) complexes have been studied under 

pseudo-first order conditions in the presence of a large excess of DOTA or 

DOTP ([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM and [DOTP]tot=0.1 mM). 

Under these conditions the rate of formation reactions can be expressed by 

Eq. (IV.2.4.4.) The rate-determining step of the reactions is the 

deprotonation and rearrangement of the *[Bi(H2DOTA)]+ and 

*[Bi(H2DOTA)(citrate)] intermediates followed by the entrance of the 

metal ion into the cavity of the DOTA ligand: 

d[BiL]

dt
= 𝑘obs[Bi3+]t = 𝑘Bi(𝐻2L)[Bi(𝐻2L)] + 𝑘 

H2O
Bi(𝐻L)[Bi(𝐻L)] +

𝑘 
HO

Bi(𝐻L)[Bi(𝐻L)] + 𝑘Bi(Cit)(𝐻2L)[Bi(𝐻2L)(Cit)]                                IV.2.4.4 

where [*Bi(H2L)], [*Bi(HL)]  and [*Bi(H2L)(Cit)]  are the 

concentrations of *[Bi(H2L)], *[Bi(HL)] and *[Bi(H2L)(citrate)]) 

intermediates. kBi(H2L)(Cit) and kBi(H2L) are the rate constants  characterizing 

the spontaneous deprotonation and rearrangement of the 

*[Bi(H2L)(citrate)] and *[Bi(H2L)] intermediate, whereas H2OkBi(HL) and 

OHkBi(HL) are the rate constants characterizing H2O and OH- assisted 

deprotonation and rearrangement of the [*Bi(HL)] intermediate. The 

concentration of the noncomplexed citrate can be expressed by Eq. 

(IV.2.4.5). 

[Cit]f=[Cit](1+citK1
H[H+]+citK1

HcitK2
H[H+]2+citK1

HcitK2
HcitK3

H[H+]3)= 
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(1+Cit)[Cit]                                                                                     IV.2.4.5 

where citK1
H=5.58 (1), citK2

H=4.33 (2), citK3
H=2.93 (2) (0.15 M 

NaClO4, 25C) are the corresponding protonation constants of citrate, 

whereas Cit=
 citK1

H[H+]+citK1
H citK2

H[H+]2+citK1
H citK2

H citK3
H[H+]3. By 

taking into account the concentration of the noncomplexed H2L ligand and 

citrate (Eqs. (IV.2.3.4) and (IV.2.4.5)), stability constants of [Bi(Cit)] and 

[Bi(Cit)2]
3- complexes and *[Bi(H2L)(citrate)]) intermediates ((Eqs. 

(IV.2.4.1) - (IV.2.4.3)) and the hydrolysis of the Bi(III) ion (Eq. 

(IV.2.3.5)), the total metal ion concentration can be expressed by Eq. 

(IV.2.4.6): 

[Bi(III)]tot=[*Bi(H2L)]+[*Bi(HL)]+[Bi(Cit)]+[Bi(Cit)2]+[Bi(Cit)(H2L)]+[

Bi(OH)]+[Bi(OH)2]
++[Bi(OH)3]+[Bi3+])=[BiIII]          

𝛾 =

(

 1 +
𝐾Bi(𝐻2L)

∗ [L]tot

1 + α2H
+

𝐾Bi(𝐻2L)
∗ [L]tot

(1 + α2H)

𝐾Bi(𝐻L)
H [H+]

+
𝐾Bi(Cit)[Cit]tot

1 + αcit
+ 𝐾Bi(Cit)𝐾Bi(Cit)2 (

[Cit]tot

1 + αcit
)
2

+
𝐾Bi(𝐻2L)(Cit)

∗ 𝐾Bi(Cit)[L]tot

(1 + α2H)
×

[Cit]tot

(1 + αcit)
+ αOH

)

  

IV.2.4.6 

By taking into account the concentration of the noncomplexed H2L 

ligand and citrate (Eqs. (IV.2.3.4) and (IV.2.4.5)), the stability constant of 

*[Bi(H2L)] and *[Bi(H2L)(citrate)]) intermediates (Eqs. (IV.3.1.2) and 

(IV.2.4.1)), the definition of KH
Bi(HL) protonation constant (Eq. (IV.2.3.2)), 

the total concentration of the Bi(III) ion (Eq. (IV.2.4.4)) and Eq. (IV.2.4.6), 

the pseudo-first order rate constant can be expressed by Eq. (IV.2.4.7). 
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𝑘𝑜𝑏𝑠 =

[
 
 
 𝑘𝐵𝑖(𝐻2𝐿)𝐾𝐵𝑖(𝐻2𝐿)

∗ [𝐿]𝑡

1 + 𝛼2𝐻
+

𝑘 
𝐻2𝑂

𝐵𝑖(𝐻𝐿)𝐾𝐵𝑖(𝐻2𝐿)
∗ [𝐿]𝑡

1 + 𝛼2𝐻

𝐾𝐵𝑖(𝐻𝐿)
𝐻 [𝐻+]

+

𝑘 
𝑂𝐻

𝐵𝑖(𝐻𝐿)𝐾𝐵𝑖(𝐻2𝐿)
∗ [𝐿]𝑡[𝑂𝐻]

1 + 𝛼2𝐻

𝐾𝐵𝑖(𝐻𝐿)
𝐻 [𝐻+]

+
𝑘𝐵𝑖(𝐶𝑖𝑡)(𝐻2𝐿)𝐾𝐵𝑖(𝐻2𝐿)(𝐶𝑖𝑡)

∗ 𝐾𝐵𝑖(𝐶𝑖𝑡)[𝐿]𝑡𝑜𝑡

1 + 𝛼2𝐻
×

[𝐶𝑖𝑡]𝑡𝑜𝑡

(1 + 𝛼𝑐𝑖𝑡)

]
 
 
 

×
1

𝛾
 

IV.2.4.7 

Eq. (IV.2.4.7) was used for the fitting of the kobs values at Figures 

IV.2.4.2 and IV.2.4.3 In the fitting procedure of the kinetic data 

characterizing the formation of [Bi(DOTP)]5- and [Bi(DOTA)]-, the 

kBi(H2L)(Cit) rate constant attributed to the deprotonation and transformation 

of *[Bi(H2DOTA)(citrate) intermediate, the stability constant of 

*[Bi(H2L)(citrate)]) intermediate and [Bi(Cit)] complex was calculated, 

whereas the logKBi(Cit)2 was fixed (logKBi(Cit)2=5.05, 37C, 0.15 M 

NaClO4).[126] The formation of the *[Bi(H2L)(citrate)]) intermediates has 

been neglected in the Bi(III) - DOTP – citrate reacting system. The stability 

constant of the *[Bi(H2DOTP)] intermediate, the kBi(H2L), 
H2OkBi(HL) and 

OHkBi(HL) rate constants and the KH
Bi(HL) protonation constants that 

characterize the formation of [Bi(DOTA)]- and [Bi(DOTP)]5- complexes 

obtained in the absence of citrate were fixed in the calculations. The 

stability constant of the [Bi(Cit)] complex obtained by the fitting of the 

kinetic data at Figures IV.2.4.2 and IV.2.4.3 are logKBi(Cit)= 11.55 (8) and 

11.08 (6), which are in acceptable agreement with the stability constant of 

[Bi(Cit)] complex published in the literature (logKBi(Cit)=10.78, 37C, 0.15 
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M NaClO4).[126] The stability constant of the *[Bi(H2DOTA)(citrate) 

intermediate was logKBi(H2L)(Cit)=4.5 (1) 

(logBi(H2L)(Cit)=[Bi(H2DOTA)(citrate)]/[Bi3+][H2DOTA][citrate]=16.1), 

which is very similar to that of *[Ga(HNOTA)(citrate)] intermediate 

(logGa(HNOTA)(Cit)=14.9 – 16.7.[127] The kBi(H2L)(cit) rate constant 

characterizing the deprotonation and transformation of 

*[Bi(H2DOTA)(citrate)] intermediate to the final [Bi(DOTA)]- complex 

are shown in Figure IV.2.4.4  

 

Figure IV.2.4.4 kBi(Cit)(H2L) rate constants characterizing the transformation of the 

*[Bi(H2DOTA)(citrate)] intermediate to the final [Bi(DOTA)]- complex as a function of 

pH. The symbols and the solid lines represent the experimental and the calculated rate 

constants, respectively. (0.15 M NaClO4, 25C). 

The variation of the 𝑘Bi(𝐻2L)(Cit) values as a function pH (Figure IV.2.4.4) 

shows an unusual pH dependency. We assume that the final [Bi(DOTA)]− 

complex from *[Bi(H2DOTA)(citrate)] occurs by protonation and 

dissociation of the coordinated citrate (Hcitrate and H2citrate species 

dominant in the pH range of 3.0–5.6), with the deprotonation of the ring 

nitrogen atoms and transformation of the intermediate to the final Bi(III) 

complex. These processes might occur simultaneously or consecutively. 

Protonation of the citrate ligand might be assisted by H+ (k1 and k2), while 
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the deprotonation of the ring N donor atoms occurs via the assistance of 

H2O and OH- (characterized by k0 and k3 rate constants). Inspection of the 

pH-dependency of kBi(H2L)(cit) values (shown in Figure IV.2.4.4) confirms 

that the assistance of H+ dominates below pH=4, whereas the H2O and OH- 

assisted pathways has an important role in the formation of [Bi(DOTA)]− 

above pH=4. By taking into account the possible pathways for the 

transformation of the *[Bi(H2DOTA)(citrate)] intermediate to the final 

[Bi(DOTA)]-, the kBi(H2L)(cit) rate constant can be expressed by Eq IV.2.4.9 

𝑘Bi(𝐻2L)(Cit) = 𝑘0 + 𝑘1[H
+] + 𝑘2[H

+]2 + 𝑘3[OH−]        IV.2.4.9 

The rate constants characterizing the H2O, H+ and OH- assisted 

transformation of the *[Bi(H2DOTA)(citrate)] intermediate to the final 

[Bi(DOTA)]- are k0=(2.0  0.7)10-2 s-1, k1= 13  6 M-1s-1, k2= (3.3  

0.7) 105 M-1s-1 and k3= (1.5  0.6) 107 M-1s-1, respectively. Comparison 

of the H2OkBi(HL) = (2  1)10-5 s-1 and HOkBi(HL)= (1.20.2) 106 M-1s-1 

values characterizing the H2O and OH- assisted transformation of the 

monoprotonated *[Bi(HDOTA)] intermediate with those values 

characteristic for the *[Bi(H2DOTA)(citrate)] intermediate (k0=(2.0  

0.7) 10-2 s-1 and k3= (1.5  0.6) 107 M-1s-1) indicates that the faster 

formation of [Bi(DOTA)]- in the presence of citrate auxiliary ligand can be 

explained by the faster H2O and OH- assisted transformation of the 

*[Bi(H2DOTA)(citrate)] intermediate at pH>4.0.  

 

IV.2.5 Radiolabeling of DOTA with 213Bi isotope in the presence 

of citrate, acetate and MES buffers 

The radiolabeling of DOTP and DOTA ligands with 213Bi(III) 

isotope in NaOAc buffer was studied in detail.[128] According to the 
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literature data  the labeling properties of cyclen-based phosphonate ligands 

are better than those of  the cyclic DOTA or acyclic CHX-A"-DTPA 

chelators for 213Bi(III), resulting comparable labeling yields at 2–4 orders 

of magnitude lower concentrations both at ambient and elevated 

temperatures.[128]  To investigate the role of citrate for the formation rate 

of [Bi(DOTA)]−, the labeling of DOTA with 213Bi(III) was investigated by 

determining the fraction of 213Bi(III) incorporated by DOTA with radio-

TLC at different concentrations of DOTA (0.3–100 µM) and citrate (0–

100 µM) at 25°C in acetate and MES buffers (Figure IV.2.5.1).  

 

Figure IV.2.5.1 Complexation of 213Bi(III)  (reaction time: 10 min, 25°C) by H4DOTA 

(concentrations of 0.3-100μM see lables on the figures ) in ammonium acetate ( pH 5.3 

top) or  MES (pH 5.6 bottom) buffers as a function of citrate concentration. 

The percentages of complexed 213Bi(III) ion indicated in Figure 

IV.2.5.1 refer only to the [Bi(DOTA)]− signal and exclude any non-DOTA 

coordinated 213Bi(III) isotope. Suprisingly, we found that in the MES-

buffered solutions, large amounts of activity were distributed almost over 
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the entire TLC (Rf = 0.2 – 1), which can be explained by the presence of 

oligomeric and polymeric 213Bi(III) hydroxo species. On the other hand, 

TLCs of the acetate buffered solutions only contained distinct signals of 

[213Bi][Bi(DOTA)]− and [213Bi]Bi(Cit) or [213Bi][Bi(Cit)2]
3- formed bythe 

non-complexed 213Bi(III) ion. 

Based on the percentages of incorporated 213Bi(III) ion in Figure 

IV.2.5.1 the labeling yields of DOTA increase with the increase of [DOTA] 

by reaching about 74 and 21% at [DOTA]tot = 100 M and [Cit]tot = 10 M 

in acetate and MES buffer, respectively. The presence of citrate has 

practically no effect on the amount of incorporated 213Bi(III) ion at 

[Cit]<0.1 M in both buffers. The labeling yields of DOTA decrease with 

the increase of the citrate concentration at [Cit]>0.1 M in acetate buffer. 

However, the percentages of incorporated 213Bi(III) ion increase with the 

increase of the citrate concentration from 0.1 to 10 M by about 3-4 % in 

the presence of 100 M DOTA in MES buffer. To explain the different 

effect of citrate for the radiolabeling of DOTA with 213Bi(III) ion in acetate 

and MES buffer, we shoud  consider that the 213Bi(III)-ion does not interact 

with the MES, whereas the acetate might be coordinated to the 213Bi(III) 

ion and *[Bi(HDOTA)] intermediate by accelerating its deprotonation and 

transformation to the final [Bi(DOTA)]− complex. In the presence of a 

large excess of acetate (0.15 M), the formation of [213Bi][Bi(DOTA)]− 

takes places with a higher yield due to the acetate-assisted deprotonation 

of the *[213Bi][Bi(HDOTA)] intermediate. Since the effect of acetate is 

higher than that of *[213Bi][Bi(H2DOTA)(Cit)] intermediate for the 

formation rate of [213Bi][Bi(DOTA)]−, the formation of the 

*[213Bi][Bi(H2DOTA)(Cit)] intermediate decreases the amount of the 

incorporated 213Bi at [Cit]>1.0 M. In contrast, MES as general base 



77 

 

cannot catalyze the deprotonation of the *[213Bi][Bi(HDOTA)] 

intermediate, since its protonated form is predominated at pH=5.6 (log 

K1
H = 6.11 (1), 0.15 M NaClO4, 25C). At [Cit]>0.1 M and 

[DOTA]>1.0 M, the formation of the *[213Bi][Bi(H2DOTA)(Cit)] 

intermediate takes places with a higher incorporation yield of 213Bi(III) ion 

in MES buffer. The decrease of the labeling yield at [Cit]>10 M might be 

attributed to the formation of [213Bi][Bi(Cit)2]
3- species, which can prevent 

the formation of both *[213Bi][Bi(HDOTA)] and 

*[213Bi][Bi(H2DOTA)(Cit)] intermediates in acetate and MES buffers.  

The effect of acetate and MES buffer for the formation rate of non-

radioactive [Bi(DOTA)]− complex was also studied by spectrophotometry 

at the absorption band of the final [Bi(DOTA)]− complex (308 nm) in the 

presence of 0.25 mM citrate ([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM,  

pH=5.0, 0.15 M NaClO4, 25C). The kobs vs. [Ac]tot and kobs vs. [MES]tot 

for the formation of [Bi(DOTA)]- are reported in Figures IV.2.5.2. 
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Figure IV.2.5.2 Pseudo-firstorder rate constants (kobs) for the formation reaction of 

[Bi(DOTA)]- complex in the presence of MES buffer (A) and acetate buffer (B). 

([Bi(III)]tot=25 M, [DOTA]tot=1.0 mM, [citrate]tot=0.25 mM pH= 5.0, 0.15 M NaClO4, 

25C). 

Interestingly, the kobs values decrease with the increase of [Ac]tot in Bi(III) 

- DOTA – citrate system (Figure IV.2.5.2 B). Unfortunately, there is no 

literature data exists on the interaction of Bi(III) ion with acetate 

ligand[129]. However, it can be assumed that acetate as ligand in high 

excess ([Ac]tot>0.1 M) might compete with the citrate for the coordination 

to Bi(III) ion in the intermediate, which can reduce the formation rate of 

[Bi(DOTA)]− complex by lowering the concentration of the kinetically 

active *[Bi(H2DOTA)(citrate)] intermediate. On the other hand, MES 

buffer does not alter the formation rate of the [Bi(DOTA)]- complex 

(Figure IV.2.5.2 A). To the best of our knowledge, MES buffer does not 

interact with Bi(III) ion. 
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IV.2.6 Dissociation kinetic studies of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes. 

The safe and efficient in vivo applications of metal complexes require 

their stability and inertness in order to avoid the release of the metal ion 

and of the free ligand and to deliver  the radiotracer in the form of intact 

complex to the target site. The extremely low concentration of the 

radiopharmaceuticals and the high excess of the possible endogenous 

competitors (transmetallation and transchelation reactions) might promote 

the in vivo dissociation of the metal complexes characterized by high 

thermodanymic stability constant. To investigate the inertness of Bi(III) 

complexes the rates of the transchelation reactions (Eq. IV.2.6.1) occurring 

between [Bi(DOTA)]- or [Bi(DOTP)]5- complexes and AAZTA and HP-

DO3A were studied at acidic and basic conditions, respectively. 

Transchelation reactions of the Bi(III) complexes with AAZTA have been 

monitored by spectrophotometry at acidic condition on the absorption band 

of the Bi(DOTA)]- and [Bi(DOTP)]5- complexes complexes (308 nm) in 

the presence of 40-fold AAZTA excess.  

BiL + AAZTA ⇌ Bi(AAZTA) + L       (L = DOTA, DOTP)        IV.2.6.1 

Some characteristic absorption spectra of the [Bi(DOTA)]−-AAZTA and 

[Bi(DOTP)]5−-AAZTA reacting systems are shown in Figure IV.2.6.1 



80 

 

 

Figure IV.2.6.1 Absoprtion spectra of [Bi(DOTA)]−-AAZTA (A) and [Bi(DOTP)]5−-

AAZTA (B) reacting system ([Bi(DOTA)]tot=[Bi(DOTP)]tot= 0.05 mM, [AAZTA]tot= 

2.0 mM, pH=1.5, l=1 cm, 0.15 M NaClO4, 25C). 

In the presence of exchanging ligand AAZTA excess the transchelation can 

be treated as a pseudo-first order process and the rate of reactions can be 

expressed with the Eq. IV.2.6.2, where kd is a pseudo-first order rate 

constant and [BiL]tot is the total concentration of the Bi(III) complexes. 

−
d[BiL]t

dt
= 𝑘d[BiL]t                                    IV.2.6.2 

The rates of the transchelation reactions have been studied in the pH range 

1.0 – 3.3. The pseudo-first order rate constants (kd) obtained are presented 

in Figure IV.2.6.2 as a function of pH and [H+]. 
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Figure IV.2.6.2 kd pseudo-first order rate constant characterizing the transchelation 

reactions of [Bi(DOTA)]- and [Bi(DOTP)]5- with AAZTA ligand. Solid lines and the 

symbols represent the calculated and measured kd rate constants. ([Bi(DOTA)]-
tot = 

[Bi(DOTP)]5-
tot =50 M, [AAZTA]tot=2.0 mM, [CA]tot=0.01 M, 0.15 M NaClO4, 25C). 

The kinetic data presented in Figure IV.2.6.2. show that the kd 

values increase with increasing H+ ion concentration. On the basis of 

literature data,[130] the rate-determining step of the transchelation 

reactions is the dissociation of the Gd(III) complexes with DOTA 

derivatives, followed by the fast reaction between the free Gd(III) ion and 

the exchanging ligand or by the rapid reaction between the free chelate and 

the exchanging metal ion. The exchanging metal ions or ligand do not take 

place directly in the transmetallation or transchelation reactions.[111], 

[130]–[132] By taking into account the speciation of Bi(III) - DOTA and 

Bi(III) - DOTP systems, the dependence of the kd values on pH and [H+] 

(Figure IV.2.6.2) can be interpreted as spontaneous (disk0, Eq. IV.2.6.3) and 

H+-ion assisted dissociation (diskH, Eq. IV.2.4.4) of Bi(III) complexes via 

the formation of [Bi(HDOTA)] and [Bi(H5DOTP)] intermediates (KH
BiL, 

Eq. IV.2.6.4) in the investigated pH ranges.  

BiL ⟶ Bi3+ + L                                 IV.2.6.3 

BiL + H+ ⇌ Bi(HL) 

𝐾BiL
H =

[Bi(HL)]

[BiL][H+]
                                   IV.2.6.4 

Bi(HL) ⟶ Bi3+ + HL                              IV.2.6.5 
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where [Bi(HL)] represents the concentration of the [Bi(HDOTA)] and 

[Bi(H5DOTP)] complexes. By taking into account all possible pathways 

and Eq. IV.4.1.2, the rate of the dissociation of [Bi(DOTA)]- and 

[Bi(DOTP)]5- can be expressed by Eq. IV.2.6.6. 

          −
d[BiL]t

dt
= 𝑘d[BiL]t = 𝑘 

dis
0[BiL] + 𝑘 

dis
H[Bi(HxL)]           IV.2.6.6 

where x=1 and 5 for [Bi(DOTA)]- and [Bi(DOTP)]5-, respectively. 

Considering the total concentration of the [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes ([BiL]tot=[BiL]+[Bi(HL)]) and the protonation constant of BiL 

((KH
BiL, Eq. IV.2.6.4), the kd pseudo-first order rate constants presented can 

be expressed by Eq. (IV.2.6.7). 

                      𝑘d =
𝑘 

dis
0+ 𝑘 

dis
1[H+]

1+𝐾BiL
H [H+]

                                   IV.2.6.7 

where disk0, 
disk1=kHKH

BiL and KH
BiL are the rate and protonation constants 

characterizing the spontaneous and H+ assisted dissociation of the 

[Bi(DOTA)]- and [Bi(H4DOTP)]- species. The rate and protonation 

constants characterizing the transchelation reactions of [Bi(DOTA)]- 

complex with AAZTA have been calculated by fitting of the corresponding 

kd values presented in Figure IV.2.6.2 to the Eq. (IV.2.6.7). The protonation 

constant (KH
BiL) of [Bi(H4DOTP)]- species is relatively small (KH

BiL < 10) 

due to the protonation of the coordinated and weakly basic phosphonate O- 

donor atom. Therefore, this protonation process could not be detected in 

the pH-potentiometric studies of [Bi(DOTP)]5- complex. By taking into 

account the very low protonation constant of [Bi(H4DOTP)]- species (KH
BiL 

< 10), the denominator of Eq. (IV.2.6.7) (1>> KH
BiL[H+]) can be neglected, 

so Eq. (IV.2.6.7) can be simplified in the form of Eq. (IV.2.6.8). The disk0 
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and disk1 rate constants characterizing the spontaneous and H+ assisted 

dissociation of the [Bi(H4DOTP)]- species have been calculated by fitting 

of the corresponding kinetic data (Figure IV.2.6.2) to Eq. (IV.2.6.8). 

𝑘d = 𝑘0 
diss + 𝑘1[H

+] 
diss                              IV.2.6.8 

The disk0, 
disk1 and KH

BiL rate and protonation constants characterizing 

the spontaneous and H+ assisted dissociation of the [Bi(DOTA)]- and 

[Bi(H4DOTP)]- species are shown in Table IV.2.6.1. 

The rates of the transchelation reactions between [Bi(DOTA)]- or 

[Bi(DOTP)]5- and HP-DO3A as exchanging ligand were also studied by 

CZE method under basic conditions on the signal of the [Bi(HP-DO3A)] 

complex (migration time: 5.2 min) in the presence of excess of the Bi(III) 

complexes (pH=10.0–12.0, 0.15 M NaClO4, 25C). Because of the similar 

absorption spectra of the [Bi(DOTA)]-, [Bi(DOTP)]5- and [Bi(HP-DO3A)] 

CZE method was selected to monitor the transchelation reactions between 

[Bi(DOTA)]- or [Bi(DOTP)]5- and HP-DO3A ligand. The rates of the 

transchelation reactions (Eq. (IV.2.6.9)) between Bi(III) complexes and 

HP-DO3A were studied by CZE at basic condition on the signal of [Bi(HP-

DO3A)] in the presence of the Bi(III) complex excess 

([Bi(DOTA)]tot=[Bi(DOTP)]tot=60 mM, [HP-DO3A]tot= 5.0 and 10 mM, 

pH=10.0 – 12.0, 0.15 M NaClO4, 25C). Some characteristic 

electropherograms of the [Bi(DOTA)]- - HP-DO3A reacting system are 

shown in Figure IV.2.6.3 

BiL + HP − DO3A ⇌ Bi(HP − DO3A) + L     (L = DOTA,DOTP)    IV.2.6.9 

Under our experimental conditions ([Bi(DOTP)]tot=60 mM, [HP-

DO3A]tot=5 and 10 mM) and at pH between 10.0 – 12.0, the transchelation 
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of [Bi(DOTP)]5- with HP-DO3A does not occur indicating the outstanding 

inertness of the given complex. In the presence of excess of the Bi(III) 

complexes the transchelation of [Bi(DOTA)]- can be treated as a pseudo-

first order process and the rate of reactions can be expressed with the Eq. 

(IV.2.4.6). The rates of the transchelation reactions of [Bi(DOTA)]- were 

studied at different concentrations of the HP-DO3A ligand in the pH range 

10.0 – 12.0. The pseudo-first order rate constants (kd) obtained from the 

integral values of [Bi(HP-DO3A)] by Eq. (III.5.3) are presented in Figure 

IV.2.6.3 as a function of pH and [OH-]. 

 
Figure IV.2.6.3 Electropherograms of the [Bi(DOTA)]- - HP-DO3A reacting system at 

0.5, 50, 60, 150 and 220 hours after the start of the reaction. ([Bi(DOTA)]tot=53.2 mM, 

[HP-DO3A]tot=10 mM, pH=12.0, 10 mM Na3PO4, 0.15 M NaClO4, 25C). 

 
Figure IV.2.6.4 kd pseudo-first order rate constant characterizing the transchelation 

reactions of [Bi(DOTA)]- with HP-DO3A ligand. Solid lines and the symbols represent 

the calculated and measured kd rate constants. ([Bi(DOTA)]-
tot=60 mM, [HP-

DO3A]tot=5.0 mM () and 10 mM () [Na3PO4]tot=0.01 M, 0.15 M NaClO4, 25C). 
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The kinetic data presented in Figure IV.2.6.4 show that the kd values 

are independent of [HP-DO3A] and increase with pH and [OH-], indicating 

that the rate-determining step of the transchelation reactions is the 

dissociation of the [Bi(DOTA)]- complex, followed by the fast reaction 

between the free Bi(III) ion and the exchanging HP-DO3A ligand. The 

dependence of the kd values on pH can be interpreted by the formation 

(KH
BiLH-1 Eq. (IV.2.6.10)) and the spontaneous dissociation of the 

[Bi(DOTA)(OH)]2- species (diskOH, Eq. (IV.2.6.11)). The formation of 

[Bi(DOTA)(OH)]2- species might be interpreted by the substitution of the 

carboxylate O- donor atom by the OH- ion in the inner sphere of the Bi(III)  

ion. 

                     𝐾BiL(OH) 
H  

BiL(OH) + H+ ⇌ BiL + H2O 

𝐾BiL(OH) 
H =

[BiL]

[BiL(OH)][H+]
                          IV.2.6.10 

 

BiL(OH) ⟶ Bi3+ + OH− + L                     IV.2.6.11 

By taking into account all possible pathways and Eq. (III.5.2), the rate of 

the dissociation of [Bi(DOTA)]- can be expressed by Eq. (IV.2.6.12). 

−
d[BiL]t

dt
= 𝑘d[BiL]t = 𝑘 

dis
OH[BiL(𝑂𝐻)]                   IV.2.6.12 

Considering the total concentration of the [Bi(DOTA)]- complex 

([BiL]tot=[BiL]+[BiL(OH)]) and the protonation constant of 

[Bi(DOTA)(OH)]2- species (KH
BiLH-1, Eq. (IV.2.6.10)), the kd pseudo-first 

order rate constants presented can be expressed by Eq. IV.2.6.13.  

𝑘d =
𝑘 

dis
OH

1+𝐾BiL(OH)[H
+]

                                IV.2.6.13 

diskOH 
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wherein KH
BiL(OH) and disskOH are the equilibrium and rate constants 

characterizing the formation and the spontaneous dissociation of 

[Bi(DOTA)(OH)]2- species. The rate and protonation constants 

characterizing the transchelation reactions of [Bi(DOTA)]- complex with 

HP-DO3A have been calculated by fitting the kd values presented in Figure 

IV.2.6.4 to the Eq. (IV.2.6.13). The KH
BiL(OH) and disskOH protonation and 

rate constants characterizing the formation and the spontaneous 

dissociation of [Bi(DOTA)(OH)]2- species are shown in Table 

IV.2.6.1.The assumed pathways for the transchelation of [Bi(DOTA)]- and 

[Bi(DOTP)]5- complexes are shown in Figure IV.2.6.5. 

 

Figure IV.2.6.5 Acid and base catalysed dissociation of [Bi(DOTA)]− and 

[Bi(DOTP)]5− complexes. For the H+ assisted dissociation of [Bi(DOTP)]5−, BiL 

represents the [Bi(H4DOTP)]− species dominates in our experimental condition. The 

reaction path in the left side is valid for the [Bi(DOTA)]− complex only. 

Table IV.2.6.1 Rate (ki) and equilibrium constants (Ki), and half-lives (t1/2=ln2/kd) for 

the dissociation reactions of [Bi(DOTA)]-, [Bi(DOTP)]5-, [Gd(DOTA)]- and 

[Gd(DOTP)]5- complexes (25C) 

 [Bi(DOTA)]− [Bi(DOTP)]5− 
[Gd(DOTA)]− 

b 
[Gd(DOTP)]5− 

d 

I 0.15 M NaClO4 0.15 M NaCl 1.0 M Me4NCl 
disk0 

(s−1) 
(2.40.3)10−8 − 6.710−11 − 

disk1 a 
(M−1s−1) 

(5.80.6)10−5 (4.00.7)10−6 1.810−6 5.410−4 

diskOH 
(M−1s−1) 

(1.00.2)10−9 − − − 

KH
ML 337   43 − 14 c 1.7 (Gd(H4L)) 

KH
ML(OH) (1.00.2)1011 − − − 

t1/2 (h) 
pH=3 

3.1103 4.8104 1.0105 3.6102 

t1/2 (h) 
pH=11 

2.5105 − − − 

a dsk1=KH
BiL  diskH; b Ref. [[130]]; c Ref. [[118]] (3.0 M NaClO4, 25C); d Ref. [[119]] 
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The disk1 rate constants characterizes the H+-assisted dissociation of 

the [Bi(DOTP)]5− is significantly lower than that of [Bi(DOTA)]−. The H+ 

catalysed dissociation might take place via proton transfer from the 

protonated pendant arm to the nitrogen atom of the macrocycle, forcing the  

release of the Bi(III) ion. By takint into account the stronger interaction of 

Bi(III) with the more basic ring-N donor atoms of DOTP ligand, it can be 

assumed that the proton transfer is less probable from the weakly basic 

phosphonate -O− to the ring-N donor atom than from the less acidic 

carboxylate oxygen to the weakly basic ring nitrogen in the [Bi(DOTA)]− 

.  The slow dissociation of the Bi(III) complex with DO3A and dipicolinate 

cyclen ligand is also interpreted by the low protonation constant and 

structural rigidity of the picolinate pendant arms .[133], [134] Suprisingly, 

the proton-assisted dissociation of [Bi(DOTP)]5− is about two orders of 

magnitude slower than that of [Gd(DOTP)]−, possibly due to the higher 

affinity of   the ring-N donor atoms to  Bi(III) than to Gd(III) ion. 

Suprisingly, the disk1 value of [Bi(DOTA)]− is about 30-times higher than 

that of [Gd(DOTA)]−, which is more resistent to the H+-assisted 

dissociation. 

The spontaneous dissociation of *[Bi(DOTA)(OH)]2− intermediate 

in basic condition might take place by the simultaneous decoordination of 

the carboxylate -O− donor atoms due to the electrostatic repulsion between 

the carboxylate -O− and OH− ion coordinated to Bi(III) ion. The 

spontaneous dissociation (diskOH) of the [Bi(DOTA)(OH)]2− intermediate 

occures in very slow process. 
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IV.2.7  1H, 13C and 31P NMR studies of [Bi(DOTP)]5- complex. 

In order to acquire deeper insight into the solution properties, 

multinuclear 1D and 2D NMR studies of [Bi(DOTP)]5- have been 

performed in the temperature range 273 - 333 K. Structure and the possible 

conformation of the [Bi(DOTP)]5- with the assignment of the 1H and 13C 

NMR signals are shown in Figure IV.2.7.1  

 

 

Figure IV.2.7.1. Structure and the possible conformation of the [Bi(DOTP)]5- 

Based on the result of the multinuclear NMR studies that the 

[Bi(DOTP)]5- complex in solution has C4V symmetry, which might be very 

similar to that of the solid state structure found in the single crysta. X-ray 

diffraction studies of the sigle crystal with the formula 

Na[Bi(H4DOTMP)(H2O)4)][135] reveal that the Bi(III) ion is 

octacoordinated by the four phosphonate oxygen and  the four amine 

nitrogen donor atoms of the macrocycle.. Four protons are attached to the 

more basic and non-coordinated phosphonate O− donor atoms. As it was 

found for [Bi(DOTA)]− and [Bi(DO3A)],[16], [134] the five-membered 

chelate rings formed upon coordination of the ethylenediamine groups to 

Bi(III) adopt identical conformations [(δδδδ) or (λλλλ)], whereas the 

coordination of the phosphonate-O− to Bi(III) results in a counter-

clockwise () or clockwise () orientation of the pendant arms in 

[Bi(DOTP)]5−. The Δ(δδδδ) and Λ(λλλλ) enantiomers are present in the 

single crystal of [Bi(DOTP)]5−. The coordination polyhedron around the 
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Bi(III) ion in [Bi(DOTP)]5− is twisted square antiprismatic similarly to 

[Bi(DOTA)]− and [Bi(DO3A)] complexes. The torsion angle between the 

two square planes defined by phosphonate-O−  and ring N donor  atoms of 

the macrocycle is 25.4° in [Bi(DOTP)]5−.[135] In the 1H and 13C NMR 

spectra of [Bi(DOTP)]5− obtained at 273 K, the four ethylene protons (1Ha, 

1He, 2Ha and 2He) and two ethylene carbons (1C and 2C) of the 

macrocyclic ring are non-equivalent (showing different resonances), which 

can be interpreted by rigid structure of the [Bi(DOTP)]5− complex (Figures 

A.2 and A.3). The 1H and 13C signals of the four ethylene protons (1Ha, 

1He, 2Ha and 2He) and two ethylene carbons (1C and 2C) in [Bi(DOTP)]5− 

remain narrow up to 298 K, with a slight down- and upfield shift, 

respectively (Figures A.5 and A.6). However, the 1H and 13C NMR signals 

of 1Ha, 1He, 2Ha and 2He protons and 1C and 2C carbons gradually broaden 

and 13C signals of 1C and 2C carbons collapse to a broad signal above 

298 K due to the exchange between δδδδ and λλλλ conformations of the 

macrocyclic ring (Figure IV.2.7.1). Since the 1H and 13C NMR spectra of 

[Bi(DOTP)]5− contain only one set of signals, it might be assumed that the 

ring inversion (δδδδ λλλλ)  induced  arm rotation process ( )  

results in a Δ(δδδδ)  Λ(λλλλ) interconversion between the two 

enantiomers of [Bi(DOTP)]5− (the concentration of the other Δ(λλλλ) − 

Λ(δδδδ) enantiomeric pair is very low). The ring inversion and the arm 

rotation processes of [Bi(DOTP)]5− might occur subsequently or 

simultaneously. Similar phenomena of [Bi(DOTA)]− have been observed 

for by multinuclear NMR spectroscopy in aqueous solution.[16] The 31C 

NMR signals of the 1C and 2C carbons were suitable to performe a full 

line-shape analysis by simulating the 13C NMR spectra of [Bi(DOTP)]5− 

obtained in the temperature range  298–333 K (Figure A.6). The activation 
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parameters (Table IV.2.7.1) of the ring inversion process (δδδδ λλλλ) 

of [Bi(DOTP)]5− have been estimated by the Eyring equation with the use 

of the k rate constant obtained  in the line-shape analysis (Figure A.7).  

Table IV.2.7.1 Rate constants and activation parameters of the ring inversion δδδδ 

λλλλ process for [Bi(DOTP)]5− and [Bi(DOTA)]− complexes. 

 [Bi(DOTP)]5− [Bi(DOTA)]− a 

H‡ 

/kJ·mol−1 64  1 40 

S‡ / 

J·mol−1K−1 −14  2 −76 

G‡
298 

/kJ·mol−1 
68 63 

kex
298 /s−1 8 65 

a Ref. [16] 

The activation enthalpy (H‡) and enthropy (S‡) of the ring 

inversion process (δδδδ λλλλ) in [Bi(DOTP)]5− are higher than those of 

[Bi(DOTA)]−.[16] These data confirme the higher rigidity of [Bi(DOTP)]5− 

compared to [Bi(DOTA)]−. Interestingly, the activation enthalpy of the ring 

inversion process for [La(DOTP)]5− is significantly higher than that of 

[Bi(DOTP)]5− ([La(DOTP)]5−: H‡=101 kJ mol−1).[136] The lower H‡ 

value of [Bi(DOTP)]5− might be interpreted by the larger size of the BiIII 

ion, causing  a less favourable size match between the BiIII ion and the  

coordination cage of the DOTP ligand. 

The methylene phosphonate protons (3H) of [Bi(DOTP)]5- give two 

multiplets (ABX, where X is 31P nucleus) with chemical shifts of 2.90 and 

3.10 ppm. The 31P nuclei (T1=1.02  0.05 s at 298 K) are coupled to the 

two methylene phosphonate protons, with 2JHP couplings of – 15.4 and - 

15.7 Hz. The ring exhibits four proton signals: 1Ha at 2.55 ppm (a doublet 

with 2JHH{1He}=13.6 Hz), 1He at 3.04 ppm (a “pseudotriplet” with 

2JHH{1Ha}=14.5 Hz and 3JHH{2He}=14.3 Hz; i.e., the geminal and the 
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vicinal coupling constants are very similar), 2Ha at 2.65 ppm (a doublet 

with 2JHH{2He}=13.6 Hz), 2He at 3.65 ppm (a “pseudotriplet” with 

2JHH{2Ha}=13.2 Hz and 3JHH{1He} = 13.3 Hz). The vicinal 2JHH and 

geminal 3JHH coupling constants of [Bi(DOTP)]5- are very similar to those 

of [Ln(DOTP)]5-, [Bi(DOTA)]- and [Ln(DOTA)]- complexes.[16], [136], 

[137] The 31P NMR spectra of the [Bi(DOTP)]5- complex is shifted by +1.6 

ppm with the  respect to the 31P NMR signal of the free DOTP8- ligand as 

a result of complex formation. P value of [Bi(DOTP)]5- is somewhat 

lower than those of [Ln(DOTP)]5- complexes ([La(DOTP)]5-: P=+7.2 

ppm;  [Lu(DOTP)]5-: P =+8.7 ppm).[136] [Bi(DOTP)]5- has a relatively 

simple 13C NMR spectrum with a doublet for the methylene phosphonate 

3C carbon (doublet with 1JCP = 136.5 Hz), a doublet for the ring 1C carbon 

(doublet with 3JC1P = 16.7 Hz) and a broad singlet for the C2 carbon (3JC2P 

< 2 Hz). The T1 relaxation time of the 13C nuclei was found to be 0.12  

0.01 s at 298 K. Considering the coupling constants of the ring 1C and 2C 

carbons with 31P nucleus (3JC1P = 16.7 Hz and 3JC2P < 2 Hz), the dihedral 

angles () of the 1C – N – 3C – P and 2C – N – 3C – P bonds have been 

calculated by using the Karplus equation as follows: 3JCP = 17.3cos2 - 4.7 

cos -0.9.[138] The dihedral angles were found to be  = 46.7 and 151.8 

for 2C – N – 3C – P and 1C – N – 3C – P ”fragments”. 

 

IV.3. Equilibrium, kinetic and structural studies of [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)], [Bi(AAZTA-C4-TATE)]- and [Bi(DTPA)]2- 

complexes 

According to the detailed equilibrium and kinetic studies, 

[Bi(DOTA)]- and [Bi(DOTP)]5- are characterized by high thermodynamic 
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stability and kinetic inertness. However, the formation of Bi(III)  

complexes with DOTA and similar macrocyclic amino-polycarboxylates 

is extremely slow and requires high temperatures and long times to be 

completed. These conditions are hardly compatible with the preparation of 

labile and thermosensitive bioconjugates of short-lived isotopes[67]. 

Although, the fast formation of [Bi(DOTP)]5- is suitable for the application 

of the DOTP chelate to the complexation of the short lived 212/213Bi(III) 

isotopes, but the presence of the phosphonate pendants results in the bone 

accumulation of the [212/213Bi][Bi(DOTP)]5- which can pave the way for its 

usage in the treatment of bone cancer[132], [139]. In general the TAT 

application of the 212/213Bi(III)-based radiopharmaceuticals in oncology 

requires a chelate which can rapidly form a stable and inert 212/213Bi(III) 

complexes without uncontroled targeting of tissues and organs. Among 

them, 6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid 

(AAZTA)[140] proved to be an efficient coordinating ligand for several 

metal ions of the transition, post-transition metals and lanthanoids.. 

Moreover, the mesocyclic AAZTA-based systems form stable and inert 

complexes quickly and quantitatively around room temperature. These 

mild conditions are especially valuable for the preparation of 

radiobioconjugates with short-lived isotopes, limiting the degradation of 

the biomolecules and ensuring the maximum and correct dosage to the 

patient[141]. Moreover, bifunctional ligands derived from the parent 

AAZTA including AAZTA-C4-COOH and AAZTA-C9-COOH are 

commertially available for the preparation of targeted agents in nuclear 

oncology. Based on these considerations, the physico-chemical properties 

of Bi(III) complexes formed with AAZTA and its derivatives (AAZTA-

C4-COOH and AAZTA-C4-TATE) have been investigated for the 
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potential application of AAZTA as a platform for the development of 

Bi(III)-based TAT agents. 

 

IV.3.1 Equilibrium studies of the Bi(III) - AAZTA – NTA, Bi(III) – 

AAZTA-C4-COO- – NTA and Bi(III) – AAZTA-C4-TATE - NTA 

systems 

Based on model calculations, NTA3- can compete with AAZTA4- , 

AAZTA-C4-TATE and AAZTA-C4 for Bi(III) (Eq IV.2.8) at pH=7.4 in 

the presence of large excess of NTA ([Bi(III)]=30.2 M, [AAZTA]=10 - 

50 M, [NTA]=10 mM, 0.15 M NaClO4, 25 °C). At such NTA 

concentrations, the species [Bi(NTA)2]
3- predominates. 

Bi(NTA)2 + HxL ⇋ BiL + 2 H𝑦NTA                    IV.3.1.1 

where L= AAZTA4- and (AAZTA-C4-COO-)5-; x=1 and 2, y=0 and 1 at 

pH=7.4 in 0.15 M NaClO4 solution. The stability constants of [Bi(AAZTA-

C4-COO-)]2- and [Bi(AAZTA)]- defined by Eq. (IV.2.1) have been 

determined by following the exchange reactions in the Bi(III)-NTA-HxL 

system with spectrophotometry due to the different absorption spectra (6p 

 6s transitions) of the [Bi(NTA)2]
3-, [Bi(AAZTA)]- and [Bi(AAZTA-C4-

COO-)]2- complexes. Some characteristic absorption spectra obtained in the 

systems Bi(III)-NTA- HxL are shown in Figure IV.3.1.1-IV.3.1.2 
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Figure.IV.3.1.1 The absorption spectra of the Bi(III) - NTA -AAZTA systems. The 

curves and the open symbols represent the experimental and the calculated absorbance 

values, respectively. ([Bi(III)]=30.2 M, [NTA]=10 mM; [AAZTA] = 0.0 (), 10 (), 

20 (), 30 () and 50 M (); pH=7.4, 25 °C, 0.15 M NaClO4, l=1 cm). 

 

Figure IV.3.1.2. The absorption spectra of the Bi(III) - NTA -AAZTA-C4-COOH 

systems. The curves and the open symbols represent the experimental and the calculated 

absorbance values, respectively. ([Bi(III)]=27.0 mM, [NTA]=30 mM; [AAZTA-C4-

COO-] = 5.0 ( ), 10 ( ), 20 ( ), 30 (), 40 () and 60 M (); pH=7.4, 25 °C, 0.15 

M NaClO4, l=1 cm). 
 

Isosbestic point in the spectra (Figures IV.3.1.1 and IV.3.1.2) 

indicate the only two absorbing species present in equilibrium: 

[Bi(AAZTA-C4-COO-)]2- , [Bi(AAZTA)]- and [Bi(NTA)2]
3-. By taking 

into account the molar absorptivities of [Bi(AAZTA-C4-COO-)]2-, 

[Bi(AAZTA)]- and [Bi(NTA)2]
3-, the protonation constants of (AAZTA-

C4-COO-)5-, AAZTA4- and NTA3- (Table IV.1.1) and the stability product 

of [Bi(NTA)2]
3- (BiL2=26.20, Table IV.2.2.1), the stability constants of 
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[Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-)]2- were calculated. For the 

complete description of equilibrium, the protonation constants of 

[Bi(AAZTA-C4-COO-)]2- and [Bi(AAZTA)]- complex (logKBi(HiL), Eq. 

(IV.2.3)) were also determined by pH-potentiometry at 25 °C in 0.15 M 

NaClO4. 

The competition reactions between AAZTA-C4-TATE and NTA for 

Bi(III) ion (Eq. (IV.3.1.1)) have been studied by CZE at pH=7.4 in 0.15 M 

NaCl solution. The separation of AAZTA-C4-TATE and [Bi(AAZTA-C4-

TATE)]- is possible by CZE, since their charge-to-size ratios are slightly 

different. Because AAZTA-C4-TATE and [Bi(AAZTA-C4-TATE)]- are 

negatively charged, their migration velocities are smaller than the 

electroosmotic flow (EOF). However, the presence of the large TATE 

fragment require a low EOF for the separation of AAZTA-C4-TATE and 

[Bi(AAZTA-C4-TATE)]-. In order to obtain a good resolution of AAZTA-

C4-TATE and [Bi(AAZTA-C4-TATE)]-, 150 mM disodium hydrogen 

phosphate buffer (pH=7.4) is optimal with the application of normal CE 

mode at 10 °C. The CZE electropherograms of the Bi(III)- AAZTA-C4-

TATE - NTA equilibrium systems are shown in Figure IV.3.1.2 The 

signals of free NTA and [Bi(NTA)2]
3- are not observable in CZE 

electropherograms due to the very high differences between the LOD 

values of NTA, Bi(NTA)2, AAZTA-C4-TATE and [Bi(AAZTA-C4-

TATE)]-. 
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Figure IV.3.1.3. CZE electropherograms and species distribution of Bi(III) - AAZTA-

C4-TATE - NTA equilibrium systems. The curves and the symbols represent the 

calculated and the experimental abundance of Bi(III), respectively ([Bi(III)]=36.2 M, 

[NTA]= 15.0 mM, [AAZTA-C4-TATE]=10 (1), 20 (2), 30 (3), and 50 M (4), 

[Bi(AAZTA-C4-TATE)]=30.2 M (5), [DMSO]=5.0 mM, pH=7.4, 0.15 M NaClO4, 

Conditions: 20 kV, 50 mbars, l=200 nm; 150 mM disodium hydrogen phosphate, 

pH=7.4, 10 °C). 

Figure IV.3.1.3 shows that the amount of the [Bi(AAZTA-C4-

TATE)]- complex increases with the increase of [AAZTA-C4-TATE]tot 

according to the competition reaction between AAZTA-C4-TATE and 

NTA for Bi(III)  ion Eq. IV.3.1.1, characterized by the KBiTATE equilibrium 

constant. 

Bi(NTA)2 +  AAZTA − C4 − TATE ⇋ Bi(AAZTA − C4 − TATE) + 2 HNTA 

𝐾BiTATE =
[Bi(AAZTA−C4−TATE)][HNTA]2

[Bi(NTA)2][AAZTA−C4−TATE]
                                   IV.3.1.1 

By taking into the definition of the stability and the conditional 

stability constants (Eqs. (IV.2.1), (IV.2.4) and (IV.2.5)) for [Bi(AAZTA-

C4-TATE)] and [Bi(NTA)2]
3- complexes, KBiTATE equilibrium constant can 

be expressed by Eq. IV.3.1.2. 

𝐾BiTATE =
𝐾Bi(AAZTA−C4−TATE)(1+αH

NTA)2

βBi(NTA)2
(1+αH

AAZTA−C4−TATE)
=

𝐾Bi(AAZTA−C4−TATE)
cond

βBi(NTA)2
cond         IV.3.1.2 
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Considering the molar integral values of AAZTA-C4-TATE and 

[Bi(AAZTA-C4-TATE)] (Table IV.3.1), the total concentration of NTA 

([NTA]tot=[HNTA]+2[Bi(NTA)2]), Bi(III)-ion 

([Bi3+]tot=[Bi(NTA)2]+[Bi(AAZTA-C4-TATE)] and AAZTA-C4-TATE 

([AAZTA-C4-TATE]tot=[Bi(AAZTA-C4-TATE)]+[HxAAZTA-C4-

TATE]) the KBiTATE value was calculated by Eq. (IV.2.9) (KBiTATE=51 (9), 

pH=7.4, 0.15 M NaClO4, 25 °C). Using the stability constant of 

[Bi(NTA)2]
3- (logBi(NTA)2=26.21, 0.15 M NaClO4, 25 °C, Table IV.2.2.1) 

and the protonation constants of NTA ligand (Table IV.1.1) the conditional 

stability constant of [Bi(NTA)2] was calculated by Eq. (IV.2.5) (log 

Kcond
Bi(NTA)2=22.5, pH=7.4, 0.15 M NaClO4, 25 °C). Considering the 

KBiTATE equilibrium constant (KBiTATE=51) and the conditional stability 

constant of [Bi(NTA)2]
3- (log Kcond

Bi(NTA)2=22.5, 0.15 M NaClO4, 25 °C), 

the conditional stability constant of [Bi(AAZTA-C4-TATE)] complex (log 

Kcond
Bi(AAZTA-C4-TATE)= log KBiTATE + log Kcond

Bi(NTA)2, Eq. (IV.3.1.2)) was 

found to be 24.3 at pH=7.4 and 25 °C in 0.15 M NaClO4. The stability, 

protonation and conditional stability constants of the complexes are 

presented in the Table IV.3.1.1. 

Table IV.3.1.1 Stability (log KBiL), protonation (log KBi(HiL) and conditional stability 

constants (log KBiL
cond) of the complexes. A: [Bi(AAZTA)]- , B: [Bi(AAZTA-C4-

TATE)], C: [Bi(AAZTA-C4-COO-)]2- D: [Bi(NTA)2]3- , E: [Bi(DTPA)]2- , F: 

[Bi(DOTA)]- (0.15M NaClO4 25°C). 

 A B C D  E a F 

log KBiL 26.45 (6) − 28.75 (8) 16.97 29.29 30.86 

log KBi(HL) 1.63 (3) − 4.74(4) - 2.55 (1) 1.38 

log KBiL2 - - - 9.23 - - 

log KBiL
cond 

(pH=7.4) 23.5 24.3 (2) 25.6 22.5 25.4 27.0 

 [a] Ref. [142] (0.6 M NaClO4, 25C);   
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The thermodynamic parameters in Table IV.3.1.1 indicates that the 

stability constant of [Bi(AAZTA)]- is lower than that of [Bi(DOTA)]-  

[Bi(DTPA)]2- and  [Bi(AAZTA-C4-COO-)]2-
  complexes by about 4, 3 and 

2.5 log units, respectively (0.15 M NaClO4, 25C). To compare the Bi(III) 

affinity of AAZTA, AAZTA-C4-COOH, AAZTA-C4-TATE, DTPA and 

DOTA ligands  the apparent stability of Bi(III) complexes have been 

calculated near to physiological conditions by considering the protonation 

constants of AAZTA-C4-COOH, AAZTA, DTPA and DOTA and the 

stability constants of [Bi(AAZTA-C4-COO-)]2-
 , [Bi(AAZTA)]-, 

[Bi(DTPA)]2- and [Bi(DOTA)]- complexes. Suprisingly, the logKBiL
cond 

values at pH=7.4 and 25C show that the apparent stability of [Bi(AAZTA-

C4-COO-)]2- is higher than those of [Bi(AAZTA)]- and [Bi(DTPA)]2- by 

2.1 and 0.2 log units. Furthermore, favorable thermodynamic property of 

[Bi(AAZTA-C4-COO-)]2- is maintained for the [Bi(AAZTA-C4-TATE)]-

conjugate, which is characterised by about 1 log unit higher apparent 

stability constant than that of [Bi(AAZTA)]- and it is being similar to that 

of [Bi(DTPA)]2-. The higher apparent stability constant of [Bi(AAZTA-

C4-COO-)]2- and [Bi(AAZTA-C4-TATE)]- with respect to [Bi(AAZTA)]- 

might be interpreted by the higher basicity of the ring N donor atoms (Table 

IV.1.1) causing  the higher affinity of AAZTA-C4-COO- and AAZTA-C4-

TATE to Bi(III) ion. The lack of the interaction between the Bi(III) ion and 

the n-valeric acid residue of the AAZTA-C4-COO- is confirmed by the 

similar  protonation constant of the distant carboxylate group of the free 

ligand and  the Bi(III) complex (the protonation constant of the n-valeric 

acid residue of the AAZTA-C4-COOH free ligand and its Bi(III) complex 

are shown in Table IV.1.1 and  Table IV.3.1.1). The similarity in the 
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apparent stability constant of the [Bi(AAZTA-C4-COO-)]2-, [Bi(AAZTA-

C4-TATE)]- and [Bi(DTPA)]2- complexes is rather surprising, by 

considering the lower denticity of AAZTA in a respect to DTPA (7 vs 8). 

On the other hand, the logKBiL
cond values in Table IV.3.1.1 indicate that 

[Bi(DOTA)]- has slightly higher apparent stability constant, which can be 

interpreted by the stronger interaction between the ring N donor atoms 

ofmacrocycle and Bi(III)  as well as the better size match between the 

preformed cage of the DOTA ligand and Bi(III) ion. 

 

IV.3.2 Transchelation reactions of [Bi(AAZTA)]- , [Bi(AAZTA-C4-

COO-)]2-, [Bi(AAZTA-C4-TATE)]2- and [Bi(DTPA)]2- 

Based on the results of the equilibrium studies, [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)]2- and [Bi(AAZTA-C4-TATE)]- are characterized 

by high thermodynamic stability (Table IV.3.1.1.) which support their 

applications as suitable alternative of [212/213Bi][Bi(DOTA)]- and 

[212/213Bi][Bi(DOTP)]5- in TAT. However, the targeted application requires 

the kinetic inertness of [Bi(AAZTA)]- and its derivatives. To obtain 

information about the kinetic inertness, the transchelation reactions of the, 

[Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2-, [Bi(AAZTA-C4-TATE)]- and 

[Bi(DTPA)]2- the transchelation reactions were studied in the presence of 

a large exchanging ligands excess in order to ensure the pseudo-first order 

rate conditions. Transchelation reactions of Bi(III) complexes with DTPA 

or DOTP (Eq. (IV.3.2.1)) were monitored by UV-spectrophotometry at 

278 and 308 nm in the pH range 8.0 – 11.0.  (25 °C, 0.15 M NaClO4). 

BiA + L ⇌ BiA + L                               IV.3.2.1 
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where A=DTPA, AAZTA-C4-COOH and AAZTA, L=DOTP or DTPA. 

Some absorption spectra are shown in Figure IV.3.2.1, IV.3.2.2. and 

IV.3.2.3. 

 

Figure IV.3.2.1 Absorption spectra and absorbance values of [Bi(AAZTA)]- - DTPA 

reacting system ( [Bi(AAZTA)]=0.1 mM, [DTPA]=1.0 mM, pH=10.5; 0.15 M NaClO4, 

25 °C). 

 

Figure IV.3.2.2 Absorption spectra and absorbance values of [Bi(AAZTA-C4-COO-)]2- 

- DOTP , [Bi(AAZTA-C4-COO-)]=0.05 mM, [DOTP]=1.0 mM, pH=11.0; 0.15 M 

NaClO4, 25 °C, l=1 cm). 

 

[Bi(AAZTA)]- 

[Bi(DTPA)]2- 

 

[Bi(DOTP)]5- 

[Bi(AAZTA-C4-COO)]2- 
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Figure. IV.3.2.4 Absorption spectra and absorbance values of  [Bi(DTPA)]2- - DOTP 

reacting system ( [Bi(DTPA)]=0.1 mM, [DOTP]=2.0 mM, pH=10.8, 0.15 M NaClO4, 

25°C)  

In the presence of large DTPA and DOTP excess, the transchelation can be 

accounted as a pseudo-first order process and the rate of reactions can be 

expressed by the Eq. IV.2.6.2, where kd is a pseudo-first order rate constant 

and [BiL]tot is the total concentration of [Bi(AAZTA)]-, [Bi(AAZTA-C4-

COO-)]2- or [Bi(DTPA)]2-. The obtained pseudo-first order rate constants 

kd in [Bi(AAZTA)]- - DTPA, [Bi(AAZTA-C4-COO-)]2- - DOTP and 

[Bi(DTPA)]2- - DOTP reacting systems are presented as a function of pH 

and [OH-] in Figure IV.3.2.5, left and right. 

 

Figure IV.3.2.5 Pseudo-first order rate constant kd characterizing the 
transchelation reactions in [Bi(AAZTA)]- - DTPA, [Bi(DTPA)]2- - DOTP and 

[Bi(AAZTA-C4-COO-)]2- - DOTP systems. Solid lines and the symbols represent the 
calculated and measured kd rate constants. ([Bi(AAZTA)]= 0.1 mM, [DTPA]=1.0 mM 

() and 2.0 mM (); [Bi(DTPA)]2-= 0.1 mM, [DOTP]=2.0 mM () and 4.0 mM (); 
[Bi(AAZTA-C4-COO-)]2-= 0.05 mM, [DOTP]=1.0 mM () and 2.0 mM (),  

[NMP]=0.01 M, 0.15 M NaClO4, 25 °C). 

 

[Bi(DOTP)]5- 

[Bi(DTPA)]2- 
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The pseudo-first order rate constants (kd) plotted in Figure IV.3.2.5 

indicate that the kd values are independent of [DTPA] and [DOTP]. The 

rates increase with pH and [OH-], confirming that the rate-determining step 

of the transchelation reactions is the dissociation of the [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)]2- and [Bi(DTPA)]2- complexes, followed by the 

fast reaction between the free Bi(III) ion and the exchanging DTPA or 

DOTP ligands. The dependence of the kd values on pH and [OH-] can be 

interpreted by the formation (KH
BiL(OH) Eq. IV.3.2.2.) and the spontaneous 

dissociation of the [Bi(L)(OH)] species (diskOH Eq. IV.3.2.3). Moreover, the 

dissociation of the [Bi(L)(OH)] species might take place by OH- assisted 

pathway, which is characterized with diskOH
2 rate constant (Eq. IV.3.2.4). 

According to the X-ray structure of [Bi(HAAZTA)(H2O)] and 

[Bi(AAZTA)]- (see in section VII) the Bi(III) ion is coordinated by 3 

amino-N and four carboxylate-O- donor atoms of AAZTA ligand, whereas 

the apical coordination site is occupied by H2O molecule to complete the 

dodecahedron coordination environment around the Bi(III) ion. Based on 

the X-ray diffraction data of [Bi(H2DTPA)], the Bi(III) ion is coordinated 

by 3 amino-N and 5 carboxylate-O donor atoms in a square antiprism 

geometry.[143] The  [Bi(L)(OH)] species might be formed by the 

replacement of the inner-sphere water molecule with the OH- ion in 

[Bi(AAZTA)(H2O)]- or following the substitution of the weakly 

coordinated -COO- group by the OH- ion in [Bi(DTPA)]2-. 

𝐾BiL(OH)
H  

BiL + OH− ⇌ BiL(OH)                          IV.3.2.2 

𝐾BiL(OH)
H =

[BiL(OH)]

[BiL][OH−]
 

diskOH 
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BiL(OH) ⟶ Bi3+ + L + OH−                       IV.3.2.3 

 

BiL(OH) + OH−  ⟶ Bi3+ + L + 2OH−                IV.3.2.4 

 

By taking into account all possible pathways and Eq. IV.2.6.2, the 

rate of the dissociation of [Bi(AAZTA-C4-COO-)]2- , [Bi(AAZTA)]- and 

[Bi(DTPA)]2- can be expressed by Eq. IV.3.2.5. 

−
d[BiL]t

dt
= 𝑘d[BiL]t = 𝑘 

dis
OH[BiL(OH) ] + 𝑘 

dis
OH2[BiL(OH) ][OH−] 

IV.3.2.5               

Considering the total concentration of the [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)]2- and [Bi(DTPA)]2- complexes 

([BiL]tot=[BiL]+[BiL(OH)]) and the formation constant of [Bi(L)(OH)] 

species (KH
BiL(OH), Eq. IV.3.2.2), the kd pseudo-first order rate constants 

presented can be expressed by Eq.IV.3.2.6  

𝑘d =
𝑘 

dis
1[OH−]+ 𝑘 

dis
2[OH−]2

1+𝐾BiL(OH)[OH−]
                             IV.3.2.6 

wherein KH
BiL(OH), 

disk1=
 diskOH×KH

BiL(OH) and disk2=
 diskOH

2×KH
BiL(OH) are the 

equilibrium and rate constants characterizing the formation, the 

spontaneous and OH--assisted dissociation of [Bi(AAZTA)(OH)]2- and 

[Bi(DTPA)(OH)]3- species, respectively. The formation constant 

(KH
BiL(OH)) of [Bi(L)(OH)] species for Bi(DOTA)-like complexes are 

relatively small (KH
BiL(OH = 478 ). However, the formation of [Bi(L)(OH)] 

species could not be detected under basic conditions in the pH-

potentiometric studies of [Bi(AAZTA)]- and [Bi(DTPA)]2- complexes. 

diskOH
2 
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Considering the very low protonation constant of [Bi(L)(OH)]- species 

(KH
BiL(OH) = 478) and the pH range of the kinetic studies (pH=8.5 – 11), the 

denominator of Eq. (V.3.2.6) (1>> KH
BiL(OH) [OH-]) can be neglected, so 

Eq. IV.3.2.6 can be simplified in the form of Eq. IV.3.2.7. The disk1 and 

disk2 values have been calculated by fitting of the kinetic data to Eq. 

IV.3.2.7. 

𝑘d = 𝑘 
dis

1[OH−] + 𝑘 
dis

2[OH−]2                      IV.3.2.7 

In Eq. IV.3.2.7 disk1 and disk2 are the rate constants characterizing the 

formation, the spontaneous and OH--assisted dissociation of the 

[Bi(AAZTA)(OH)]2- and [Bi(DTPA)(OH)]3- species have been calculated 

by fitting the kd values presented in Figure IV.3.2.5 to the Eq. IV.3.2.6. The 

dissk1 and dissk2 rate and KH
BiLH-1 formation constants characterizing the 

formation and the dissociation of [Bi(L)(OH)] species of [Bi(AAZTA)]-, 

[Bi(AAZTA-C4-COO-)]2-,  [Bi(DTPA)]2- and [Bi(DOTA)]- are shown in 

Table IV.3.2.1. 

The inertness of [Bi(AAZTA-C4-TATE)]- had been investigated by 

following the transchelation reactions between [Bi(AAZTA-C4-TATE)]- 

complex and AAZTA (Eq. IV.3.2.1) with CZE at pH=9.0 and 25 °C in the 

presence of 20 and 40 fold AAZTA excess used in order to guarantee the 

pseudo-first order kinetic condition. For keeping the pH values constant 

0.01 M N-methyl-piperazine (NMP) buffer was used (signal of NMP in the 

electropherograms was also used as an internal standard for the calibration 

of the migration times and injections). The temperature was maintained at 

25 °C and the ionic strength of the solutions was kept constant, 0.15 M for 

NaClO4. The CZE electropherograms of the [Bi(AAZTA-C4-TATE)]- – 

AAZTA reacting systems are shown in Figure IV.3.2.6. The signals of free 
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AAZTA and [Bi(AAZTA)]- are not observable in CZE electropherograms. 

AreaBi(AA-TATE) / AreaNMP values of the [Bi(AAZTA-C4-TATE)]- complex 

as a function of time in [Bi(AAZTA-C4-TATE)]- – AAZTA reacting 

systems are shown in Figure IV.3.2.7. 

[Bi(AAZTA_C4_TATE)]− + HxAAZTA ⇌ [Bi(AAZTA)]−  + HxAAZTA_C4_TATE 

IV.3.2.8 

 

Figure IV.3.2.6 CZE electropherograms of [Bi(AAZTA-C4-TATE)]- – AAZTA 

reacting system (Samples: [Bi(AAZTA-C4-TATE)]=50.1 M, [AAZTA]= 1.0 mM, 
[NMP]=0.01 M, pH=9.0, 0.15 M NaClO4, Conditions: 20 kV, 50 mbars, λ=200 nm; 150 

mM Na2HPO4, pH=7.4, 10 °C) 

 

Figure IV.3.2.7 AreaBi(AA-TATE) / AreaNMP values of the [Bi(AZTA-C4-TATE)]- – 

AAZTA reacting system as a function of time (1: [Bi(AAZTA-C4-TATE)]=50.1 µM, 

[AAZTA]= 1.0 mM; 2: [Bi(AAZTA-C4-TATE)]=50.1 µM, [AAZTA]= 2.0 mM; 

[NMP]=0.01 M, pH=9.0, 25 °C 0.15 M NaClO4). 
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The rates of the ligand exchange reactions were studied at different 

concentrations of the AAZTA in order to obtain the information for the 

effect of [AAZTA] for the rate of the reaction (Eq. (III.5.1)). The pseudo-

first order rate constant (kd) characterizing the transchelation reactions 

between [Bi(AAZTA-C4-TATE)]- and AAZTA obtained in the presence 

of 20 and 40 fold excess of AAZTA are (1.70.1)10-7 s-1 and 

(2.00.2)10-7 s-1, respectively ([Bi(AAZTA-C4-TATE)]=50.1 M, 

pH=9.0, [NMP]=0.01 M, 25 C, 0.15 M NaClO4). These kinetic data 

clearly indicates that [AAZTA] has practically no effect for the 

dissociation rate of [Bi(AAZTA-C4-TATE)]- as it was found for 

[Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2- and [Bi(DTPA)]2-. According to 

these experimental evidences, it can be assumed that the rate determining 

step is the OH--assisted dissociation of [Bi(AAZTA-C4-TATE)]- complex 

which is followed by the fast reaction between the free Bi(III) ion and the 

exchanging AAZTA ligand. The dissociation rate and the half-life of the 

complexes are shown in Table IV.3.2.1. 

Table IV.3.2.1 Rate (disski and kd) and equilibrium constants (KH
BiLH-1) and dissociation 

half-life values (t1/2=ln2/kd) characterizing the dissociation reactions of [Bi(AAZTA)]- 
(A) [Bi(AAZTA-C4-COO-)]2- (B), [Bi(AAZTA-C4-TATE)]- (C), [Bi(DTPA)]2- (D) and 

[Bi(DOTA)]- (E) complexes (0.15 M NaClO4, 25 C) 

 A B- C D E [a] 
dissk1 (M-

1s-1) 
(2.5  1.0) 

×10-2 

(7  1)    

×10-3 
− 

(1.0  0.2) 

×10-2 

(1.0  0.2) 

×10-9 
dissk2 (M-

2s-1) 
(2.8  0.7) 

×103 
86   − 

(1.2  0.1) 

×103 
− 

KH
BiLH-1 

(M-1) 
− 338   − − 473   

kd (s-1) 

t1/2 (d) at 

pH=7.4 

1.310-8 

601 

3.210-9 

2507 
− 

5.310-9 

1500 

3.410-13 

2.4107 

kd (s-1) 

t1/2 (d) at 

pH=9.0 

1.6×10-7 

50.4 

1.710-6 

4.8 

1.810-7 

43.4 

6.410-7 

12.6 

1.310-11 

6.1105 
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Comparison of the kinetic parameters in Table IV.3.2.1 reveals that both 

the spontaneous (dissk1) and OH--assisted (dissk2) dissociation of 

[Bi(AAZTA)H-1]
2- are faster by about two times than the related 

dissociation processes of [Bi(DTPA)(OH)]3- species. However, the dissk1 

and dissk2 values of [Bi(AAZTA-C4-COO-)(OH)]3- are about 2 – 4 and 14 

– 32 times lower than the corresponding rate constants of  

[Bi(AAZTA)(OH)]2- and [Bi(DTPA)(OH)]3- species. Considering the 

stability constants of Bi(III) complexes, it can be assumed that the 

interaction of AAZTA-C4-COO- with Bi(III) ion is higher than that of 

AAZTA ligand, which might explain the slower dissociation of 

[Bi(AAZTA-C4-COO-)]2- ([Bi(AAZTA)]-: log KBiL=26.45, [Bi(AAZTA-

C4-COO-)]2-: log KBiL = 28.75, from Table IV.2.3.1). Nevertheless, the 

Bi(III) affinity of the DTPA is similar to that of AAZTA-C4-COO-, 

whereas the OH- catalysed dissociation of [Bi(DTPA)]2- is faster than that 

of [Bi(AAZTA-C4-COO-)]2- ([Bi(DTPA)]2-: log KBiL = 29.29)[142]. It is 

generally accepted that the spontaneous dissociation of the [Bi(L)(OH)] 

species likely occur by the simultaneous decoordination of the donor atoms 

followed by the release of the Bi(III) ion. It is reasonable to assume that 

the higher rigidity of semi-macrocyclic AAZTA-C4-COO- results the 

slower dissociation of the [Bi(AAZTA-C4-COO-)(OH)]2- species than that 

of the [Bi(DTPA)(OH)] formed with the flexible DTPA ligand. This 

assumption has been further evidenced by the slower spontaneous 

dissociation of [Bi(DOTA)(OH)]2- in which the Bi(III)  ion is tightly 

coordinated by the rigid DOTA ligand ([Bi(DOTA)]-: log KBiL=30.86, 0.15 

M NaClO4, 25 C).  

Considering the kd values of [Bi(AAZTA-C4-TATE)]-, [Bi(AAZTA-C4-

COO-)]2-, [Bi(AAZTA)]- and [Bi(DTPA)]2- calculated at pH=9 indicates 
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that the kinetic inertness of [Bi(AAZTA-C4-TATE)]- is similar to that of 

[Bi(AAZTA-C4-COO-)]2- and higher by about 9 and 3.4 times than that of 

[Bi(AAZTA)]- and [Bi(DTPA)]2- complexes. 

 

IV.3.3 NMR studies of [Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-)]2- 

complexes 

Variable temperature (VT) multinuclear 1D and 2D NMR studies of 

[Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-)]2- have been performed to 

investigate the solution structure in D2O. VT-1H and VT-13C spectra of 

[Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-)]2- obtained in the temperature 

range 273 - 333 K are shown in Figures A.10, A.11, A.12 and A.13 

respectively.  1H and 13C NMR resonances of [Bi(AAZTA)]- and 

[Bi(AAZTA-C4-COO-)]2- were assigned on the basis of COSY (Figures 

A.14 and A.17), HSQC and HMBC spectra (Figures A.15, A.16, A.18 and 

A.19) obtained at 273K.  

           

Figure IV.3.3.1 Structure and numbering of [Bi(AAZTA)]- and  

[Bi(AAZTA-C4-COO-)]2-. 

 

There is a single set of signals in the 1H and 13C NMR spectra of 

[Bi(AAZTA)]- and Bi(AAZTA-C4-COO-)]2- which is practically 

unchanged in the temperature range 273–333 K.  The 13C NMR spectra 

contain eight and twelve signals corresponding to 2:2:2 equally intense 
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methylene and carboxylate carbon atoms of pendant arms and the ring, and 

1:1 methyl and quaternary C of [Bi(AAZTA)]- and 1:1:1:1:1:1 quaternary 

C, methylene and carboxylate of the n-valeric acid pendant of Bi(AAZTA-

C4-COO-)]2- confirming that Bi(III) complexes has Cs symmetry in the 

investigated temperature range. Surprisingly, the 1H NMR signals of the 

exocyclic carboxylate methylene protons in [Bi(AAZTA)]- and 

[Bi(AAZTA-C4-COO-)]2- are singlet and AB system (13 and 15 in Figures 

A10 and A12), indicating a higher structural rigidity of [Bi(AAZTA-C4-

COO-)]2- in a respect to the parent [Bi(AAZTA)]- . 

 

IV.3.4 X-Ray Diffraction studies of the [Bi(HAAZTA)] and 

[Bi(AAZTA)]- complexes 

The single crystals of the [Bi(AAZTA)] complex in two different 

protonation states, i.e.: [Bi(HAAZTA)(H2O)]·3H2O and 

{[C(NH2)3][Bi(AAZTA)]}·3.5H2O, allowing a deeper insight into the 

structural properties of these systems. A simplified view of the protonated 

[Bi(HAAZTA)(H2O)] and the nonprotonated [Bi(AAZTA)]- complexes 

found in the [Bi(HAAZTA)(H2O)]·3H2O and 

{[C(NH2)3][Bi(AAZTA)]}·3.5H2O crystals is shown in Figures IV.3.4.1, 

A.21 and A.22. The bond distances of the Bi(III) coordination environment 

are summerized and compared with those of Sc(III) and Er(III) ions in 

[Sc(AAZTA)]- and [Er(AAZTA)]- complexes in Table A.22.  
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Figure IV.3.4.1 Stick representation of the Bi(III) coordination environment in 

[Bi(AAZTA)]- (A and B) and [Bi(HAAZTA)(H2O)] complexes found in the single 

crystals of [Bi(HAAZTA)(H2O)]·3H2O and {[C(NH2)3][Bi(AAZTA)]}·3.5H2O. 

Two crystallographically independent [Bi(AAZTA)]- complexes are 

placed in the asymmetric unit of {[C(NH2)3][Bi(AAZTA)]}·3.5H2O 

(Figure A.21 A). In both complexes of [Bi(AAZTA)]-, Bi(III) is 

octacoordinated by 7 donor atoms of the AAZTA ligand (four carboxylate 

O and three amino N donor atoms), whereas the eighth coordination site is 

occupied by a carboxylate bridging two neighbour metal centers, as 

previously reported for [Gd(AAZTA)]-. In the single crystals with the 

formula [Bi(HAAZTA)(H2O)]}·3.H2O [Bi(HAAZTA)] complex is placed 

in the crystallographic asymmetric unit (Figure.A.21 B). The 

[Bi(HAAZTA)] complex form dimers with units related to the 

crystallographic inversion centers and linked by hydrogen bonds between 

one protonated and one deprotonated carboxylate groups (dOH···O = 

2.508(5) Å, Figure.A.21 B). The structures of [Bi(AAZTA)]- and 

[Bi(HAAZTA)(H2O)] are comporable with  those of [Er(AAZTA)(H2O)]- 

and of and [Sc(AAZTA)(H2O)]- [135],[136]. The coordination 
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polyhedrons around the Bi(III) ion can be described by an irregular 

dodecahedron defined by a 1:4:3 stack (top to bottom in Figure IV.3.4.1) 

of the apical ligand (H2O molecule in [Bi(HAAZTA)(H2O)] (Figure 

IV.3.4.1 C) or a carboxylate in [Bi(AAZTA)]- (Figure IV.3.4.1 A)) and of 

two nearly parallel pseudo-planes (7.53(10)° offset in 

[Bi(HAAZTA)(H2O)] (Figure IV.3.4.1 C) and 8.98(53)° in [Bi(AAZTA)]- 

(Figure IV.3.4.1 A)): the first one involving O1, O3, O5, and O7 (mean 

deviation from planarity is 0.13(2) Å in [Bi(HAAZTA)(H2O)]- and 0.13(6) 

Å in [Bi(AAZTA)]- and the second one by N1, N2, and N3 (Figures 

IV.3.4.1 A and C). In Figure IV.3.4.1 B, the Bi(III) ion has a somewhat 

different coordination environment with the apical group 0.633(1) Å far 

from the O1, O3, O5, and O7 average plane (while is ~2.1 Å in the other 

cases). Angle ofthe planes formed by the oxygen and nitrogen atoms 

remains similar (6.42(49)° - mean deviation from planarity is 0.34(25) Å; 

Figure IV.3.4.1 B). In the [Sc(AAZTA)(H2O)]- and [Er(AAZTA)(H2O)]- 

complexes, the angle betweenthe two nearly parallel planes formed by the 

carboxylate O and the amino N donor atoms are 8.0 and 8.3,[144], [145] 

which is comparable with that of [Bi(HAAZTA)(H2O)] (Figure IV.3.4.1 

C) and [Bi(AAZTA)]- (Figure IV.3.4.1 A). The distances between the 

Bi(III) ion and the coordinated N and O atoms of AAZTA fall within the 

range 2.25-2.75 Å and 2.21-2.72 Å, with nearly indentical average 2.515(4) 

Å and 2.501(6) Å values, respectively. The bond lengths of Er(III) and 

Sc(III) ions with the carboxylate O and amine N donor atoms of AAZTA 

ligand ([Er(AAZTA)]-: Er(III)-O=2.25-2.34 Å, Er(III)-N=2.47-2.57 Å; 

[Sc(AAZTA)]-: Sc(III)-O=2.12-2.25 Å, Sc(III)-N=2.41-2.47 Å) is 

comparable with that [Bi(AAZTA)]- (Table A.22). Nevertheless, the 

distance of the innert sphere water molecule from the Bi(III) ion in 
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[Bi(HAAZTA)(H2O)] is longer (Bi(III)-OH2=2.605 Å, Table A.22) than in 

[Sc(AAZTA)(H2O)]- and [Er(AAZTA)(H2O)]- (Er(III)-OH2=2.344 Å, 

Sc(III)-OH2=2.247 Å, Table A.22), which is in line with the “softer” 

character or by the stereochemical activity of the 6s2 lone pair of the Bi(III) 

ion.[134] 

 

IV.3.5 Labeling of AAZTA-C4-TATE and DOTA-TATE with 205/206Bi 

isotope, in vitro and ex vivo studies of [205/206Bi][Bi(AAZTA-C4-

TATE)]- 

To investigate the efficiency of  [212/213Bi][Bi(AAZTA-C4-TATE)]- 

as possible TAT agent, the effect of temperature, pH and ligand 

concentration on the labeling of AAZTA-C4-TATE and DOTA-TATE 

with 205/206Bi(III) isotope have been examined and compered. The labeling 

efficiency of AAZTA-C4-TATE and DOTA-TATE with 205/206Bi(III) has 

been studied by using 5 min reaction time at 25 and 95 °C in the presence 

of [AAZTA-C4-TATE] = [DOTA-TATE] 0.1 µM – 30 µM in the pH range 

3 – 7 (Figure IV.3.5.1. and IV.3.5.2 ).  
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Figure IV.3.5.1 Labeling yield of AAZTA-C4-TATE with 205/206Bi(III) as a function of 

[AAZTA-C4-TATE] at 25C (A) and 95°C (B) in 5 min reaction time. 

 

Figure IV.3.5.2 Labeling yield of AAZTA-C4-TATE (, , ) and DOTA-TATE 

(, , ) with 205/206Bi as a function of [AAZTA-C4-TATE] and [DOTA-TATE] at 

pH=7 and 25C (A), pH=3 and 4, 95°C (B) in 5 min reaction time. 

HEPES and ammonium-acetate were applied as buffers at pH=3 and 

7 and in the pH range of 4 - 6, respectively. The labeling efficiency has 
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been characterized by the radiochemical yield (RCY) defined as follows 

(equation IV.3.5.1):  

𝑅𝐶𝑌 =
𝑟𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑙𝑎𝑏𝑒𝑙𝑖𝑛𝑔
∗ 100         IV.3.5.1 

The RCY values for both 205/206Bi(III) complexes increases with the 

decreasing pH. Temperature has practically no effect on the radiochemical 

yield at pH =3, 5 and 6 in the tempereature range of 298-368 K. However, 

the RCY values are siginificantly increased with the increase of the ligand 

concentration at pH= 4 and 7. On the other hand, the radiochemical yields 

of [205/206Bi][Bi(DOTA-TATE)]- increase at high temperatures. The 

comparison of the labeling efficiency of AAZTA-TATE and DOTA-TATE 

indicates that the incorporation of 205/206Bi takes place with higher yields at 

pH = 3 and 4 (95°C), and at pH = 7 at room temperature (Figure IV.3.5.2). 

The optimal labeling conditions of AAZTA-C4-TATE with 205/206Bi(III) 

isotopes by using 5 min reaction time (RCY>95 %) was found at pH=3, 

25C and 95C in the presence of 1 µM of ligand. The highest labeling 

yield for DOTA-TATE with 205/206Bi(III) isotopes (RCY>95 %) was found 

at pH = 6 (95°C), [DOTA-TATE] = 30 mM, 0.1 M acetate buffer, 15 min 

reaction time. 

The stability of [205/206Bi][Bi(AAZTA-C4-TATE)]- has been investigated 

in the presence of DTPA excess, in PBS and in human plasma. 

[205/206Bi][Bi(AAZTA-C4-TATE)]- was incubated up to 21 h at pH=7.4 

and room temperature in 0.01 M DTPA solution and PBS buffer, as well 

as at 37°C in human plasma (Figure A.25). The unchanged radiochemical 

purity (RCP) values definited by the IV.3.5.2 equation confirm the stability 

of [205/206Bi][Bi(AAZTA-C4-TATE)]- in the examined period of time. 

𝑅𝐶𝑃 =
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒

𝑡𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100                   IV.3.5.2 
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Outstanding results of the equilibrium, kinetic and labeling studies 

led us to assess the in vitro and ex vivo properties of [205/206Bi][Bi(AAZTA-

C4-TATE)]-. The biodistribution of [205/206Bi][Bi(AAZTA-C4-TATE)]- 

has been examined in healthy (control) and AR42J tumor-bearing mice. In 

the ex vivo biodistribution studies AR42J tumor-bearing SCID mice were 

sacrificed 15, 60 and 90 min (n=3 mice/time point) after intravenous 

injection of 1.18±0.2 MBq [205/206Bi][Bi(AAZTA-C4-TATE)]- and the 

residual radioactivity of the organs and tissues were evaulated by gamma 

counter measurements after autopsy. Remarkable radiotracer accumulation 

was found in kidneys (approx. %ID/g: 8-16) and urine (approx. %ID/g: 

160-300), and significantly lower uptake (p≤0.05) of the radiotracer was 

observed at each time point investigated in other healthy organs and 

tissues. The amount of the radiotracer (%ID/g) decreased monotnounusly 

from 15 to 90 minutes in each investigated organs (Figure IV.3.5.3).  

 

 

Figure IV.3.5.3 Ex vivo biodistribution of [205/206Bi][Bi(AAZTA-C4-TATE]- in AR42J 

somatostatin receptor positive tumor-bearing CB17 SCID mice 15, 60 and 90 min after 

intravenous injection of the radiotracer. %ID/g values are presented as mean±SD. 
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The high %ID/g values (11.7±1.82 at 15 min, 9.32 ± 3.96 at 60 min, 

and 8.53 ± 2.02 at 90 min) of the AR42J tumour indicated a remarkable 

somatostatine receptor specificity of the [205/206Bi][Bi(AAZTA-C4-

TATE)]- radiotracer, which has been also confirmed by  the accumulation 

of the [205/206Bi][Bi(AAZTA-C4-TATE)]- in the somatostatin receptor 

positive AR42J cells (Figure A.26). 

The cellular uptake of the two somatostatin specific radiotracers, 

indicates that the accumulation of [205/206Bi][Bi(AAZTA-C4-TATE)]- in 

AR42J cells is somewhat higher (29.76±10.84 %ID/106 cells at 30 min; 

22.99±3.16 %ID/106 cells at 60 min) than that of [205/206Bi][Bi(DOTA-

TATE)]- (22.25±3.78 %ID/106 cells at 30 min; 19.10±6.53 %ID/106 cells 

at 60 min) after 30 and 60 min incubation time (Figure A.26). The in vitro 

data supports that [205/206Bi][Bi(AAZTA-C4-TATE)]- binds with higher 

affinity to somatostatin receptor positive cells than [205/206Bi][Bi(DOTA-

TATE)]- in 30 and 60 minute time points.  

The ex vivo biodistribution of the free 205/206Bi(III) radiotracer (Figure 

IV.3.5.3), which might be present due to the demetallation of the 

205/206Bi(III) complexes, shows high radioactivity in the liver, spleen, and 

kidneys, and moderate uptake by the lungs and gall bladder after 30 and 90 

min incubation time. In contrary, the [205/206Bi][Bi(AAZTA-C4-TATE)]- 

was accumulated only in the AR42J tumour and kidneys owing to its high 

stability and rapid excretion through the urinary system (Figure IV.3.5.4). 
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Figure IV.3.5.4 Assessment of ex vivo biodistribution studies of 205/206Bi(III). Data 

values shown as means ± SD. ID%/g: Tracer accumulation in gram tissue as the 

percentage of the incubating dose. 

In order to estimate the efficacy of [213Bi][Bi](AAZTA-C4-TATE)]- 

as a possible TAT agent of neuroendocrine tumours, the relative 

accumulated dose (%ID/g) obtained at 15, 60 and 90 min for 

[205/206Bi][Bi(AAZTA-C4-TATE)]- and 10 and 60 min for 

[213Bi][Bi(DOTA-TATE)]- in rat pancreatic AR42J tumour-bearing 

Athymic male nu/nu mice[65] have been compared in Table IV.3.5.1. Such 

a biodistribution data allows for the comparison of the in vivo behaviour of 

the radiotracer (i.e. efficacy) even it has obtained with different isotopes of 

Bi(III) ion, since the decay of 205/206Bi or 213Bi isotopes has practically no 

effect on the relative distribution of the [Bi(AAZTA-C4-TATE)]- and 

[Bi(DOTA-TATE)] complexes in different organs. 
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Table IV.3.5.1 Accumulated dose (%ID/g) obtained at 15, 60 and 90 min for 

[205/206Bi][Bi(AAZTA-C4-TATE)]- and 10 and 60 min for [213Bi][Bi(DOTA-TATE)]- in 

tumour and other organs. 

 t (m) Tumour Pancreas Stomach Kidney Liver Blood 

[2
0
5
/2

0
6
B

i]
[B

i(
A

A
Z

T
A

-C
4

-

T
A

T
E

)]
- 

15 11.7 4.59 1.82 16.7 2.19 1.98 

60 9.32 2.49 1.68 10.1 1.79 0.62 

90 8.53 1.27 1.08 8.52 1.45 0.33 

[2
1
3
B

i]
[B

i(
D

O
T

A
-

T
A

T
E

)]
-[

a
] 

10 5.3 4.0[b] 3.0[b] 18[b] n.a. 9.0[b] 

60 6.5 2.5[b] 2.0[b] 17.4 2.0[b] 1.5[b] 

[a]Ref. [65]; [b] Estimated values based on Fig. 2 in Ref. [65] 

The comparison of the relative abundance (%ID/g) of 

[205/206Bi][Bi(AAZTA-C4-TATE)]- and [213Bi][Bi(DOTA-TATE)]- at 60 

min after the administration of the radiotracers indicates that the relative 

tumour accumulation of [205/206Bi][Bi(AAZTA-C4-TATE)]-  is 1.5 times 

higher than that of  [213Bi][Bi(DOTA-TATE)]-, which might be explained 

by the higher somatostatin receptor  affinity of [205/206Bi][Bi(AAZTA-C4-

TATE)]- than that of [213Bi][Bi(DOTA-TATE)]-. Moreover, significantly 

lower %ID/g values of kidneys and blood suggest the faster clearance of 

[205/206Bi][Bi(AAZTA-C4-TATE)]- as compared to that of 

[213Bi][Bi(DOTA-TATE)]-. 

Based on the larger tumour accumulation of [205/206Bi][Bi(AAZTA-

C4- TATE)]- (Table IV.3.5.1), the expected tumour dose of 

[213Bi][Bi(AAZTA-C4- TATE)]- is significantly higher than that of 
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[213Bi][Bi(DOTA-TATE)]-, predicting the higher efficacy of 

[213Bi][Bi(AAZTA-C4-TATE)]- in a TAT of neuroendocrine tumours. 

Furthermore, the faster urinary excretion of [205/206Bi][Bi(AAZTA-C4-

TATE)]- indicates a reduced kidney toxicity of [213Bi][Bi (AAZTA-C4-

TATE)]- as compared to  that of [213Bi][Bi(DOTA-TATE)]-. 
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V. Summary 

In this work, we have investigated the equilibrium, formation and 

dissociation kinetics and structural characteristics of Bi(III) complexes 

formed with macrocyclic, cyclic and open-chain ligands. These studies are 

mainly related to the improvement of our knowledge in the coordination 

chemistry of the Bi(III) complexes. However, the results can also be useful 

for the development of 212/213Bi(III) based radiopharmaceuticals for 

Targeted Alpha Therapy (TAT). The new scientific achievements can be 

summarized as follows: 

1. We determined the stability constants of [Bi(DOTA)]- (log KBiL = 

30.86 (7)) and [Bi(DOTP)]5- (log KBiL = 38.67(2)) using the 

competition method using NTA as a competitor ligand. Comparing the 

stability of [Bi(DOTA)]- and [Bi(DOTP)]5- complexes with those of the 

other trivalent metal ions (e.g.: In(III), Fe(III)) reveals that the stabilities 

of Bi(III) complexes are larger, which can be interpreted by the stronger 

interaction between the "soft" Bi(III) ion and N donor atoms of the ring. 

2. The rate constants for the formation of [Bi(DOTA)]- and [Bi(DOTP)]5- 

complexes were determined both in the presence and absence of citrate 

as an auxiliary ligand that prevents the hydrolysis of Bi(III) ion. In the 

case of [Bi(DOTP)]5-, the rate of complex formation was found to be 

very fast and the reaction can be followed by conventional photometry 

at 0°C only. The formation rate of [Bi(DOTP)]5- is more than ten times 

higher that of [Bi(DOTA)]- under identical conditions. In the case of 

both Bi(III) complexes, diprotonated intermediates *[Bi(H2DOTA)]+ 

and *[Bi(H2DOTP)]3- are formed in a fast reaction, in which the Bi(III) 

ion is located outside of the coordination cavity and coordinated by the 

pendant arms, while the two opposite macrocyclic ring nitrogen atoms 
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remain protonated. The significant difference between the formation 

rates of the two Bi(III) complexes can be interpreted by the significantly 

higher stability of the diprotonated *[Bi(H2DOTP)]3- intermediates 

(logKBi(H2DOTA)) = 11.6 (3), logKBi(H2DOTP) = 21.8 (1)) resulted in the 

faster formation of [Bi(DOTP)]5-. In the presence of the citrate ion, the 

formation rate of [Bi(DOTP)]5- decreases with the increase of the citrate 

concentration due to the formation of the [Bi(Cit)] and [Bi(Cit)2]
3- 

complexes, thereby lowering the concentration of kinetically active 

*[Bi(H2DOTP)]3- intermediate. The presence of the citrate ion 

accelerated the formation of the [Bi(DOTA)]- almost ten times due to 

the formation of a *[Bi(H2DOTA)(Cit)]2- intermediate. 

3.  The [Bi(DOTA)] and [Bi(DOTP)]5- complexes are characterized by 

high kinetic inertness in both acidic and alkaline media. The half-lives 

of dissociation for [Bi(DOTA)]- at pH= 3 t1/2 = 3.1 ×103 h while at 

pH= 11 t1/2 = 2.5 ×105 h. For [Bi(DOTP)]5- at pH= 3 a half-life values 

of t1/2 = 4.8 ×104 h was calculated. The dissociation of [Bi(DOTP)]5- 

can not be evidenced at pH= 11 even after weeks. 

4. The labeling efficiency of DOTA ligand with 213Bi isotope have been 

examined in a collaboration with Prof. J. Notni in Technical University 

of Munich. The labeling efficiency of DOTA ligand with 213Bi isotope 

was found to improve by about  3-4% in the presence of 100 μM 

DOTA and 0.1-10 μM citrate at pH=5.0. Interestingly, the presence of 

acetate buffer slowed down the labeling of the DOTA ligand with 213Bi 

isotope under the same conditions. 

5. Based on the results of the 1D and 2D multinuclear NMR studies, the 

structure of the [Bi(DOTP)]5-  complex in solution can be described 

by a twisted square antiprism (TSA). The activation parameters 



122 

 

characterize the ring inversion of the [Bi(DOTP)]5- complex are H‡= 

64  1 kJ·mol−1 , S‡= -14 2 J·mol−1K−1 , G‡
298=68 kJ·mol−1. The 

obtained activation enthalpy and entropy values are higher than those of 

[Bi(DOTA)]-, which can be interpreted by the  stronger interaction 

between the Bi(III) ion and the ring nitrogen atoms. 

6. We have determined the stability and apparent stability constants 

of the [Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2- and [Bi(AAZTA-

C4-TATE)]- complexes at pH=7.4 and 25C in 0.15 M NaClO4 

solution (log K[Bi(AAZTA)]- = 26.45(6); log K[Bi(AAZTA-C4-COO-)]2-= 

28.75(8); log K[Bi(AAZTA)]-
cond = 23.5; log K[Bi(AAZTA-C4-COO-)]2-

cond = 

25.6; log K[Bi(AAZTA-C4-TATE)]-
cond = 24.3(2)). 

7. [Bi(AAZTA)]-, [Bi(AAZTA-C4-COO-)]2-, [Bi(AAZTA-C4-TATE)]- 

and [Bi(DTPA)]2- complexes are characterized by high kinetic 

inertness. The dissociation half-lives of Bi(AAZTA)]-, [Bi(AAZTA-

C4-COO-)]2-, [Bi(AAZTA-C4-TATE)]- and [Bi(DTPA)]2- are 115; 

1210; 1042; 302 hours, respectively at pH=9.0 and 25C. 

8. 1H and 13C NMR spectra of [Bi(AAZTA)]- and [Bi(AAZTA-C4-COO-

)]2- contain a single set of signals those half with remain practically 

constant in the temperature range 273–333 K. Bi(III) complexes are 

characterized by Cs symmetry in the entire temperature range. 

Interestingly, the 1H NMR signal of the exocyclic carboxylate 

methylene protons in [Bi(AAZTA)]- is a siglet whereas in [Bi(AAZTA-

C4-COO-)]2- an AB pattern was observed, revealing a higher structural 

rigidity of [Bi(AAZTA-C4-COO-)]2- with respect to the parent 

[Bi(AAZTA)]-. 

9. X-ray diffraction studies of the single crystals with formula 

[Bi(HAAZTA)(H2O)]·3H2O and {[C(NH2)3][Bi(AAZTA)]}·3.5H2O 
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reveals that the coordination polyhedron around the Bi(III) ion can 

be best described by an irregular dodecahedron defined by a 1:4:3 

stack with the apical ligand (H2O molecule in [Bi(HAAZTA)(H2O)] 

and a carboxylate oxygen in [Bi(AAZTA)]-, respectively). 

10. In cooperation with Scanomed Ltd. and Department of Nuclear 

Medicine, University of Debrecen we performed labeling of the 

AAZTA-C4-TATE and DOTA-TATE ligands with the 205/206Bi isotope. 

Optimal labeling conditions (RCY>95%) for AAZTA-C4-TATE 

are pH=3 at 25°C and 95°C and 1 μM ligand concentration and 5 

min reaction time, while for DOTA-TATE pH=6 at 95° C 30 M 

ligand concentration and 15 min reaction time. Based on the given  

results, the AAZTA-C4-TATE conjugate can be considered as a better 

platform than DOTA-TATE as far as labeling with 205/206Bi isotope is 

concerned. The [205/206Bi][Bi(AAZTAC4-TATE)] was stable for at least 

21 hours at pH=7.4 at room temperature in the presence of 0.01M DTPA 

solution, PBS buffer and at 37C in human serum.  

11. In collaboration with Scanomed Ltd. and Department of Nuclear 

Medicine, University of Debrecen, we investigated the in vitro and ex vivo 

properties of [205/206Bi][Bi(AAZTA-C4-TATE)]. Based on the results of 

the ex vivo studies, the relative tumor uptake of [205/206Bi][Bi(AAZTA-

C4-TATE)] is 1.5 times higher than that of [213Bi][Bi(DOTA-TATE)] 

as observed in AR42J tumor-bearing mice. In vitro data reveal that 

[205/206Bi][Bi(AAZTA-C4-TATE)]- has a higher somatostatin receptor 

affinity than [213Bi][Bi(DOTA-TATE)]-. The significantly lower %ID/g 

values obtained in kidneys and blood indicate a faster clearance of 

[205/206Bi][Bi(AAZTA-C4-TATE)]−; than that of [213Bi][Bi(DOTA-

TATE)]-. 
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12. Owing to the higher tumor uptake, the expected tumor dose 

using[213Bi][Bi(AAZTA-C4-TATE)]- is higher than with 

[213Bi][Bi(DOTA-TATE)]- predicting a higher efficiency of 

[213Bi][Bi(AAZTA-C4-TATE)]- in the TAT of neuroendocrine 

tumours.  
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VI. Összefoglalás 

Munkánk során makrociklusos, makrociklusos valamint nyíltláncú 

tri- és tetraaza polikarboxilát ligandumok Bi(III)-komplexeinek 

egyensúlyi, képződés és disszociációs kinetikai, valamint szerkezeti 

sajátosságait vizsgáltuk. A vizsgálataink főleg alapkutatás jellegűek, de az 

eredményeink bővíthetik a Bi(III)-komplexekkel kapcsolatos koordinációs 

kémiai ismereteket, ill. hasznosak lehetnek a célzott alfa terápiában (TAT) 

alkalmazható 212/213Bi(III)-alapú radiofarmakonok fejlesztésében. Az elért 

új tudományos eredmények az alábbiak szerint foglalhatók össze: 

1. Meghatároztuk a [Bi(DOTA)]- (log KBiL = 30.86(7)) valamint a 

[Bi(DOTP)]5- (log KBiL = 38.67(2)) stabilitási állandóját kompetíciós 

módszerrel NTA ligandumot alkalmazva. A [Bi(DOTP)]5--komplex 

stabilitási állandója 8 nagyságrenddel nagyobb, mint a [Bi(DOTA)]--

komplexszé, ami a DOTP ligandum lényegesen nagyobb bázicitásával 

értelmezhető. A DOTA és DOTP ligandumok háromértékű fémionnal 

(pl: In(III), Fe(III)) alkotott komplexeinek stabilitását összehasonlítva a 

[Bi(DOTP)]5-- és [Bi(DOTA)]--komplexekével megállapítható, hogy a 

Bi(III)-komplexek stabilitása lényegesen nagyobb, amely a „soft” 

Bi(III)-ion és a gyűrű N-atomjai között fellépő erősebb kölcsönhatással 

értelmezhető.  

2. Tanulmányoztuk a [Bi(DOTA)]-- és [Bi(DOTP)]5--komplexek 

képződési sebességét citrát, mint a Bi(III)-ion hidrolízisét gátló 

segédligandum jelen és távollétében. A [Bi(DOTP)]5- képződése gyors 

folyamat, ami konvencionális spektrofotometriával csak kis 

hőmérsékleten (0°C) követhetó a pH=3 – 6 tartományban. A 

[Bi(DOTP)]5- képződési sebessége egy nagyságrenndel nagyobb a 

[Bi(DOTA)]-- ra jellemző értéknél azonos körülmények között. A 
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[Bi(DOTA)]- és [Bi(DOTP)]5- esetében egy kétszeresen protonált 

köztitermék képződik (*[Bi(H2L)]), melyben a Bi(III)-ion a 

koordinációs üregen kívül koordinálódik a funkcióscsoportokhoz, míg 

a makrociklus két szemközti gyűrű N-atomja protonálva van. A 

[Bi(DOTP)]5--komplex lényegesen nagyobb képződési sebessége 

*[Bi(H2DOTP)]3- köztitermékek nagyobb stabilitásával értelmezhető 

(log KBi(H2DOTA) = 11.6(3), log KBi(H2DOTP) = 21.8(1)). Citrátion 

jelenlétében a [Bi(DOTP)]5- képződési sebessége csökken a citrátion 

koncentrációjának növekedésével, ami a [Bi(Cit)] és [Bi(Cit)2]
3- 

komplexek képződésével értelmezhető, amelyek csökkentik a 

katalitikusan aktív részecske koncentrációját. Ugyanakkor a 

[Bi(DOTA)]- képződését a citrátion jelenléte közel tízszeresére 

gyorsította, ami a rendszerben képződő *[Bi(H2DOTA)(Cit)]2- 

köztitermék képződésével és katalitikus szerepével értelmezhető. 

3. A [Bi(DOTA)]-- és [Bi(DOTP)]5--komplexek disszociáció kinetikai 

vizsgálatai alapján mindkét Bi(III)-komplex kinetikailag rendkívül  

inert savas és lúgos közegben. A Bi(DOTA)]- és [Bi(DOTP)]5--

komplexek disszociációjára jellemző felezési idők rendre t1/2 = 3.1 ×103 

és 4.8 ×104  óra pH=3,0 és t1/2 = 2.5 ×105 óra pH= 11,0, 25C, 0,15 M 

NaClO4 körülmények között. A [Bi(DOTP)]5- disszociációját lúgos 

közeben (pH = 11) hetek elteltével sem tudtuk kimutatni. 

4. Prof. J. Notni-val (Müncheni Műszaki Egyetem) együttműködve 

elvégeztük a H4DOTA ligandum 213Bi izotóppal való jelezését citrát, 

acetát és MES puffer jelenlétében. MES puffer jelenlétében a citrátion 

koncentrációjának növekedése 0.1-10 μM tartományban 100 μM 

DOTA koncentráció mellet a jelzési hatásfok 3-4%-os javulását 

eredményezi.  
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5. Hőmérsékletfüggő 1D és 2D multinukleáris NMR méréseket alapján a 

[Bi(DOTP)]5--komplex torzult négyzetes antiprizmás szerkezettel 

jellemezhető oldatfázisban. A [Bi(DOTP)]5--komplex gyűrű inverzióját 

H‡= 64  1 kJ·mol−1 , S‡= -14 2 J·mol−1K−1 és G‡
298=68 

kJ·mol−1 aktiválási paraméterek jellemzik, amelyek lényegesen 

nagyobbak, mint a [Bi(DOTA)]--komplexszé a Bi(III)-ion és a gyűrű 

nitrogénatomok közötti erősebb kölcsönhatás eredményeként.  

6. Meghatároztuk a [Bi(AAZTA)]--, [Bi(AAZTA-C4-COO-)]2--, valamint 

[Bi(AAZTA-C4-TATE)]--komplexek satabilitási és látszólagos 

stabilitási állandóit (log K[Bi(AAZTA)]-= 26.45(6); log K[Bi(AAZTA-C4-COO-)]2-

= 28.75(8); log K[Bi(AAZTA)]- 
cond = 23.5; logK[Bi(AAZTA-C4-COO-)]2-

cond = 

25.6; logK[Bi(AAZTA-C4-TATE)]-
cond = 24.3(2), pH=7,4, 25C, 0,15 M 

NaClO4). 

7. A [Bi(AAZTA)]--, [Bi(AAZTA-C4-COO-)]2--, [Bi(AAZTA-C4-

TATE)]--, valamint a [Bi(DTPA)]2--komplexek ligandumcsere reakciói 

a Bi(III)-komplexek báziskatalizált disszociációjával játszódnak le 

nagyon lassan. A komplexek disszociációjára jellemző felezési idők 

rendre 115; 1210; 1042; 302 óránaknak adódtak (pH=9,0, 25C, 0,15 M 

NaClO4). 

8. A [Bi(AAZTA)]-- és [Bi(AAZTA-C4-COO-)]2--komplexek 1H és 13C 

NMR spektrzumában egy jelcsoport található, amelyek intenzitása, 

félértékszélessége és multiplicitása változatlan 273 – 333 K 

hőmérséklet tartományban. Mindkét Bi(III)-komplex Cs szimetriával 

jellemezhető oldatfázisban. A [Bi(AAZTA)]- esetében az exociklusos 

metiléncsoport protonjainak a 1H NMR jele szingulet, míg és 

[Bi(AAZTA-C4-COO-)]2- esetében AB dublet, ami a [Bi(AAZTA-C4-

COO-)]2- merevebb szerkezetével értlemzhető. 
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9. A [Bi(HAAZTA)(H2O)]·3H2O és {[C(NH2)3][Bi-(AAZTA)]}·3.5H2O 

egykristályok röntgendiffrakciós szerkezetvizsgálatai alapján a Bi(III)-

ion koordinációs környezete torzúlt dodekaéderes szerkezettel 

jellemezhető, amelyben az axiális pozíciót egy vízmolekula 

([Bi(HAAZTA)]) vagy egy szomszédos Bi(III)-komplex hídhelyzetű 

karboxilát O- donoratomja ([Bi(AAZTA)]-) foglalja el.  

10. A Scanomed kft és a Debreceni Egyetem, Nukleáris Medicina 

tanszékének munkatársaival együttműködve sikeresen jeleztük az 

AAZTA-C4-TATE és DOTA-TATE ligandumokat 205/206Bi izotóppal. 

Az AAZTA-C4-TATE optimális jelzési körülménye (RCY>95%): 

pH=3, 25°C és 95°C, 1 μM ligandum koncentráció és 5 perces reakció 

idő. Ezzel szemben a DOTA-TATE esetében hasonló jelzési hatásfok 

pH=6, 95°C, 30 M ligandum koncentráció és 15 perces reakcióidő 

alkalmazásával érhető el. Ennek megfelelően az AAZTA-C4-TATE 

lényegesen jobb hatásfokkal jelezhető 205/206Bi izotóppal, mint a DOTA-

TATE. A [205/206Bi][Bi(AAZTA-C4-TATE)]- disszociációját pH=7.4-

en szobahőmérsékleten 0,01M DTPA oldatában, PBS pufferben, 

valamint 37C-on humán szérumban 21 óra elteltével sem tudtuk 

kimutatni.  

11. A Scanomed kft és a Debreceni Egyetem, Nukeláris Medicina 

tanszékének munkatársaival együttműködve tanulmányoztuk a 

[205/206Bi][Bi(AAZTA-C4-TATE)]- in vitro és ex vivo sajátosságait 

AR42 J sejtvonalon állatmodellekben. Az AR42 J daganatot hordozó 

egerek esetében a [205/206Bi][Bi(AAZTA-C4-TATE)]- relatív 

tumorfelvétele közel másfélszerese a [213Bi][Bi(DOTA-TATE)]- 

kommplex esetében tapasztalt halmozásnak, ami a 

[205/206Bi][Bi(AAZTA-C4-TATE)]- nagyobb szomatosztatin receptor 
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affinitásával értelmezhető. A vesében és a vérben mért lényegesen 

kissebb %ID/g értékei alapján [205/206Bi][Bi(AAZTA-C4-TATE)]- 

számottevően gyorsabb sebességgel ürül, mint a [213Bi][Bi(DOTA-

TATE)]-. A [213Bi][Bi(AAZTA-C4-TATE)]- nagyobb szomatosztatin 

receptor affinitása alapján lényegesen nagyobb tumordózis 

feltételezhető, mint a [213Bi][Bi(DOTA-TATE)]- esetében. Az in vitro 

és ex vivo vizsgálatok alapján a [213Bi][Bi(AAZTA-C4-TATE)]- 

lényegesen nagyobb hatékonysággal alkalmazható neuroendokrin 

tumorok célzott alfa terápiás kezelésében, mint a [213Bi][Bi(DOTA-

TATE)]-. 
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VII. Appendix 

 

Figure.A.1.  Eyring plot for determining the activation parameters of the isomerization 

processes of H6DOTP species. 

 

Figure.A.2  1H NMR spectra of [Bi(DOTP)]5− at pD=10.0 and 273K ([BiL]tot=0.1 M, 

400 MHz, D2O). 
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Figure.A.3 100 MHz 13C NMR spectrum of [Bi(DOTP)]5− at pD=10.0 and 273 K 

([BiL]tot=0.1 M, D2O). 

 

 

 Figure.A.4 162 MHz 31P NMR spectrum of [Bi(DOTP)] at pD=10.0 and 273K 

([BiL]tot=0.1 M, D2O). 
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Figure.A.5 VT-1H NMR spectra [Bi(DOTP)]5- in the temperature range 273-333 K 

([BiL]tot = 0.1 M, 400 MHz, pD=10.0, D2O). 

 

Figure.A.6 Measured and calculated VT-13C NMR spectra of [Bi(DOTP)]5- in the 

temperature range 273-333 K ([BiL]tot = 0.1 M, 100 MHz, pD=10.0, D2O). 
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Figure.A.7 Eyring plot for determining the activation parameters of the ring inversion 

processes of [Bi(DOTP)]5-. 

 

 

 

 

Figure.A.8 1H – 1H COSY spectra of [Bi(DOTP)] at pD=10.0 and 273K ([BiL]tot=0.1 

M, D2O). 
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Figure.A.9 1H – 1H EXSY spectra of [Bi(DOTP)]5- at pD=10.0 and 298 K ([BiL]tot=0.1 

M, mixing time D8=50 ms, D2O). 

 

 

 

Figure.A.10 1H – 13C HSQC of Bi(DOTP) at pH=10.0 and 273K ([BiL]tot=0.1 M, D2O) 
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Figure.A.11 VT-1H NMR spectra of [Bi(AAZTA)]- in the temperature range 273-333 K 

([BiL] = 0.01 M, 400 MHz, pD=7.4, D2O). 
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Figure.A.12. VT-13C NMR spectra of [Bi(AAZTA)]- in the temperature range 273-333 

K ([BiL] = 0.01 M, 400 MHz, pD=7.4, D2O). 

 

Figure.A.13. VT-1H NMR spectra of [Bi(AAZTA-C4-COO-)]2- in the temperature range 

278-333 K ([BiL] = 0.02 M, 400 MHz, pD=7.4, D2O). 
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Figure.A.14 VT-13C NMR spectra of [Bi(AAZTA-C4-COO-)]2- in the temperature range 

273-333 K ([BiL] = 0.02 M, 400 MHz, pD=7.4, D2O). 

 

Figure.A.15 1H – 1H COSY spectra of [Bi(AAZTA)]- at pD=7.4 and 273K ([BiL]=0.01 

M, D2O). 
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Figure.A.16 1H – 13C HSQC spectra of [Bi(AAZTA)]- at pD=7.4 and 273K ([BiL]=0.01 

M, D2O). 

 

Figure.A.17 1H – 13C HMBC spectra of [Bi(AAZTA)]- at pD=7.4 and 273K 

([BiL]=0.01 M, D2O). 
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Figure.A.18 1H – 1H COSY spectra of [Bi(AAZTA-C4-COO-)]2- at pD=7.4 and 273K 

([BiL]=0.02 M, D2O). 

 

1. Figure.A.19 1H – 13C HSQC spectra of [Bi(AAZTA-C4-COO-)]2- at pD=7.4 and 

273K ([BiL]=0.02 M, D2O). 
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Figure.A.20 1H – 13C HMBC spectra of [Bi(AAZTA-C4-COO-)]2- at pD=7.4 and 273K 

([BiL]=0.02 M, D2O). 

 

 

 

 

Figure.A.21 Ellipsoid representation of crystallographic asymmetric unit contents 

(ASU) for A) [Bi(AAZTA)]- and B) [Bi(HAAZTA)] (50% probability). 
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Figure.A.22 Stick representation of A) [Bi(AAZTA)]-.and B) [Bi(HAAZTA)]. 

Symmetry generated AAZTA molecules are shown with thin yellow sticks. Bismuth 

coordination bonds are represented with yellow dashes, notable hydrogen bonds with 

green ones. 

 

 

Table A.23 Bond distances (Å) in [Bi(AAZTA)]- (A and B crystallographically 

independent molecules, Figure V.7.1), [Bi(HAAZTA)(H2O)]  (C, Figure V.7.1), 

[Sc(AAZTA)(H2O)]- (D) and [Er(AAZTA)(H2O)]- (E) complexes. 

 A B C D[a] E[b] 

M3+ – OH2 − − 2.605(4) 2.247(1) 2.344 (9) 

M3+ – O1 2.491(16) 2.588(16) 2.746(4) 2.202(1) 2.302 (8) 

M3+ – O3 2.539(16) 2.723(12) 2.478(4) 2.152(1) 2.300 (8) 

M3+ – O5 2.45(3) - 

2.21(5) 

2.302(13) 2.439(4) 2.119(1) 2.247 (8) 

M3+ – O7 2.606(16) 2.344(19) 2.251(4) 2.158(1) 2.290 (8) 



142 

 

M3+ – N1 2.489(17) 2.505(16) 2.587(4) 2.412(2) 2.468 (9) 

M3+ – N2 2.592(16) 2.551(15) 2.527(4) 2.443(2) 2.569 (10) 

M3+ – N3 2.461(18) 2.525(19) 2.486(4) 2.476(2) 2.553 (9) 

[a] Ref. [144]; [b] Ref. [145].  

 

Table.A.24 Cristhallographic data and refinement details for [Bi(AAZTA)]- and 

[Bi(HAAZTA)(H2O)]. 
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Figure A.25. Stability investigation of [205/206Bi][Bi(AAZTA-C4-TATE)]- in PBS and 

0.01 M DTPA solutions at room temperature, and in human plasma at 37°C. 

 

Figure A.26 Assessment of cellular uptake studies of [205/206Bi][Bi(AAZTA-C4-TATE)]- 

() and [205/206Bi][Bi(DOTA-TATE)]- (). The data values shown are means ± SD of 

the results of at least three independent experiments, each performed in triplicate. ID%: 

Tracer accumulation in 106 cells was expressed as the percentage of the incubating dose. 
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