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SYMBOLS AND ABRREVIATIONS 

p – proton 

n – neutron 

d – deuteron  

PET – positron emission tomography 

CT – computer tomography  

IMR – magnetic resonance imaging 

β+ – positron emission  

γ – gamma emission 

EC – electron capture  

DFOB – desferrioxamine B, commercial name - Desferal 

mAbs – monoclonal antibodies 

DFC - desferrichrome 

BFC – bifunctional chelator 

FSC – fusarinine C 

NTA – nitrilotriacetic acid 

EDTA – ethylenediaminetetraacetic acid 

Tiron – disodium 4,5-dihydroxy-1,3-benzenedisulfonate 

AHA – acetohydroxamic acid 

Me-AHA – metylo-acetohydroxamic acid 

DOTA – 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid  

Sf – Slope factor  

E – equilibrium potential of the electrode [mV] 

R – gas constant [8.314 J/mol · K] 

F – Faraday's constant [9.6485 · 104 C/mol] 

T – absolute temperature [K] 

I – the ionic strength of the solution 

[H+] – the concentration of hydrogen ions 
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M – metal 

L – ligand 

ML – metal complex 

[M] – free metal concentration 

[L] – free ligand concentration 

MS – mass spectrometry 

ESI – electrospray, method of sample ionization in mass spectrometry 

m/z – weight to charge ratio 

UV-Vis – electron absorption spectroscopy in the visible and ultraviolet range 

CT – charge transfer 

d0 – electronic configuration  

ε – molar absorption coefficient [M-1·cm-1] 

λ – wavelength [nm]  
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ABSTRACT 

Current directions in radiochemistry and nuclear medicine highlight the importance of Positron 

Emission Tomography (PET) imaging.  PET is one of the molecular imaging modalities that probes 

physiological changes noninvasively. A fundamental critical component of PET radiometal-based 

radiopharmaceutical is a chelator - the ligand system that binds the radiometal ion in a tight, stable, 

kinetically inert coordination complex so that it can be properly directed to a desirable molecular target 

in vivo. Currently, the most successfully used 89Zr(IV) chelator is desferrioxamine B (DFOB) but some 

decomposition can be observed over time in vivo, as 89Zr slowly accumulates in bones. Nevertheless, 

the thermodynamic studies for Zr(IV) - DFOB system have not been performed till this work. Therefore, 

the solution chemistry of Zr(IV) - DFOB (here (Zr(IV) - H4L1+) has been investigated as the first step 

of the thesis.  The obtained data are in line with the problems with the full effectiveness of DFOB as a 

zirconium chelator. The stability constants and pM value determined for Zr(IV) - DFO system, place 

DFO among good Zr(IV) chelators, however the formation of 6-coordinate unsaturated complexes (i.e. 

with coordination sphere of 8-coordinate Zr(IV) completed by water molecules), together with the 

susceptibility of coordinated water molecule to deprotonation, are suggested to be the reason of in vivo 

instability of 89Zr(IV) - DFOB complexes. Even if there are many other highly competent zirconium 

chelators described in the literature up to now, DFOB still remains the best choice for 89Zr. This allows 

recognizing the challenges to be addressed by inorganic chemistry directing to the development of new 

scaffolds.  

In order to develop novel chelators for non-invasive in vivo imaging agents and understand the 

influence of ligands’ structure, size or flexibility on the stability of Zr(IV) complexes, a series of tri- and 

tetra-hydroxamic (or mixed donor) ligands with linear, cyclic and pendant arrangements have been 

designed, synthesized and fully characterized.  

To get a deep insight into the thermodynamic stability and binding aspects of Zr(IV) complexes, 

several techniques including electrospray ionization mass spectrometry (ESI-MS), potentiometry, UV–

Vis spectroscopy and isothermal titration calorimetry (ITC) were used to determine the stoichiometry 

and thermodynamic stability  of complexes formed in solution over pH range 1 - 11, overcoming all the 

difficulties with the characterisation of the aqueous solution chemistry of Zr(IV) complexes, like strong 

hydrolysis and lack of spectral information.  

Overall, the results obtained for the whole series of compounds bring very important information 

on parameters that can influence the thermodynamic stability of the complexes formed in solution.  The 

comparison of cyclic versus linear/tripodal trihydroxamate chelators did not show any significant 

differences, with all of them being in the range of good Zr(IV) chelators, close to the affinity of DFOB. 

The pM for cyclic tetrahydroxamate chelator H4L3 (pM = 37.0) is in the same range as the most stable 

tetrapodal compound of this work, H4L6 (pM = 37.5). The comparison of the results obtained for 

tetrapodal chelators (H4L6, H4L7 and H4L8) clearly shows the importance of the ligand flexibility  
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as well as its high symmetry in order to improve the complex stability. Among investigated ligands, the 

highest stability was observed for Zr(IV) complexes of mixed donors, trihydroxamate-catecholate H6L9 

ligand.  

Importantly, participation in the International Joint Doctoral Study Programme in Chemistry 

between University of Wroclaw and Ferrara University, and Short Term Scientific Missions to Ferrara 

University funded by Erasmus+ and COST (European Cooperation in Science and Technology), Action 

CA18202, NECTAR – Network for Equilibria and Chemical Thermodynamics Advanced Research, 

allowed me to profit from the expertise and knowledge of prof. Remo Guerrini’s research group to 

design and perform the synthesis of very efficient, tetrapodal hydroxamate Zr(IV) chelator  - H4L3. 

Understanding the thermodynamic stability and structural properties of the Zr(IV) complexes 

formed by the studied ligands opens the possibility of further design of ligands with improved properties 

and the potential to be used in the field of 89Zr-PET. 
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CHAPTER I – INTRODUCTION  

1.1 Zirconium 

There are five naturally occurring zirconium isotopes (93Zr (51.45%), 94Zr (17.38%), 92Zr 

(17.15%), 91Zr (11.22%) and 96Zr (2.80%)) and more than 30 remarkable isotopes covering the mass 

number range 78-112 g/mol. The naturally occurring zirconium isotopes are radioactively stable, except 

for 96Zr with an extremely long half-life of 2.35×1020 years [1], whereas almost all remarkable isotopes 

possess a very short half-life, decaying by electron capture (EC) (the lighter ones) or by beta emission 

(β+) (the heavier ones). Of these radioisotopes, only 89Zr has found extensive application as a radiotracer 

for immuno-positron emission tomography (immuno-PET) with monoclonal antibodies [1-3].  

The 89Zr isotope is a β+ emitter with a long enough half-life of 78.4 h, which matches perfectly 

the kinetics of immunoglobulin G molecules (IgG), which require long periods (from days up to weeks) 

to fully accumulate at the target site in vivo. The relatively low positrons energy (Emean = 395 keV), 

which is not affected by its γ-emission at 909 keV, allows to record good resolution PET images, with 

high target to background ratios [4]. The 89Zr decays via a combination of positron β+ emission  

(E+
max = 22.3% β+) and electron capture (76.6% EC), this process leads to the formation of 89mY.  The 

radioisotope 89mY itself decays very fast via gamma emission (920 keV, t1/2 = 15.7 s) to stable 89Y isotope 

[5, 6] (Figure 1). Of importance, the energy of these emission does not interfere with the PET imaging 

process. 

 
Figure 1. Simplified decay scheme of 89Zr. 

The lack of interfering decay emissions, long enough half-life and relatively low emission 

energy has led to a surge in interest application of 89Zr in immune PET studies. 

1.1.1 Zirconium isotope production 

The 89Zr radioisotope is an example of a non-conventional positron emitter that has limited 

commercial availability but can be produced via a cyclotron from a starting material of 89Y solid target. 

The yttrium solid target is usually used as a pellet or a thin film produced on copper support [7]. It is 

usually introduced into a cyclotron container for irradiation to form the 89Zr.   

There are two methods of 89Zr production. The most common one involves irradiation of an 

yttrium solid target (89Y) in a cyclotron to take advantage of the 89Y(p,n)89Zr transmutation reaction. 

The yttrium target is bombarded with 14–14.5 MeV protons for 2–3 h with a 65- to 80-μA beam current. 
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The other reaction for the production of 89Zr is the 89Y(d,2n)89Zr, where an yttrium pellet is used and 

irradiated with a 16-MeV deuteron beam [4, 7-9]. Preferable is the proton reaction, because of a higher 

yield, relative pureness and possibility to be carried out on most biomedical cyclotrons.  

Purification of 89Zr is one of the biggest challenges preventing 89Zr from becoming a widely 

used radioisotope for immuno-PET. Bombardment of the yttrium solid target results in a large number 

of radiochemical impurities, 56Co, 48V, 156Tb, 65Zn along with the radionuclide impurity of trace  

88Zr [8, 10]. All of these isotopes may compete in the labelling step, so they must be separated. 89Zr can 

be dissolved in hydrochloric acid and separated from other radioisotopes and the target material on an 

ion-exchange column. It was found that the hydroxamic function had a high specific affinity for 

zirconium even at high acid concentrations, so the latest method of removing these impurities uses  

a hydroxamate resin column [8, 11]. Other metal impurities are removed by eluting the column with 

washings of hydrochloric acid (1 M) and water, while only 89Zr and 88Zr remain bounded. Then 

zirconium isotopes are eluted with oxalic acid (1 M), with up to 99.99 % radiochemical purity. The final 

purity of the 89Zr is 99.99 %, with the 88Zr as the main contaminant [10].  

1.1.2 Aqueous chemistry of zirconium 

The aqueous speciation chemistry of zirconium is rather complicated, and here I will focus on 

aspects most relevant to the preparation of 89Zr radiopharmaceuticals. In solution, zirconium  

is dominated by the +4 oxidation state with an electron configuration for Zr(IV) of 4d0 formed because 

of losing all of the valence d-electrons. This tetravalent cation has a susceptibility to form 6- and  

8-coordinate complexes with the dodecahedral or square antiprism geometries [12-14]. The high charge 

density of Zr(IV) results in a small ionic radius (0.74 - 0.84 Å), along with high Lewis acidity and 

chemical hardness. Zr(IV) has a pronounced preference for hard oxygen and nitrogen donors [1], with 

a huge tendency to form oxides and hydroxides in aqueous solution, which undergo hydrolytic 

polymerisation even under acidic conditions.  This presents a tremendous challenge for the stabilization 

of 89Zr(IV) complexes suitable for in vivo applications.  

The hydrolytic reactions of zirconium involve both monomeric and polymeric solution species, 

and even if there are numerous studies of zirconium hydrolysis, the agreement between them is quite 

poor [15-19]. This leads to some remaining ambiguities with respect to the structure of these 

polymeric/colloidal and monomeric species as well as the exact data about thermodynamic stability of 

these species. In this work, I used thermodynamic stability constants for Zr(OH)n
4-n species from one of 

the most extensive and newest works about zirconium hydrolysis, published by P.L. Brown and C. 

Ekberg [20]. Selected stability constants are presented in Experimental Section (Table 4). 

It is worth noticing that ionic strength may play a large role in the Zr(OH)n
4-n complexes 

speciation due to high concentration and, as consequence, impact on the zirconium ion activity. 
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Additionally, the commonly used chlorate anions may form complexes with the zirconium ions [21],  

as well as sulphate [22] and carbonate anions [23]. To the best of my knowledge, neither perchlorate 

nor nitrate anions do not form complexes with zirconium cations [24].  

1.2 Ligand selection for 89Zr radiolabelling  

When preclinical and clinical studies clearly indicated the potential of 89Zr use for immuno-

PET, attempts have been made to label targeting vectors (proteins as well as antibodies) with 89Zr. 

However, first, an appropriate bifunctional chelator must be selected. A chelator is the ligand system 

that binds the radiometal ion in a tight, stable, kinetically inert coordination complex so that it can be 

properly directed to a desirable molecular target in vivo (Figure 2).  

 

Figure 2. Illustration of a radiometal-based radiopharmaceutical agent. 

An ideal 89Zr chelator should fulfil the following criteria: (i) be safe for clinical use, (ii) do not 

allow for a release of 89Zr and (iii) do not change pharmacokinetics of antibody.  

1.2.1 Desferrioxamine B as a gold standart for 89Zr chelation 

Over the past 30 years, attempts have been made to label proteins and antibodies with 89Zr using 

diethylenetriaminepentaacetic acid (DTPA) and ethylenediaminetetraacetic acid (EDTA) derivatives as 

chelating agents [2], as well as DFOB conjugates. Interestingly, however, while the thermodynamic 

stability constants for both Zr(IV) - EDTA (log𝛽[ZrEDTA] ∼29 [25]) and Zr(IV) - DTPA (log𝛽[ZrDTPA]  

∼36 [26]) have been shown to be quite high, the poor kinetic stability of these complexes has rendered 

them unsuitable for use in vivo [2]. Currently, the most successfully used 89Zr(IV) chelator is DFOB, a 

microorganism-produced siderophore, bearing three hydroxamic groups [27]. Siderophores are 

synthesised by microorganisms at times of iron deficiency. These compounds generally possess three 

types of bidentate donor groups such as hydroxamic acids, 1,2-dihydroxyphenol (catechol) and α-

hydroxycarboxylate groups, giving octahedral coordination about a Fe(III) ion with the binding 

constants in the range 1020 to 1050 [28]. Taking into account similarity in aqueous chemistry of Zr(IV) 

and Fe(III) (hard Lewis donor with the small ionic radius) and very high stabilities achieved with Fe(III), 

it comes as no surprise that these compounds can bind Zr(IV) very efficiently.  

Radioisotope Chelator Biovector 
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The succinylated DFOB derivative was one of the first to be used in human 89Zr-immuno-PET 

trials. Later on a multi-step procedure for stable coupling of 89Zr to monoclonal antibodies (mAbs) via 

the bifunctional chelate (BFC) - p-isothiocyanatobenzyl-desferrioxamine B (DFOB-Bz-NCS) have been 

developed and due to its relative simplicity DFO-Bz-NCS quickly became the chelator of choice  

[29-32]. One of the most frequently used processes incorporates desferrioxamine groups onto mAbs  

in a two-step procedure in which DFOB reacts with a stoichiometric amount of the di-isothiocyanate to 

give the thiourea derivative denoted DFOB-Bz-NCS (Figure 3). Then the remaining NCS group can be 

used to couple to an amino residue on the mAb to give the conjugated product DFOB-mAb. Of great 

importance is the fact,  that the reaction is carried out mostly in an aqueous solution (with 2% DMSO) 

of the mAb at slightly basic pH; the yield of the reaction is 0.3 - 0.9 DFOB moieties coupled per antibody 

molecule [29]. Subsequently, the premodified mAb is labelled by 89Zr at room temperature by the 

addition of 89Zr-Zr-oxalic acid solution, and then it is purified via column gel filtration to remove the 

unlabelled product and oxalic acid from the final product [29]. 

 

Figure 3. Schematic representation of the synthesis of BFC DFOB-Bz-NCS.  

Although neither a solid-state nor an NMR structure of Zr(IV) - DFOB has been reported, 

density functional theory (DFT) modelling of the metal complex suggests that it is eight coordinate with 

two coordination sites on the Zr(IV) ion occupied by hydroxide anions (OH-) [33];  mass spectrometry 

study suggests at least one water molecule in the coordination sphere of Zr(IV) in Zr(IV) - DFOB 

complex [34]. However, it would be negligent not to point out that DFOB is not an ideal chelator for 

89Zr(IV). The numerous studies in vivo showed that 89Zr(IV) can be up taken from the DFOB molecule 

and accumulate in the non-targeted body tissues (mostly the bones) [27, 35, 36]. This may hamper the 

detection of bone metastases and enlarge the radiation dose to the bone marrow in case of dose planning 

for therapy. 

1.2.2. Potential 89Zr chelators 

To overcome the potential issues of trans-chelation and non-specific accumulation of 89Zr(IV) 

in bones, several studies have focused on developing novel, more effective chelators  

[1, 2, 37]. Among examples are potentially more efficient linear DFOB derivatives such as DFO*[38], 

oxoDFO*[39], DFOcyclo*[40], DFOSq [41], DFO-HOPO [42] or DFO2 [43] as well as six- or eighth-
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coordinate cyclic compounds [44, 45] (see 1.2.3 DFOB linear derivatives as 89Zr chelators). 

Furthermore, some ligands with an alternative binging groups, i.e phenoloxazoline, hydroxyquinoline, 

or pyridine-hydroxamic have been tested. The optional chelating agents based on hydroxypyridinone, 

catecholate or carboxylate groups may prove more popular due to increased stability of the metal 

complex and reduced radiolysis. 

1.2.3 DFOB linear derivatives as 89Zr chelators 

As it was mentioned before, DFOB is not an ideal 89Zr(IV) chelator, as metal uptake from the 

ligand and the subsequent accumulation in bone tissue could be observed. The fact that the Zr(IV) has 

an unsaturated coordination sphere in Zr(IV) - DFOB complex suggested that an addition of another 

hydroxamate residue would decrease radioisotope uptake and increase the complex stability.  

Following this consideration, Patra et al. designed DFO* - an extended DFOB (Figure 4a), by 

appending an extra hydroxamate group to commercial DFOB [38]. The DFT calculations showed that 

DFO* can wrap around the metal to give an octadentate complex. In a later paper [46], Vugts et al. 

prepared a bifunctional version of DFO* (DFO*-pPhe-NCS), which was conjugated to trastuzumab, and 

a detailed comparison made with DFOB-Bz-NCS. DFO* conjugate showed enhanced stability, both in 

vitro and in vivo. Up to now no clinical studies have been reported for 89Zr - DFO* complexes, even 

when it offers some real advantages over 89Zr(IV) - DFOB for PET imaging with mAbs. The probable 

reason could be the low water solubility of DFO* as well as its bioconjugates, which leads to difficulties 

in in the purification of the compounds. An attempt of improving the solubility was performed by M. 

Briand et al. [39] - the oxoDFO* was synthesized (Figure 4b), with additional four ether groups, which 

resulted in a significant increase in solubility however no in vivo nor in vitro studies for such compound 

have been published yet. Another similar compound was synthesized by C.J. Brown [47] - DFO-

PPHNOCO (Figure 4c), but the competition assay in the presence of an excess of EDTA has not shown 

the stability improvement of Zr(IV) - DFO-PPHNOCO vs Zr(IV) - DFOB complexes. 

Some other interesting approach to modifying DFOB was to add a squaric acid ester group at 

the pendant nitrogen of DFOB getting as a result a squaric acid diester:  DFO-SquOEt [41].  

The 13C NMR results showed the evidence of the formation of eight-coordinate species  

Zr(IV) - (DFO-Sq), by coordinating two ketonic oxygens along with three hydroxamate groups. 

Additionally, DFO-Sq showed a significant increase in water solubility in comparison to DFO* and 

improved radiolabelling efficiency in comparison to DFOB. The in vivo studies performed for  

89Zr - (DFO-Sq)-trastuzumab showed reduced bone and liver uptake at 24 h and 48 h after injection vs 

89Zr - DFO-pPhe-NCS- trastuzumab, however, at a later time point (96 h after injection), the difference 

was not so pronounced [41].    
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DFO-HOPO (Figure 4e) an additional octadentate molecule, was evaluated as a suitable chelator 

for 89Zr and a more stable alternative to DFOB [42]. The DFT calculations confirmed the formation of 

a fully saturated complex, where metal cation is coordinated via three hydroxamate and one 

hydroxypyridinone binding groups [42]. The 89Zr(IV) - DFO-HOPO complex exhibited improved 

stability compared to 89Zr(IV) - DFOB in DFOB/EDTA challenge assays, where the capability and 

favourability of DFO - HOPO to form a stable chelate was clearly demonstrated by the complete 

transchelation of  89Zr(IV) from 89Zr(IV) - DFOB in 3 h [42]. 
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Figure 4. Structures of the various DFOB derivatives: DFO* (a), oxoDFO*(b), DFO-PPHNOCO (c), DFO-

SquOEt (d), DFO-HOPO (e), DFOcyclo* (f) and DFO2(g).  

Just recently a paper about another 89Zr chelator - DFOcyclo* (Figure 4f) has been  

published [40], with the ligand obtained by an addition of a cyclic hydroxamic acid group to a DFOB 

molecule. As turned out, DFOcyclo* produced more stable eight-coordinated complex with 89Zr(IV)  

in comparison to hexa-coordinated DFOB.  The results of in vivo studies showed significantly lower 

89Zr uptake in mineral bone following injection of 89Zr(IV) - DFOcyclo*- trastuzumab  
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vs 89Zr(IV) - DFOB-trastuzumab. Additionally, the head-to-head comparison of DFO* and DFOcyclo* 

also has been performed. While both compounds showed very similar in vitro and in vivo stability 

characteristics, when challenged with an excess of DFOB in vitro and in terms of serum uptake in vivo, 

DFOcyclo* outperformed DFO*, suggesting higher thermodynamic stability of 89Zr(IV) - DFOcyclo* 

complex. The authors, also emphasized the fact, that 89Zr(IV) - DFOcyclo*- trastuzumab remains stable 

even 72 h after injection, which makes it a very promising 89Zr chelator [40].   

DFO2 (Figure 4g) - one of the last reported DFOB derivatives. has a coordination number of 

twelve and basically consists of two DFOB molecules connected by 2-(4-nitrobenzyl)-1,3-

propylenediamine molecule [43]. The DFT calculations reveal an eight-coordinate complex formation. 

The evaluation of 89Zr(IV) - DFO2 stability was revealed similar to 89Zr(IV) - DFOB in a large number 

of in vitro stability challenges. Both complexes showed comparable stability up to 3 days in apo-

transferrin, albumin, EDTA, ferric cations and hydroxyapatite challenging test, while in competition test 

against human blood serum, 89Zr(IV) - DFO2 showed stability superior to 89Zr(IV) - DFOB. It is worth 

to be mentioned that almost in all assays 89Zr(IV) - DFO2 complex remained stable longer than  

89Zr(IV) - DFOB, which could suggest its higher thermodynamic stability.  

1.2.4 DFOB cyclic and tetrapodal derivatives as 89Zr chelators 

A different strategy to increase the stability of the 89Zr complexes is to cyclize a linear hydroxamate 

compound in order to take advantage of the macrocyclic effect. Fusarinine C (FSC,  

Figure 5a), naturally occurring siderophore isolated from the fungus Aspergillus fumigatus, was one  

of the first cyclic compounds used as 89Zr chelator. Various FSC-arginylglycylaspartic acid (RGD) 

conjugates were synthesized, where cyclic RGD peptides have been bound either directly or through  

a linker. Compared to 89Zr(IV) - DFOB, 89Zr(IV) - FSC derivatives showed enhanced in vitro stability 

and resistance against transchelation for up to 7 days. Cell binding studies, biodistribution, as well as 

micro PET imaging experiments showed efficient receptor-specific targeting of 89Zr(IV) - FSC - RGD 

conjugates.  

As no bone uptake was observed analysing PET images, these results suggested that FSC is a 

highly promising chelator for the development of 89Zr - based PET imaging agents [48]. However, when 

FSC and DFOB have been conjugated to ZEGFR:2377 antibody, the radiolabelling, in vitro and in vivo 

stability evaluation revealed comparable stability of the two siderophores [49].   

Other natural siderophores that have been explored, are ferrichromes - compounds based on 

linear or macrocyclic polyornithines possessing cyclic poliaminoacid backbones with pendant 

hydroxamate groups. Two desferrichrome (DFC) derivatives have been synthetized: hexadentate Orn3-

hx and octadentate Orn4-hx (Figure 5b), and in vitro and in vivo inertness of these new ligands was 

compared to 89Zr(IV) - DFOB. The transchelation challenge experiments with excess EDTA evaluated 
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their relative stabilities as follows: 89Zr(IV) - (Orn4-hx) > 89Zr(IV) - DFC > 89Zr(IV) - (Orn3-hx), and 

was in line with the DFT prediction. Although in terms of EDTA challenge inertness and bone uptake, 

all DFC-derivatives behave comparable to DFOB [50].   

 The macrocyclic tetrahydroxamic acid chelators with each hydroxamate group linked by a chain 

of five, six or seven methylene groups have been developed by Guerard et al. [45]. The stability of their 

89Zr(IV) complexes was examined by EDTA challenging experiments along with DFT calculations,  

and both methods showed consistent results. It appears that the macrocycle with seven methylene 

carbons linking the hydroxamate groups forms the highest stability complex, which are more stable than 

Zr(IV) complexes of DFOB analogues, although it turned out that such a ligand has solubility issues. 

Later on, more hydrophilic version of this ligand was developed - fCTH36 (Figure 5c), where  – (CH2)7– 

hydroxamate groups linker was substituted by – ((CH2)3 – (C=O) – NH – (CH2)2) – and an additional 

amino group on the backbone was added [44]. Next, a tetrazine modified tDFOB and tCTH36 were 

prepared and conjugated with bioactive molecule TCO-c(RGDfK) in order to compare their stability 

and inertness [44].  The results of the complex challenge experiments of the 89Zr(IV) - labelled chelator-

peptide conjugates of tDFOB and tCTH36 with the excess of EDTA as challenging chelating agent 

revealed improved complex stability for the newly developed ligand, indicating its high potential for 

immuno-PET imaging applications. Other cyclic hydroxamate ligand - PPDDFOT1  (Figure 5d), that 

possess four-hydroxamate groups in symmetrical rearrangement and cavity size with seven methylene 

carbons and an additional amide group between hydroxamic groups, showed superior stability vs DFOB 

in EDTA challenging assays [51].  

An additional approach to deploying macrocycles was to use nitrogen-containing macrocycles 

as a scaffold to support hydroxamate groups (the most efficient of them is presented in Figure 5e).  

A series of compounds with different nitrogen macrocycles and hydroxamate pendant groups were 

prepared [52] and their 89Zr complexes were examined via EDTA challenging test as well as DFT 

calculations. The results revealed that the L4 (Figure 5e) compound formed the most stable 89Zr-

complex, by making a hexacordinated complex with no additional water molecules or hydroxide anions. 

But in a head-to-head comparison with 89Zr(IV) - DFOB, the newly synthetized complex revealed only 

comparable stability results. 

Two other tetrapodal symmetrical ligands (Rousseau-1 and Rousseau-2, Figure 5) have been 

synthetized and evaluated for labelling antibodies with 89Zr for PET. Both of them conjugated with 

Trastuzumab have shown an excellent radiolabeling yield (> 90%). However, compared to 89Zr - labelled 

DFOB-conjugated Trastuzumab, both ligands showed faster demetalation in mouse plasma and higher 

bone uptake in mice [53].  
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a) b) 

 
 

c) d) 

 
 

e) f) 

 

 

Figure 5. Structures of the various cyclic hydroxamate ligands that have been developed (or used) for the 

coordination of Zr(IV): FCS (a), DFC (b), fCTH36 (c), PPDDFOT1  (x = – (CH2)5 –; y = – (CH2)2–) (d), 

L4 (e), and Rousseau ligands (Rousseau -1, x = – (CH2)–, Rousseau -2, x = – (CH2)2–) (f).  

 1.2.5 Some alternative 89Zr chelators 

There are plenty of alternative ligands which have been tried as 89Zr chelators, possessing 

optional donor groups like hydroxypyridinone, catecholate, amine, carboxylate, etc.; the most successful 

ones will be discussed in more details.  
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One of the most surprising alternative ligands used for 89Zr(IV) was DOTA  

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, Figure 6a), with an N4O4 donor set.  

Early studies indicated that DOTA was not a suitable ligand for PET imaging applications, because 

attempts to radiolabel with 89Zr using the standard oxalate route were not successful [54]; it was 

explained that the nitrogens were too poor donors for Zr(IV) coordination. When the DOTA - Zr(IV) 

crystal structure has been obtained and the procedure of radiolabelling developed [54], DOTA became 

an interesting example of zirconium radiopharmaceutical. However, the necessity to heat to 90°C for 

efficient radiolabelling may well be a problem with heat-sensitive antibodies, even when pre-

conjugation radiolabelling may be possible with the long-lived 89Zr but also more demanding. In the 

Zr(IV) - DOTA complex, metal is eight-coordinate exhibiting a distorted square anti-prismatic geometry 

and the ligand displays a saddle-like conformation which is commonly found for d0 metal ions. Both 

tertiary amine nitrogens, as well as carboxylic oxygens are engaged in the coordination [54]. In EDTA 

or metals cation challenging assays, 89Zr(IV) - DOTA demonstrated superior stability compared to 

89Zr(IV) - DFOB. Although possessing excellent stability and kinetic inertness, as well as plenty 

bifunctional versions of the ligand available commercially, there are still no in vivo studies.  

The tetrahydroxypyridinone ligand 3,4,3-(LI-1,2-HOPO) (Figure 6b) is another 89Zr chelator 

which zirconium coordination chemistry has been explored in detail [26, 55]. The X-ray crystal structure 

of the cold Zr(IV) - 3,4,3-(LI-1,2-HOPO) complex [56] confirms that the ligand is indeed octadentate 

and imposes a distorted trigonal dodecahedral geometry on the metal ion. The stability of 89Zr(IV) - 

HOPO matched or surpassed that of 89Zr(IV) - DFOB in EDTA challenging test as well as in 

transmetallation tests. However, in vivo studies performed for 89Zr(IV) - HOPO-trastuzumab showed 

that relative stability constants for the bone uptake was higher for the HOPO species than for DFOB, 

although for tumor uptake it was over 2 times lower than for 89Zr(IV) - DFOB-trastuzumab.  

Another type of hydroxypyridinonates compound - the tetrakis(3-hydroxy-4-pyridinone) (3,4-

HOPO) ligand THPN (Figure 6c), was just recently reported by Buchwalder et. al [57], and identified 

as a promising 89Zr(IV) chelator. While solution studies (see 1.3.2 Thermodynamic stability of Zr(IV) 

complexes) revealed exceptional thermodynamic stability with Zr(IV),  in vivo research lability of the 

THPN radioconjugate under physiologic conditions evidenced increasing bone uptake of 89Zr(IV) [58]. 

The observed in vivo instability was attributed to a small change in the coordination environment upon 

introduction of the bifunctional linker, or to kinetic lability that may ease the demetalation under highly 

dilute conditions encountered in vivo. 

The 3,4,3-LI-CAM is a catechol-based version of the HOPO ligand [59]. The ligand shows 

significant thermodynamic stability (see 1.3.2 Thermodynamic stability of Zr(IV) complexes), although 

radiolabelling test evidenced very low radiolabelling efficiency (< 30%); up to now any in vitro nor  

in vivo tests have been published [56].  
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a)                    b) 

 

 

 

c) d) 

 

 
                 
 

Figure 6. Structures of various alternative ligands that have been developed for the coordination of Zr(IV) 

ions: DOTA (a), 3,4,3-(LI-1,2-HOPO) (b), THPN (c) and 3,4,3-LI-CAM (d). 

The above review of the structures and physico-chemical and biological properties of proposed 

ligands suggests that an ideal chelator for 89Zr(IV), able to form highly stable complexes, should 

completely saturate the octadentate coordination sphere of the metal ion with a denticity of 8 with 

oxygen or nitrogen donor atoms. The charge of the ligand when deprotonated should be of 3- or 4- to 

minimise the overall charge on the complex. The good choice will be a macrocyclic ligand with a cavity 

size matching the size of the central ion. The ligand should be flexible enough to enable the formation 

of a complex, limiting the probability of complex challenge as the coordination sphere would be 

consistently closed around the central ion, and it should be as hydrophilic as possible to provide it highly 

biocompatible with and soluble in aqueous media [44]. 

1.3 Thermodynamic stability as a tool to indicate the best zirconium chelator 

When assessing and selecting a chelator to match with a specific radiometal cation for the use 

in a radiopharmaceutical, kinetic inertness in vivo as well thermodynamic stability of the metal-chelate 

complex is the most crucial consideration. The thermodynamic and kinetic stability of metal complex is 

an important issue that influences its potential application as a diagnostic imaging agent.  

An established rule in radiopharmaceutical science is that the kinetic stability of the coordination 
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complex concerning the loss of the metal ion from the ligand is a primary factor that governs the 

pharmacokinetics of the compound in vivo.  

Thermodynamic stability (or formation constants, (1)) are usually experimentally determined 

by potentiometric and/or spectrophotometric titrations:   

𝑙𝑜𝑔𝛽[𝑀𝐿] =  
[𝑀𝐿]

[𝑀][𝐿]
        (1) 

The evaluation of thermodynamic stability of Zr(IV) complexes is rather difficult to characterise 

by standard protocols using direct potentiometric and spectroscopic titrations, due to the hydrolytic and 

optical properties of the metal. Another problem in the determination of complex stability could be the 

solubility issue since the potentiometry usually requires millimolar concertation of analyte, while under 

these conditions both Zr(IV) complexes, as well as even free ligands, could precipitate. Although 

thermodynamic stability constants can be a useful metric for preliminary comparisons of various 

chelators with a particular metal ion, indeed, other factors need to be considered. These factors are  

(i) differences in the denticity of the ligands, (ii) in their coordination modes, and (iii) in their acid-base 

properties (protonation reactions are competitive with metal complex formation since hydrogen ions 

compete for the same binding sites) [60, 61]. Consequently, direct comparison of log𝛽 values does not 

predict in vivo stability with any level of competence [62]. A thermodynamic parameter that provides 

more biologically relevant information than log𝛽[ML] values is the pM value (2) [63-66]: 

𝑝𝑀 =  − log[𝑀𝑓𝑟𝑒𝑒]      (2) 

The pM value is the negative log of the concentration of free metal ion uncomplexed by a given 

chelator under specific conditions: cL = 0.01 mM, cM = 0.001 mM, pH = 7.4 [61, 67]. The pM value is 

a condition-dependent value that is calculated from the standard thermodynamic stability constant 

(log𝛽[ML],), accounting for variables and conditions such as ligand basicity, metal ion hydrolysis, 

(physiological) pH, and metal to ligand ratio. Stability constants and pM values provide a number for 

the direction and magnitude of the equilibrium in a metal-chelate coordination reaction under specific 

conditions [68]. 

1.3.1 Acid-base properties of the most useful functional groups in Zr(IV) ligands 

 To properly calculate the stability of the metal complexes, first, the acid-base properties of the 

ligands should be investigated. The ligands used as 89Zr(IV) chelators for PET usually possess 

hydroxamate, hydroxypyridinone, amine or catecholate groups. All, except the hydroxypyridinone 

group, were used in my research project, so their acid-base properties will be briefly discussed.  

 The hydroxamic acid groups are generally present in natural chelating compounds, like specific 

iron chelating microbial siderophores [69]. In solution, hydroxamic acid exists in the two tautomeric 
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forms: keto and enol (Figure 7a). Additionally, the restricted rotation about the C-N bond appeared in 

keto form, so then both the Z- and E- isomers are observed in  solution (Figure 7b) [70]. In the case of 

the enol form of hydroxamic acid, no type of isomerism has been reported [71].  

a) b) 

  

Figure 7. The two tautomeric form of the hydroxamic acid group (a). Two isomers, Z- and E-, of the keto 

form (b). 

 Primary hydroxamic acids can undergo two successive deprotonation events (Figure 8): loss of 

the first proton (from NH group) yields the hydroxamate anion; loss of the second proton (from OH 

group) yields the hydroximate dianion [72, 73]. The dissociation of the proton from the oxygen atom 

could be promoted by the coordination to a metal ion. This process is not observed in a free ligand 

solution in the pH range 2 - 11 [74, 75]. 

 

Figure 8. The schematic representation of the dissociation of the hydroxamic acids. 

Monohydroxamic acids are weak acids for which the values of the proton dissociation constant 

from the NH-OH group, pKa, are in the range of 8.5-9.4 [76]. This keto-enol pH dependent tautomerism 

provides a number of possibilities for metal ion coordination.  

The hydroxamic acids are week chromophores, presented in UV-Vis spectra as a band with max 

~ 230 nm, observed when ligands are deprotonated or bound [77]. The 230 nm band is frequently used 

to characterisation of formation hydroxamate complexes with spectroscopically ‘blind’ metal ions [77, 

78].  In order to evaluate the stability and coordination mode of Fe(III)-hydroxamate the UV-Vis 

spectroscopic methods are well known and frequently used [79-83]. The coordination of one 

hydroxamate chelate results in LMCT band  λmax at 510 nm and ɛ ~ 1.0⸱103 M-1cm-1,  two coordinated 

hydroxamates lead to λmax at  470 nm and ɛ ~ 1.8⸱103 - 2.0⸱103 M-1cm-1, while complex with three 

coordinated hydroxamates have λmax at   430 nm and ɛ ~ 2.6⸱103- 2.8⸱103 M-1cm-1 [84]. 

 Amine groups could be used in the of 89Zr(IV) chelators for two reasons: (i) in order to bind 

the metal ion (as in the case of DOTA [54]) or as a possible conjugate site for a biovector [1, 85]. 

Aliphatic amines are usually basic since they possess a pair of unshared electrons, which they can share 

Keto form Enol form (Z) (E) 
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with positively charged hydrogen ions in solution (Figure 9). These unshared electrons create an electron 

density around the nitrogen atom; the greater the electron density, the more basic the molecule. One of 

the most useful methods to investigate the deprotonation process of amine are potentiometric titrations. 

According to the literature, the pK of the primary amine group is around 9 - 11 [86-88]. However, in the 

case of amino hydroxamic acids the dissociation process is more complicated. The most simple amino 

hydroxamic acid (alkyl amino hydroxamic acid) can dissociate two protons, one from the protonated 

amino group and one from the hydroxamic acid group. As turned out, both processes could overlap and 

are impossible to distinguish by potentiometry [89, 90]. According to previously published 13C NMR 

results for α- and -alanine hydroxamic acids, the amino group of the α-derivative is somewhat more 

acidic than the hydroxamic group, while the acidity sequence is opposite for the -derivative [75].  

 Secondary and tertiary amines are usually more basic than primary. Noteworthy, sometimes 

the close presence of groups that donate or supply electrons will increase the basicity of amines while 

groups that decrease the electron density around the nitrogen decrease the basicity of the molecule. Due 

to the donor property, an alkyl group attached to the nitrogen of the amine, will increase the basicity of 

amine, while an amide group will increase the ability of electron releasing, consequently decrease the 

basicity [91]. 

 

Figure 9. The schematic representation of the protonated aliphatic amine’s groups.  

 Catechol, known as 1,2-dihydroxybenzene, is a chelating moiety of enterobactin. One of the 

important siderophores, the iron sequestering agent for enteric bacteria such as Escherichia coli [92]. 

Catechol-containing molecules are of widespread biological occurrence and importance. A major class 

is the catecholamines, which function as neurotransmitters and are of pharmacological use in diverse 

areas [93-95].  Catechol possesses two hydroxyl groups, which are able to deprotonate (Figure 10) with 

the pKa1 ~ 7 and pKa2 ~ 13 in an aqueous solution [92, 96]. As a two oxygens donor unit, it possesses a 

strong ability to bind hard acids, as Fe(III) or Zr(IV) ions.The dissociation of catechol group could be 

investigated by using UV-Vis spectroscopy, since protonated catechol possesses a transition band  

at λmax = 330 nm which shifts to lower energies, λmax = 360 nm, upon deprotonation [78, 97]. 

Additionally, spectrophotometry is a useful technique for determining stoichiometry and stability of 

catechol complexes with iron, their spectra are qualitatively diagnostic of the Fe/L ratio. For the mono-

catecholate complexes the LMCT band is characterised by  λmax = 680 nm, ɛ ~ 2.1⸱103 M-1cm-1, for  

bis-catecholate λmax = 560 nm ɛ ~ 2.9⸱103 M-1cm-1 and fro tris-catecholate  

λmax = 480 nm  ɛ ~ 3.7⸱103 M-1cm-1  [84, 98].  

Primary amine Secondary amine Tertiary amine 
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Figure 10. The schematic representation of the dissociation of the catechol group.  

It has been recognized for some time that ferric ions can form very stable complexes with 

catechol 1igands. The kinetic study has been shown that an addition of a single catecholate moiety to 

DFOB increases the rate of iron removal from transferrin more than 100 times [99]. Besides, in vivo 

assays have shown that the ligand is extremely effective in complexing and removing plutonium from 

mammalian tissues [96, 100].  

1.3.2 Thermodynamic stability of Zr(IV) complexes  

Zr(IV) cation is relatively small (59 - 89 pm for coordination number, CN, 4 - 9 [101, 102]), 

and its high charge makes it a very hard Lewis acid. As a result, Zr(IV) displays a very strong preference 

for ligands offering anionic oxygen donors as well as hydroxide groups [103]. The aqueous chemistry 

of the Zr(H2O)x species can be quite complex, with both speciations between various mononuclear and 

polynuclear states and low solubility almost in all pH range.  The strong hydrolysis of Zr(IV) requires 

the complexation experiments to be performed in a very acidic media to prevent hydrolytic 

polymerization [4, 15, 103]. Additionally, Zr(IV) complexes with the anionic oxygens possess 

extraordinary strength and start to form in very acidic pH and require the experiment to perform in very 

acidic pH.  Additionally, as Zr(IV) is a transition metal with a d0- electron count, its complexes are  

UV-Vis silent.  

Thermodynamic studies of Zr(IV) complexes in solution provide a valuable set of information 

on the stability of complexes and their presence in various pH ranges. Explanation of the 

thermodynamics of their formation process is a key point in the design and insulation of ligands for 

Zr(IV) cation and the durability of the resulting complexes is an important feature in terms of their 

potential applications.  

Up to now, only a few Zr(IV) complexes have been investigated with emphasis on their 

thermodynamic properties. Intorre and Martell were one of the first researchers who investigated the 

interactions of ligands with Zr(IV) cations [25, 104, 105]. Because of the pronounced affinity of Zr(IV) 

for oxygen donor atoms, the authors choose ligands that coordinate through carboxyl, hydroxyl, and 

ether groups. As turned out, the most stable complexes were formed with l,2-dihydroxybenzene-3,5-

disulfonate (PDS, Tiron), DTPA, nitrilotriacetic acid (NTA), N-hydroxyethylethylenediaminetriacetic 

acid (HEDTA), N-hydroxyethyl iminodiacetic acid (HIMDA) and N,N-dihydroxyethylglycine (HXG), 

while EDTA was less effective. Some ligands are presented in Figure 11. 
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a) b) c) 

 

 
 

 

 

Figure 11. The chemical structure of Zr(IV) chelators: Tiron (a), EDTA (b) and NTA (c). 

 

The authors also proposed the coordination mode and they arranged the binding groups 

according to their binding strength. Although, the stability constants have been evaluated only for a few 

of them: Zr(IV) - Tiron (log𝛽[ZrTiron] = 25.4), Zr(IV) - EDTA (log𝛽[ZrEDTA] = 29.0) and Zr(IV) - NTA  

(log𝛽[ZrNTA] = 20.9) (Table 2).  

 In 2013 the results about stability constants of acetohydroxamic acid (AHA) and N-methyl 

acetohydroxamic acid (Me-AHA) (Figure 12, Table 1) appeared in the literature together with the crystal 

structure for the Zr(IV) - (Me-AHA)4 complex [106]. The structural study appears to be of high quality 

and crystal structure of the Zr(IV) - (Me-AHA)4 complex is a key reference for the structure of 

hydroxamate complexes with Zr(IV). However, even if the solution studies were in good agreement 

with the crystallographic data and indicated that the coordination sphere of Zr(IV) cation is fully 

occupied by four ligands , they sound questionable. Indeed, just recently a paper with the reinvestigated 

stability constants and speciation of Zr(IV) - AHA complexes appeared, indicated the formation of 

mixed Zr(IV) - AHA-hydroxyl complexes together with the polynuclear species (Table 1) [107].  

The data on thermodynamic stability constants of Zr(IV) complexes with AHA and Me-AHA 

ligands are collected in Table 1; for such week complexes pM value is strongly dependent on the 

hydrolysis constants of metal ions (in pM evaluation conditions) and cannot be used for evaluation of 

complex stability.  
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The solution chemistry of Zr(IV) complexes have been investigated for 3,4,3-LI(1,2-HOPO) 

[26] (Figure 6), TAT [108] (Figure 12), 3,4,3-LI(CAM) [59] (Figure 6) and THPN [58]  

(Figure 6). All ligands have a linear octadentate structure, comprising four binding units. The TAT 

ligand is comprising four N-methyl-3-hydroxy-pyridine-2-one metal-binding units, two tertiary amine 

groups, and one carboxylate arm appended for bioconjugation. The structures of other ligands have been 

described above (see 1.2.4 Some alternative 89Zr chelators). The Zr(IV) complex of all ligands exhibits 

an excellent thermodynamic stability, the logβ[ZrL] > 40 (Table 2).  

  

Table 1. The stability constants (logβ) and pM (at pH 7.4, cM = 1 μM, cL = 10 μM) values of Zr(IV) 

complexes with monodentate ligands. 

Assignment 
Ligands 

AHAa[106] Me-AHAa[106] AHAb[107] 

log𝛽[ZrL] 12.01 13.21 14.57 

log𝛽[ZrL2] 24.00 25.22 26.43 

log𝛽[ZrL3] 29.69 28.66 35.4 

log𝛽[ZrL4] 45.07 45.98 39.87 

log𝛽[ZrLH−1] - - 12.77 

log𝛽[𝑍𝑟𝐿𝐻−2] - - 10.68 

log𝛽[Zr3L3H−8] - - 23.21 

log𝛽[Zr3L3H−7] - - 31.8 

pM <28c <28c <28c 
aT = 25.0 °C, I = 0.1 KNO3; 

bT = 298.1 °K, I = 0.1 NMe4Cl, c the pM values affected by the hydrolysis constants 
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a)                  c) 

 

 

b) 

 

Figure 12. The chemical structure of Zr(IV) chelators: AHA (a), Me-AHA (b) and TAT (c).  

 

Most of all thermodynamic data presented in Table 2 suggests that the stabilities are sufficient 

to maintain Zr(IV) in the complex, although the stability is not that trivial, even the stronger ligands can 

break out of the complexes and accumulate in the bones, for this reason, understanding of solution 

chemistry is extremely important because it can suggest a method of coordination, and determine the 

influence of the structure on the complex stability.   

Additionally, for a qualitative and quantitative comparison of the stability constants, a reference 

point should be found. The best example could be thermodynamic stability data for Zr(IV) - DFOB 

complex, the gold standard for PET with 89Zr. However, to the best of my knowledge, the solution 

thermodynamic stability of DFOB with Zr(IV) has not been characterized, and the corresponding 

constants were unknown, until 2019 [111, 112]. To gain an understanding of the solution behaviour of 

Zr(IV) - DFOB system, and to fully realize the drawbacks of DFOB chelator, in 2019 we reported for 

Table 2. The stability constants (logβ) and pM (at pH 7.4, cM = 1 μM, cL = 10 μM) values of Zr(IV) 

complexes with polydentate ligands. 

Assignments 

Ligands 

Tirona 

[25, 

109] 

EDTAa

[25, 

110] 

NTAa 

[25] 

DTPAb

[26] 

3,4,3-LI(1,2-

HOPO)b [26] 

TATc

[108] 

3,4,3-

Li(CAM)c 

[59] 

THPNd 

[58] 

log𝛽[ZrH2L] - - - - - - - 57.51 

log𝛽[ZrHL] - - - - - 50.81 64.25 54.2 

log𝛽[ZrL] 25.9 29.0 20.8 35.8 43.1 44.70 57.26 50.3 

log𝛽[ZrLH−1] - - - - - 33.27 - - 

pM <28e 28.5 <28e 33.9 44.0 42.9 40.6 42.8 
aT = 24.7 ± 0.05°C, I = 0.01 M KCl; bT = 25°C, I = 3.0 M Na2SO4; 

cT = 25°C, I = 0.1 M KCl; dT = 25°C, I = 0.16 M NaCl; e the pM values 
affected by the hydrolysis constants 
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the first time the experimental determination of the speciation and stability constants of Zr(IV) 

complexes with DFOB (for the details see the Chapter IV - Results). 

Therefore, in order to optimally tune the properties of radiometal-based radiopharmaceuticals, 

a large variety of stability data of different chelators are crucial to be available so that the physical 

properties of an agent can be easily modified. Factors such as the charge, polarity, denticity, donor atom 

type (e.g. N, O, S), and kinetics (e.g. macrocyclic vs. acyclic) must be modular in order to optimize in 

vivo behaviour of a radiopharmaceutical.  

Many authors emphasize the importance of knowledge of thermodynamic stability of 

radiotracers, as well as note that solution study of Zr(IV) complexes is rather challenging [2, 113]. As 

an alternative to calculating the thermodynamic stability, a DFT was used, and the data published just 

recently by Holland [113] shows good agreement between theoretical and experimental data. 

Nevertheless, the author points out that some assumption should be done in order to predict the 

thermodynamic stability, like water clusters simulation together with the ligand conformation isomer 

choosing [113]. Therefore, investigation of solution chemistry of metal complexes becomes so 

important not only for their potential application but also for the development of other alternative 

methods of analysis.  

The synthetic canon of radiopharmaceutical components will always have space for new 

innovation and curiosity so that radioactive imaging agents and therapeutics can be continuously 

improved. 
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CHAPTER II – MAIN AIMS OF THE WORK 

The main objective of my research was to develop novel chelators for non-invasive in vivo 

imaging agents.  By capitalizing upon my understanding of coordination preferences of metal ions and 

expertize of my research supervisor about the design of efficient metal chelators and mimics of natural 

transporters of metal ions (especially siderophores), I was focusing specifically on chelators for 89Zr(IV) 

radiometal – the most promising candidate for PET imaging. The solution studies on the coordination 

chemistry of such complexes is not trivial, due to the strong hydrolysis of Zr(IV) (occurring in almost 

entire pH range) and the lack of spectral activity of Zr(IV) complexes. On the other hand, the knowledge 

of the speciation of Zr(IV) complexes, especially at physiological pH, could provide information 

concerning the actual chemical form of the complex in biological media, and this can contribute to a 

better understanding of the in vivo speciation and differences in biological activity of proposed chelators. 

First aim undertaken in the frame of this thesis, was to evaluate the speciation and 

thermodynamic stability constants of the Zr(IV) - DFOB complexes. Currently, DFOB (Figure 13) –  

a microorganism-produced siderophore, bearing three hydroxamate groups, is the most successfully 

used 89Zr(IV) chelator [4]. The reports of limited in vivo stability of DFOB have stimulated a search for 

DFOB derivatives with enhanced stabilities, however, the solution thermodynamic stability of DFOB 

with Zr(IV) has not been characterized, and the corresponding constants were unknown till this work.  

Taking into account preferences of Zr(IV) ions for octadentate coordination, as well as better 

behaviour of tetrahydroxamate Zr(IV) complexes in vivo, to take advantage of stabilizing macrocyclic 

effect in metal complexation, the next goal of the thesis was the design and synthesis of cyclic three- 

(H3L2 and H3L4) and tetra-hydroxamate (H4L3) Zr(IV) chelators (Figure 13). A good cyclic chelator 

should possess an appropriate size and enough flexibility to minimise the ring strain, entropy and fit the 

metal ion [14, 114]. According to DFT studies, the best distance between hydroxamate groups in cyclic 

ligands for Zr(IV) complexes is the presence of at least eight carbon-carbon bonds to minimize ring 

strain. H3L2 is a symmetrical macrocyclic ligand, comprising nine bonds –(CH2)3–NHCO–(CH2)3– 

linker between hydroxamate groups. Moreover, the cyclic tetrahydroxamate ligand H4L3 was designed 

to completely saturate the oxophilic coordination sphere of Zr(IV), aiming to directly determine an 

increase of the corresponding stability constants. Taking into account the fact of intricate geometry of 

Zr(IV) complexes and the possibility of rising entropy along with the ring size increase, the comparison 

of stability of Zr(IV) - H3L2 and Zr(IV) - H4L3 complexes, together with that for natural cyclic 

trihydroxamate desferrioxamine E (and it’s retro analogue H3L4, both with 10 bonds between 

hydroxamate units), would be very informative.  

Since there is always the room for new Zr(IV) chelators, in another approach of Zr(IV) ligand 

design, cyclen and cyclam were successfully used as macrocyclic scaffolds for the attachment of either 

three or four  hydroxamate-based arms, again showing improved stability [52]. To develop this 

possibility, herein tetrapodal hydroxamate chelators H4L6, H4L7, H4L8 (Figure 13) were designed and 
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studied. The increase of stability will be discussed in relation to trihydroxamate linear DFOB, as well 

as tripodal H3L5 ligand [81]. Of notice, the H4L8 ligand has been already studied as Zr(IV) chelator in 

metal-organic polymer composition [115]. Flexibility and solubility of the ligands were increased by an 

introduction into the structure of amide, amine or ether groups (Figure 13). In addition, the ligands were 

different by size and symmetry, which allowed to have a deeper look into the solution chemistry of 

Zr(IV) complexes formation. 

Considering the oxofilic properties of both metal ions: Zr(IV) and Fe(III), along with the small 

ionic radius of 84 pm for Zr(IV) and 55 pm for low spin Fe(III), the knowledge of the stability constants 

of the Zr(IV) - H3L4 and Zr(IV) - H3L5 can bring worth to compare with other Zr(IV) chelator [101, 

102]. 

The ligand H6L9, originally named DFOCAMC (Figure 13), was originally developed by 

Raymond et al. for actinides, and it basically consists of DFOB molecule elongated by catecholate 

binding unit, allowing, therefore, to completely saturate the coordination sphere of Zr(IV) [97]. Both 

catecholate and hydroxamate binding groups have been found in siderophores and are known as strong 

chelators for hard metal ions [69]. The kinetic study has been shown that the addition of a single 

catecholate moiety to DFO increases the rate of iron removal from transferrin more than 100 times [99]. 

Besides, in vivo assays have shown that the ligand is extremely effective in complexing and removing 

plutonium from mammalian tissues [96, 100]. The similarity of the Fe(III), Pu(IV) and Zr(IV) cations 

as hard Lewis acids, could suggest an extremely high  Zr(IV) - DFOCAMC complex stability. 

Comparison of the thermodynamic data and solution chemistry of hydroxamate and mixed catecholate-

hydroxamate ligands investigated herein may help to choose the best strategy of improvement of 89Zr 

chelators.  
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DFOB H4L1+ H3L2 

 
 

H3L3 H3L4 

  
DFOE H4L5 

 
 

H4L6 H4L7 

 

 
  

H4L8 DFOCAMC H6L9 

Figure 13. The schematic representation of the ligands structures investigated in this work.  
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CHAPTER III – EXPERIMENTAL SECTION 

2.1 Ligands: general 

The DFOB (H4L1+) ligand was purchased from Sigma Aldrich (≤ 92.5 % purity) as mesylate 

salt and used without future purification. H3L2 ligand was synthesised at Ferrara University by prof. 

Guerrini lab members, synthesis has been published [116] (see Appendix). H4L3 ligand was synthesized 

by me, at the Ferrara University at prof. Remo Guerini lab and the synthetic procedure is described 

below. The DFOE was purchased from ChEBI and was used as received without future purification. 

The H3L4, H3L5, H4L6, H4L7, H4L8 and H6L9 ligands were synthesised commercially by the TriMen 

Chemicals S.A and were used as obtained without further purification. For characterization (1H NMR 

and ESI-MS) of all new compounds please refer to the Appendix; their purity was checked 

potentiometrically.   

2.2 Synthesis section  

2.2.1 Reagents 

Unless otherwise stated, all commercially available reagents and solvents were of analytical 

grade. For the synthesis of H4L2, solvents and reagents were purchased from Bachem, BLDpharm and 

Fluka and were used as received without further purification. All solutions were prepared in doubly 

distilled water. All reagents were weight by using a R200D Sartorius analytical balance (with 0.01 mg 

precision).  

2.2.2 Experimental procedures 

 The progress of the reaction was monitored by thin-layer chromatography (TLC) with plates 

visualized using UV light at 254 nm. ESI-MS data were recorded on a linear ion trap LTQ XL Mass 

Spectrometer (Thermo Scientific, Waltham, MA, USA). Data were processed by using spectrometer 

software. Direct infusion analyses were always performed at 5 μL/min. Experimental conditions were 

as follows: spray voltage 4.8 kV; sheath gas 40 a.u.; capillary temperature 250 °C; capillary voltage 8 -

25 V and tube lens 60 - 120 V.  

Crude products were purified via flash column chromatography on silica gel (Merck, 230 - 400 

Mesh). The column chromatography was performed using hexane and ethyl acetate or dichloromethane 

and methanol as solvent’s mixtures unless specified otherwise. The cartridge sizes and chromatography 

column volume were varied depending on the scale of the reaction. The best composition of the solvents 
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was developed by TLC trials. Crude compounds were dissolved in a minimum amount of solvent and 

injected into the column. 

Although, crude compounds 14 and 15 were purified, by semi-preparative RP - HPLC using a 

Waters Prep 600 system equipped with a C18 Jupiter column (250 x 30 mm, 300 Å, 15 μm spherical 

particle size). Gradients were established each time considering the analytical HPLC profile of the crude. 

The column was perfused at a flow rate of 20 mL/min over 30 minutes with a binary system of solvent 

A (H2O + 0.1% v/v TFA) and solvent B (60% CH3CN in water + 0.1% v/v TFA). Analytical RP-HPLC 

analyses were performed on a XBridge® C18 column (4.6 x 150 mm, 5 μm particle size) using a flow 

rate of 0.7 mL/min using a linear gradient of acetonitrile (and 0.1% TFA) in water (and 0.1% TFA) from 

0% to 100% over 25 minutes. The mass spectra were recorded on a ESI-Micromass ZMD 2000. TLC 

experiments were performed on precoated plates of silica gel F254 (Merck, Darmstadt, Germany). 1H 

NMR analyses were obtained using a Varian spectrometer (400 MHz) and were referenced to residual 

1H signals of the deuterated solvents respectively (δ 1H 7.26 for CDCl3; δ 1H 2.50 for DMSO); the 

following abbreviations were used to describe the shape of the peaks: s: singlet; d: doublet; dd: double 

doublet; t: triplet; m: multiplet.  

2.2.3 Synthesis of H4L3 

2.2.3.1 Synthesis of monomer building block 

The hydroxamate-based monomers protected either at the carboxylic group as ethyl ester (5) or 

at the amino function with BOC (6), were employed as common synthetic precursors of H3L1 and H4L2. 

The building blocks 5 and 6 were synthesized starting from O-benzylhydroxylamine hydrochloride that 

was firstly reacted with di-tert-butyl dicarbonate to give compound 1 then alkylated with ethyl 4-

bromobutyrate in presence of NaH to provide compound 2 (Figure 14). Boc removal with TFA furnished 

the intermediate 3 that was coupled with Boc protected γ-aminobutyric acid using HATU as a coupling 

reagent. This allowed us to obtain the orthogonally protected 4 as a suitable precursor of both 5 and 6 

which were alternatively isolated after acidic or basic treatment, respectively. The general scheme of 

monomer building block synthesis is presented in Figure 14. 
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Figure 14. Synthetic pathway of monomer building block. 

H4L2 and its precursors were fully characterized by 1H and 13C NMR and were published just 

recently [116]. The degree of purity of the final product was evaluated by analytical HPLC assays [116], 

resulting in higher than 95% purity. 

Synthesis of tert-butyl(benzyloxy)carbamate (1). 

To an ice-cooled solution of O-benzylhydroxylamine٠HCl (4.00 g, 25 mmol) in a mixture of 1,4-

dioxane/H2O (60 mL, 1:1 v/v) K2CO3 was added (10.37 g, 75 mmol). Boc2O (8.18 g, 37.5 mmol), 

previously dissolved in dioxane, was then added dropwise and the reaction was stirred at room 

temperature overnight. The solvent was removed under vacuum and the crude extracted using ethyl 

acetate (30 mL) and water (3×15 mL). The organic phase was dried over Na2SO4, filtered and 

evaporated. Compound 1 (4.86 g, 87% yield) was obtained as a colourless oil, which was used without 

any further purification. NMR data match those reported in the literature (PMID: 11906271). ESI-MS: 

Calculated for C12H18NO3, 224.28 [M+H]+; Found:  224.13 [M+H]+
. TR = 19.70 min. 

Synthesis of ethyl 4-((benzyloxy)(tert-butoxycarbonyl)amino)butanoate (2). 

To a solution of 1 (4.86 g, 21.79 mmol) in DMF (15 mL) NaH (60% dispersion in mineral oil, 1.20 g, 

23.94 mmol) was added. The mixture was initially stirred at r.t. for 30 min, thus the reaction was warmed 

up to 60○C and Ethyl 4-bromobutyrate was added dropwise. At the completion of the reaction, the 

solvent was removed, and the residue was extracted with ethyl acetate and water (3×30 mL), dried over 

Na2SO4 and concentrated under vacuum. Product (2) was obtained as a yellowish oil (5.36 g, 73% yield). 
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The NMR corresponds to the literature (PMID: 28715615). MS (ESI): Calculated for C18H28NO5, 338.20 

[M+H]+; Found: 360.18 [M+Na]+, 697.37 [2M+Na]+. TR = 23.51 min. 

Synthesis of ethyl 4-(N-(benzyloxy)-4-((tert-butoxycarbonyl)amino)butanamido)butanoate (4). 

Compound 2 (5.36 g, 15.90 mmol) was dissolved in trifluoroacetic acid (TFA, 6 mL) and the mixture 

was stirred at room temperature for 2 h. The reaction was monitored by MS (ESI) before being 

concentrated under vacuum. The deprotected amino ester 3 was used without further purifications in the 

next step. To an ice-cold solution of Boc-γ-aminobutiric acid (2.7 g, 13.45 mmol) in DMF (20 mL) 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-phosphate 

(HATU, 5.6 g, 14.75 mmol) and DIPEA (2.6 mL, 14.75 mmol) were added. Apart from, 3 (3.5 g, 14.75 

mmol) was dissolved in DMF (10 mL) and this solution was added to the first one dropwise. Then the 

reaction was warmed to room temperature and stirred for 1 h. After removal of the solvent, the residue 

was dissolved in ethyl acetate and washed with a 5% aqueous solution of citric acid, 10% aqueous 

solution of NaHCO3 and brine. The crude was purified by column chromatography using ethyl 

acetate/petroleum ether (from 1:4 to 1:1 by volume) as eluent mixture. Compound 4 was obtained as a 

slightly yellowish oil (4.35 g, 76.6 % yield).ESI-MS: Calculated for C22H35N2O6, 423.53 [M+H]+; 

Found: 423.25 [M+H]+, 445.23 [M+Na]+, 867.47 [2M+Na]+. TR = 21,11 min. 1H NMR (400 MHz, 

CDCl3): δ 7.44-7.32 (m, 5H), 4.80 (s, 2H), 4.11 (qd, J = 7.1, 2.9 Hz, 2H), 3.70 (t, J = 6.8 Hz, 2H), 3.12 

(t, J = 6.6 Hz, 2H), 2.42 (t, J = 7.2 Hz, 2H), 2.32 (t, J = 7.3 Hz, 2H), 1.99-1.91 (m, 2H), 1.80-1.73 (m, 

2H), 1.42 (s, 9H), 1.26-1.20 (m, 3H).13C NMR (CDCl3): δ 172.90, 156.00, 134.28, 129.24, 129.00, 

128.73, 79.10, 60.42, 44.61, 40.28, 31.38, 29.62, 28.40, 24.68, 22.26, 14.19. 

2.2.3.3 Synthesis of full molecule 

For the synthesis of the tetrahydroxamic derivative H4L3 (Figure 15), an appropriate 

hydroxamate-bearing lysine derivative was firstly prepared as a building block (12). This was obtained 

by a coupling reaction between 5 and a residue of Z-Lys (Boc)-OH followed by saponification of the 

ester function. The monomeric unit 12 was coupled with 10, whitch resulted from TFA mediated Boc 

deprotection of 9. The resulting intermediate 13 underwent head-tail HATU-mediated cyclization after 

removal of the protections at the C and N terminal positions as above described, leading to 14. The final 

macrocycle (15) was obtained after Pd-catalysed removal of the benzyl functions from the hydroxamic 

groups. These conditions led also to CBz cleavage leaving the free amino group suitable for future 

bioconjugation strategies.  The general synthetic partway of H4L3 is presented in Figure 15. 
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Figure 15. Synthetic pathway of H4L3 ligand. 

Synthesis of ethyl 10,20-bis(benzyloxy)-2,2-dimethyl-4,9,14,19-tetraoxo-3-oxa-5,10,15,20-

tetraazatetracosan-24-oate (7). 

The Boc-deprotected derivative 5 (3.40 g, 7.8 mmol) was obtained as previously described for 3. 

Compound 6 was synthesized dissolving the ethyl ester 4 (3.0 g, 7.1 mmol) in a mixture of 1,4-

dioxane/H2O in presence of LiOH (1M aqueous solution, 12.5 mmol). The mixture was stirred at r.t. for 

20-30 min. Once completed, dioxane was evaporated and the crude was acidified using 1M HCl to reach 

pH 6. Then, the aqueous phase was extracted using ethyl acetate. Compound 6 (0.91 g, 2.31 mmol) was 
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used in the next step without further purification. The coupling reaction was conducted as previously 

described for 4 and derivative 7 was obtained as a yellowish oil (1.24 g, 77% yield) after column 

chromatography. ESI-MS: Calculated for C37H55N4O9, 699.87 [M+H]+; Found: 699.96 [M+H]+. TR = 

21.18 min. 1H NMR (400 MHz, CDCl3): δ 7.50-7.31 (m, 10H), 7.04 (bs, 1H), 4.81 (d, J = 5.3 Hz, 4H), 

4.12 (q, J = 7.1 Hz, 2H), 3.71-3.69 (m, 4H), 3.26 (dd, J = 11.9, 6.2 Hz, 2H), 3.17-3.09 (m, 2H), 2.53 - 

2.39 (m, 4H), 2.33 (t, J = 7.3 Hz, 2H), 2.20 (t, J = 6.8 Hz, 2H), 1.98-1.92 (m, 4H), 1.84-1.73 (m, 4H), 

1.42 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 174.67, 173.34, 172.96, 134.15, 129.29, 

129.14, 129.11, 128.81, 60.52, 44.66, 44.27, 40.03, 39.55, 33.05, 31.41, 29.95, 29.36, 28.45, 24.82, 

23.93, 23.23, 22.31, 14.25. 

Synthesis of ethyl 10,20,30-tris(benzyloxy)-2,2-dimethyl-4,9,14,19,24,29-hexaoxo-3-oxa-

5,10,15,20,25,30-hexaazatetratriacontan-34-oate (9). 

Compound 9 was synthesised under the same coupling conditions used for 4 starting from the acid 

derivative 6 (0.91 g, 2.31 mmol) and the amino derivative 8 (1.81 g, 2.54 mmol). The desired product 

was obtained as a colourless oil (1.89 g, 84% yield) after column chromatography. ESI-MS: Calculated 

for C52H75N6O12, 976.20 [M+H]+; Found: 975.94 [M+H]+. TR = 17.83.1H NMR (400 MHz, CDCl3): δ 

7.39-7.35 (m, 15H), 5.05 (bs, 3H), 4.83 - 4.77 (m, 6H), 4.11 (q, J = 7.1 Hz, 2H), 3.72-3.67 (m, 6H), 3.34 

– 3.19 (m, 4H), 3.16-3.11 (m, 2H), 2.49-2.45 (m, 6H), 2.32 (t, J = 7.3 Hz, 2H), 2.25 – 2.12 (m, 4H), 2.02 

– 1.89 (m, 6H), 1.87 – 1.72 (m, 6H), 1.42 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 175.33, 

174.11, 172.47, 157.34, 135.39, 128.88, 128.33, 128.22, 80.65, 73.81, 61.17, 48.61, 41.21, 40.42, 35.24, 

31.78, 31.49, 28.41, 24.12, 21.70, 18.52, 14.69. 

Synthesis of ethyl 17-(benzyloxy)-10-(((benzyloxy)carbonyl)amino)-2,2-dimethyl-4,11,16-trioxo-3-

oxa-5,12,17-triazahenicosan-21-oate (10). 

Compound 10 was synthesised under the same coupling conditions used for compounds 4 and 9 starting 

from Z-Lys(Boc)-OH (1.05 g, 2.75 mmol) and the amino derivative 5 (1.09 g, 2.50 mmol). The desired 

product was obtained as a yellowish oil (1.40 g, 80% yield) after column chromatography. ESI-MS: 

Calculated for C36H53N4O9, 685.84 [M+H]+; Found: 685.73 [M+H]+. TR = 26.16 min. 1H NMR (400 

MHz, CDCl3): δ 7.37-7.35 (m, 5H), 7.31-7.26 (m, 5H), 6.99 (s, 1H), 5.85 (d, J = 7.7 Hz, 1H), 5.13-4.96 

(m, 2H), 4.76 (s, 2H), 4.07 (q, J = 7.1 Hz, 2H), 3.73-3.59 (m, 2H), 3.28-3.13 (m, 2H), 3.03-2.97 (m, 

2H), 2.47-2.40 (m, 2H), 2.28 (t, J = 7.3 Hz, 2H), 1.94-1.88 (m, 2H), 1.84-1.69 (m, 3H), 1.62-1.58 (m, 

1H), 1.39 (s, 11H), 1.31 (dd, J = 19.1, 12.2 Hz, 2H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 13C 

NMR (101 MHz, cdcl3) δ 174.34, 172.90, 171.99, 156.20, 136.21, 134.12, 129.15, 128.93, 128.64, 

128.37, 127.98, 127.90, 78.91, 76.16, 66.76, 60.39, 54.83, 44.44, 39.85, 39.15, 38.52, 32.21, 31.22, 

29.66, 29.41, 28.32, 23.67, 22.42, 22.11, 14.08. 

Synthesis of ethyl 17,27,37,47-tetrakis(benzyloxy)-10-(((benzyloxy)carbonyl)amino)-2,2-dimethyl-

4,11,16,21,26,31,36,41,46-nonaoxo-3-oxa-5,12,17,22,27,32,37,42,47-nonaazahenpentacontan-51-

oate (13). 
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The tetramer 13 was synthesised under the same coupling conditions used for compounds 4, 9 and 10 

starting from the acid derivative 12 (0.61 g, 0.93 mmol) and the amino derivative 10 (0.90 g, 1.02 mmol). 

The desired product was obtained as a colourless oil (0.97 g, 69% yield) after column chromatography. 

ESI-MS: Calculated for C81H113N10O18, 1514.85 [M+H]+; Found: 1514.16 [M+H]+, 775.95 [M+2H]2+. 

TR = 25.88 min. 1H NMR (400 MHz, CDCl3): δ 7.47-7.28 (m, 25H), 5.13-4.96 (m, 2H), 4.86-4.65 (m, 

8H), 4.09 (dd, J = 13.8, 6.8 Hz, 3H), 3.80-3.53 (m, 8H), 3.32-3.10 (m, 7H), 3.04-3.00 (m, 2H), 2.54-

2.34 (m, 7H), 2.29 (t, J = 7.0 Hz, 2H), 2.23-2.05 (m, 6H), 1.96-1.90 (m, 8H), 1.82-1.68 (m, 8H), 1.66-

1.53 (m, 2H), 1.40 (s, 12H), 1.25-1.19 (m, 4H), 0.94-0.85 (m, 2H). 13C NMR (CDCl3): δ 174.50, 172.91, 

136.18, 134.00, 129.24, 129.08, 128.75, 128.47, 128.15, 127.98, 66.94, 60.48, 55.00, 44.14, 39.38, 

39.03, 32.88, 31.97, 31.30, 29.82, 29.66, 29.45, 28.38, 23.88, 23.00, 22.49, 22.20, 14.16. 

Synthesis of benzyl (6,16,26,36-tetrakis(benzyloxy)-2,7,12,17,22,27,32,37,42-nonaoxo-

1,6,11,16,21,26,31,36,41-nonaazacycloheptatetracontan-43-yl)carbamate (14). 

Compound 13 was Boc-deprotected as described for 3. Then, the ethyl group was hydrolysed by LiOH 

as for 6. To a diluted solution of the fully deprotected tetramer (0.55 g, 0.367 mmol) in DMF (40 mL) 

HATU (0.154 g, 0.40 mmol) and DIPEA (0.07 mL, 0.40 mmol) were added dropwise at 0 °C. The 

reaction was left to stir for 3 h. Then, the solvent was removed, and the residue was extracted with ethyl 

acetate and an aqueous solution of citric acid (10%), a solution of NaHCO3 (5%) and brine. The crude 

was purified via semi-preparative HPLC giving the desired product as a colourless oil (0.29 g, 57% 

yield). ESI-MS: Calculated for C74H99N10O15, 1368.66 [M+H]+; Found: 1368.36 [M+H]+, 684.74 

[M+2H]2+. TR = 25.73 min. 1H NMR (400 MHz, DMSO-d6): δ 7.96 - 7.63 (m, 6H), 7.56 - 7.13 (m, 25H), 

5.06 - 4.89 (m, 2H), 4.85 - 4.71 (m, 8H), 4.00-3.76 (m, 3H), 3.09 - 2.88 (m, 10H), 2.84 - 2.61 (m, 1H), 

2.43 - 2.25 (m, 8H), 2.09 - 1.93 (m, 9H), 1.75-1.71 (m, 9H), 1.59-1.53 (m, 8H), 1.39 - 1.08 (m, 7H), 

1.07 - 0.76 (m, 2H). 13C NMR (DMSO-d6): δ 171.81, 156.35, 135.21, 129.77, 129.06, 128.88, 128.73, 

128.17, 128.09, 75.69, 65.76, 55.12, 44.53, 38.50, 32.95, 29.47, 24.68, 23.24. 

(S)-43-amino-6,16,26,36-tetrahydroxy-1,6,11,16,21,26,31,36,41-nonaazacycloheptatetracontane-

2,7,12,17,22,27,32,37,42-nonaone (15, H4L2) 

Compound 17 was synthesized as previously described for 11 starting from derivative 16 (0.13 g, 71% 

yield). ESI-MS: Calculated for C38H69N10O13, 874.03 [M+H]+; Found: 873.75 [M+H]+. TR = 21.28 min. 

1H NMR (400 MHz, DMSO-d6): δ 9.64-9.59 (m, 3H), 8.07-8.04 (m, 2H), 7.86 - 7.71 (m, 4H), 3.47-3.44 

(m, 9H), 3.04-2.99 (m, 10H), 2.42 - 2.22 (m, 8H), 2.04-2.00 (m, 8H), 1.76 - 1.49 (m, 20H), 1.47 - 1.16 

(m, 5H). 13C NMR (DMSO-d6): δ 172.90, 172.21, 168.73, 158.07, 56.51, 52.71, 47.17, 38.66, 32.98, 

31.22, 29.65, 29.11, 24.81, 24.47, 23.04, 22.05. 
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2.3 Thermodynamic Solution Studies 

2.3.1 General 

Unless otherwise stated, all commercially available reagents and solvents were of analytical 

grade, purchased from commercial suppliers (Sigma-Aldrich, Titripur, Merck, Fisher Scientific, Fluka) 

and were used as received without further purification. All solutions were prepared in doubly distilled 

water. A  stock solution of Fe(III) was prepared immediately before use from Fe(ClO4)3ˑXH2O in 0.01 

M HClO4 and standardized by inductively coupled plasma - optical emission spectrometer (ICP–OES) 

(iCAP 7400 Duo ICP-OES) along with spectrophotometric determination, based on molar extinction 

coefficient ε = 4160 M-1cm-1 at 240 nm [117, 118]. A stock solution of Zr(IV) was prepared immediately 

before use from ZrCl4 anhydrous in 0.1 M HClO4 to prevent hydrolysis and standardized by ICP–OES 

(iCAP 7400 Duo ICP-OES) along with direct titration in 1M HNO3 (ChemPur, 70%) with EDTA (Fluka, 

≥99.0%) and xylenol orange (POCH, 99.0%) used as the indicator [119]. The HClO4 solutions were 

titrated by standardized NaOH (0.1 N). The carbonate-free NaOH solution was standardized by titration 

with KHP. All stock solutions were prepared using a R200D Sartorius analytical balance (with 0.01 mg 

precision). 

All measurements for H4L1+ ligand were performed in 1.0 M NaClO4 ionic strength, for HnL2-

L9 ligands the 0.1 M NaClO4 was preferred in order to increase the solubility of investigated ligands 

and it’s complexes. We are aware that some measurements were performed in very acidic pH (< 1) 

where ionic strength 0.1 M is not enough to keep stable ionic activity, but due to the decomposition of 

hydroxamate ligands in strong acids [77, 120], all measurements performed below pH 1 were assumed 

to be endowed with a large error and (i) were not taken into account during data evaluation or (ii) 

precluded from the discussion. The pKw used in the calculations for the experiments carried out in 1M 

NaClO4 ionic strength was −13.76 [121], while in the 0.1 M NaClO4 - 13.77 [122].  

2.3.2 ESI-MS spectrometry  

Mass spectroscopy data were recorded on a Bruker Q-FTMS (Bruker Daltonik, Bremen, 

Germany) spectrometer equipped with electrospray (ESI) ionic sources. The instrumental parameters 

were: scan range, m/z 200−1600; dry gas, nitrogen; temperature, 170 °C; capillary voltage, 4500 V; ion 

energy, 5 eV. The capillary voltage was optimized to the highest signal-to-noise ratio. The spectra were 

recorded in the positive mode and/or in the negative mode. The spectrometer was calibrated each time 

before use by TunemixTM solution. The compound was dissolved in MeOH:H2O solution (80:20 by 

weight); the same solvent mixture was used to dilute the matrix solutions to the concentration range  

of 0.01 mM. The Fe(III) and Zr(IV) and stock solutions were prepared as described previously and added 
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to ligand’s solutions in 1:1, 2:1 for Fe(III), 1:1 and 1:3 for Zr(IV), at pH 3 or 5 (pH was adjusted by 

using acetic acid). The free hydrogen ions concentration was measured with the combined glass 

electrode Metler Toledo InLab Semi-Micro filed with NaCl in MeOH:H2O (80:20 by weight). Potential 

differences were given by a Beckman ф72 pH meter, standardized according to the classical methods 

with buffers prepared according to published procedures in MeOH:H2O solvent (80:20 by weight)  

[123, 124]. The data were analysed with the Bruker Compass DataAnalysis 4.0 software. 

2.3.3 Potentiometry 

The potentiometric titrations of ligands and their complexes were carried out using an automatic 

titrator system Titrando 905 (Methrom), equipped with a combined glass electrode (Mettler Toledo, 

InLab Semi-Micro, with XEROLYT® EXTRA Polymer filling) and a dosing system 800 Dosino, 

equipped with a 2 mL micro burette. The ionic strength was fixed at I = 1.0 M or 0.1 M with NaClO4. 

Measurements were carried out at a constant temperature of 25˚C in a thermostatic vessel. The titrated 

solution was continuously stirred by a magnetic stirrer and a stream of high purity grade argon, pre-

saturated with water vapour, passed over the surface of the solution cell. At least three titrations were 

performed for each system, with a starting concentration of the ligand of 1 mM and a 1:1 metal-to-ligand 

molar ratio with the 10% of ligands excess in the pH range 2 - 11. The hydrolytic stability of the ligands 

was monitored by the second titration with NaOH following back-acidification of the initially titrated 

sample. The recorded titration curves revealed to be almost exactly superimposed and the calculation 

values were found to be equal within ± 0.05 log units, which indicates ligands stability in the pH range 

2-11. Special care was taken to ensure that complete equilibration was attained. The titration curves 

were checked carefully and did not display any pH fluctuations which often accompany precipitation of 

metal hydroxides.  

The electrode was daily calibrated in terms of hydrogen-ion concentration probed by titrating 

previously standardised HClO4 (0.1 M) with CO2-free NaOH solutions (0.1 M) [125, 126]. The titration 

was repeated at least three times. The data were analysed with GLEE software [125], using Gran's 

method [127], in order to get the electrode parameters, such as E0 - standard potential and SF - slope 

factor (equation (1)).  

𝐸0 = 𝐸 + 𝑆𝐹 (2.303
𝑅𝑇

𝐹
) log [𝐻+] (1) 

 

Where: E - equilibrium potential of electrode, R - gas constant [8.314 J/mol·K], F - Faraday 

constant [9.6485 ⸱ 104 C/mol], T - temperature [K], [H +] - concentration of hydrogen ions.  

The dissociation process could be represented schematically by the equation (2), where L- 

ligands, while H - proton, the charges are omitted for clarity: 
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𝐿𝐻𝑞 ↔ 𝐿𝐻𝑞−1 + 𝐻 (2) 

Therefore, the protonation constants (Kq) and cumulative protonation constant (βq) for the 

equilibrium presented above could be written as equations (3) and (4):  

𝐾𝑞 =
[𝐿𝐻𝑞]

[𝐿𝐻𝑞−1][𝐻]
 (3) 

𝛽𝑞 =
[𝐿𝐻𝑞]

[𝐿][𝐻]𝑞 = 𝐾1 ∙ 𝐾2 ∙ … ∙ 𝐾𝑞 (4) 

Generally, the complex (ML) formation equilibria could be expressed in the followings ways:  

𝑀 + 𝐿 ↔ 𝑀𝐿 (5) 

𝑀𝐿 + 𝐿 ↔ 𝑀𝐿2 (6) 

𝑀𝐿𝑟−1 + 𝐿 ↔ 𝑀𝐿𝑟 (7) 

Where, M – metal ion, L - ligand, the charges are omitted for clarity. The equilibrium constants 

for each step of complex formation could be expressed as the stepwise stability constants Kn (8-10):    

𝐾1 =
[𝑀𝐿]

[𝑀][𝐿]
, 𝛽1 =  

[𝑀𝐿]

[𝑀][𝐿]
 (8) 

𝐾2 =
[𝑀𝐿2]

[𝑀𝐿][𝐿]2 , 𝛽2 =  
[𝑀𝐿2]

[𝑀][𝐿]2   (9) 

𝐾𝑟 =
[𝑀𝐿𝑟]

[𝑀𝐿𝑟−1][𝐿]𝑟 , 𝛽𝑛 =  
[𝑀𝐿𝑟]

[𝑀][𝐿]𝑟 (10) 

The product of the stepwise stability constants Kn corresponds to the cumulative stability 

constant (11), which is the concentration constant determined for a given ionic strength. This in other 

words means that the value of stability constants for a given complex is actually made up of a number 

of stepwise stability constants. 

𝛽𝑟 =
[𝑀𝐿𝑟]

[𝑀][𝐿]𝑟 = 𝐾1 ∙ 𝐾2 ∙ … ∙ 𝐾𝑟 (11) 

During the formation of multi-core complexes along with the formation of subsequent complex 

forms, we observe deprotonation of a ligand with more than one donor site (12-14). 

𝑀 + 𝐻3𝐿 ↔ 𝑀𝐻2𝐿 + 𝐻 (12) 

𝑀𝐻2𝐿 + 𝐿 ↔ 𝑀𝐻𝐿2 + 𝐻 (14) 
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𝑀𝐻𝐿2 + 𝐿 ↔ 𝑀𝐿3 + 𝐻 (15) 

The cumulative stability constant could be then expressed as (16): 

𝛽𝑝𝑞𝑟 =
[𝑀𝑝𝐻𝑞𝐿𝑟]

[𝑀]𝑝[𝐻]𝑞[𝐿]𝑟  (16) 

The complexes are written in order [metal-hydrogen(a)-ligand-hydrogen(b)] where the 

hydrogen(a) is coming from the ligand, while hydrogen(b) is coming from hydrolysed water from the 

coordination sphere of the metal ion.  

The potentiometric data were refined with the SUPERQUAD [128] or HYPERQUAD [129] 

programs, which use nonlinear least-square methods. The purity and exact concentration of the ligand’s 

solutions were determined using the Gran method [127]. The ligand’s protonation constants were 

determined at the begging and the calculated protonation constants were used as fixed during complex’s 

data evaluation.  The species distribution diagrams were visualized by Hyss2009 [129] software and 

Origin 7.  

2.3.4 UV-Vis spectroscopy 

The UV–Vis spectrophotometric experiments were carried out as a function of concentration 

with a Varian Cary 300 Bio spectrophotometer in the 300–700 nm range for iron complexes, and 200-

300 nm for zirconium solutions using Hellma quartz optical cells with 1 cm path length. 

Spectrophotometric titrations were performed at I = 1.0 M (DFOB and its zirconium complexes) or 0.1 

M (for other ligands) completed by NaClO4, and at 25.0 °C. The pH was checked with a Mettler Toledo 

Super Easy pH meter with an accuracy of ± 0.01.  

There are three types of UV-Vis experiments that have been performed: pH dependent UV-Vis 

titrations without the addition of a competitive ligand; pH-dependent UV-Vis titrations with the addition 

of a competitive ligand (NTA, EDTA); metal-metal competition titrations.  

The pH-dependent UV-Vis titration experiments without the addition of competitive ligand 

were performed for ligands in the pH range 2.0 - 11.0 and complex in the pH range (i) 1.0 - 2.0 and  

(ii) 2.0 - 11.0.  In the (i) series, the experiments were performed by making ten samples, differing by 0.1 

pH unit, with a constant total volume of 0.7 - 1.0 mL and concentration of metal ion ~0.05-0.1 mM and 

metal-to-ligand molar ratio 1:1; for all samples, ionic strength was adjusted to 1.0 M or 0.1 M with an 

addition of NaClO4, and pH (range 1.0 - 2.0) was controlled by the concentration of the HClO4. After 

preparation, each solution was allowed to equilibrate for about 1 hour, and then its UV-Vis spectrum 

was recorded. This was necessary to minimize the effects of hydroxamate ligands hydrolysis, which 

occurs in strong acid [77, 83].  In the (ii) set of experiments, 3 mL of a solution containing a 1:1 or 2:1 

molar ratio of M:L, where metal concentration was around ~0.05 - 0.1 mM, were introduced into a cell 
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and the pH was adjusted by adding a proper microvolume of HClO4 allowed to equilibrate (up to 30 

min), then pH was checked and spectrum was recorded.  

The pH-dependent UV-Vis titration experiments with the addition of competitive ligand (NTA 

or EDTA) were performed only for Zr(IV)-H6L9 system. The 3 mL of a solution containing a 1:1 molar 

ratio of Zr(IV): H6L9 and NTA or EDTA with the 10 times excess, where Zr(IV) concentration was 

around 0.02 mM, were introduced into a cell, pH was adjusted by adding a proper microvolume of 

HClO4, allowed to equilibrate (up to 30 min), then pH was checked and spectrum was recorded.   

The metal-metal competition experiments were performed in order to calculate the stability of 

zirconium complexes. In general, the stock solution of starting complex Fe(III) - L was divided into 

several aliquots (18 samples) to which an excess of titrant Zr(IV) - NTA in M:L ratio 1:3 was added 

starting from 0 up to 50 equiv.. The ionic strength I = 0.1 M was completed by adding  NaClO4, at 25.0 

°C, appropriate pH was adjusted by adding a proper volume of HClO4. After preparation, each solution 

was allowed to equilibrate for about 1 hour, and then its UV-Vis spectrum was recorded. The vials were 

kept in the dark and absorbance was measured again after 24, 48 and 120 hours. The changes were 

observed only between the spectra collected after 1 hour and 24 hours, indicating that the equilibrium 

was attained. The data presented, and indicated as ‘calculated from metal-metal competition 

experiment’, were calculated from data set collected after 24 hours of equilibration. The details for each 

experiment are presented in Table 3. 

Table 3. The experimental conditions for metal-metal competition experiments.  

Starting solution pH cFe(III) [mM] cL [mM] 

Fe(III) - H4L1+ 2.0 0.08 0.08 

Fe(III) - H3L2 1.5 0.1 0.1 

Fe(III) - H4L3 1.5 0.055 0.055 

Fe(III) - H3L4 2.0 0.08 0.08 

Fe(III) - H3L5 2.0 0.07 0.07 

Fe(III) - H4L6  2.0 0.07 0.07 

Fe(III) - H4L7  2.0 0.06 0.06 

Fe(III) - H4L8  2.0 0.07 0.07 

Fe(III) - H6L9 2.0 0.08 0.08 

 

For DFOB, additional metal-metal competition experiments were performed, all carried  

at pH 2: (i) Fe(III) - H4L1+ + Zr(IV), (ii) Zr(IV) - H4L1+ + Fe(III), and (iii) Zr(IV) - Fe(III) + H4L1+. The 

following procedure was used (i) fifteen samples with a constant concentration of Fe(III) ions and H4L1+ 

(0.16 mM for both) titrated by Zr(IV) ions (starting from 0 equiv. up to 3 equiv.); (ii) eighteen samples 

with a constant concentration of Zr(IV) ions and H4L1+ (0.15 mM for both) titrated by Fe(III) ions 

(starting from 0 equiv. up to 300 equiv.); (iii) seventeen samples with a constant concentration Zr(IV) 

and Fe(III) ions (0.18mM for both) titrated by H4L1+ (starting from 0 equiv. up to 4 equiv.). After 
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preparation, each solution was allowed to equilibrate for about 1 h, and then its UV-Vis spectrum was 

recorded. The vials were kept in the dark and absorbance was measured again after 24, 48 and 72 h; 

changes were observed between spectra collected after 1 h and 24 h; spectra collected during the next 

few days were the same as after 24 h. 

Data treatment. The UV-Vis data were refined to obtain the overall binding constant using 

SPECFIT/32 software [130-132] that adjusts the absorptivity and the stability constants of the species 

formed at equilibrium. Specfit uses factor analysis to reduce the absorbance matrix and to extract the 

eigenvalues prior to the multiwavelength fit of the reduced data set according to the Marquardt algorithm 

[130-132]. Uncertainties in logβ were calculated from the standard deviation.  

The competition data were refined to obtain the overall binding constant using SPECFIT/32 

software [130-132]. The protonation constants of ligands and formation constants for iron complexes 

were used as fixed parameters during data analysis. The concentration of iron complexes were calculated 

from the absorbance spectra (collected in 300-700 nm range). Hydrolytic forms of ferric ion at studied 

pH range are characterized by absorption band with max below 300 nm, and therefore they are beyond 

the experimental wavelength window. However, the spectrum of Fe(III) in solution at pH of the 

experiment was fixed in the calculations [133, 134]. The protonation constants of EDTA and NTA[110] 

as well as stability constants of the Fe(III) - NTA [135], Zr(IV) - EDTA and Zr(IV) - NTA [25] 

complexes were taken from the literature and were used as a fixed during evaluation of the stability 

constants of the zirconium complexes. 

The competition equilibrium is described by Eqs. (17) and (18): 

𝐹𝑒𝐿 + 𝑍𝑟𝑁𝑇𝐴 ⇄ 𝑍𝑟𝐿 + 𝐹𝑒𝑁𝑇𝐴   (17) 

𝐾 =
[𝐹𝑒𝐿][𝑍𝑟𝑁𝑇𝐴]

[𝐹𝑒𝑁𝑇𝐴][𝑍𝑟𝐿]
   (18) 

The molecular charges are omitted for clarity.  

2.3.6 Hydrolysis constants  

For the calculations of complexes stability constants, the protonation constants of free ligands 

as well as the constants related to hydrolytic Fe(III) and Zr(IV) should be taken into account Table 4.  

The Zr(IV) hydrolysis constants for the species Zr(OH)3+, Zr(OH)2
2+, Zr(OH)4, and Zr3(OH)4

8+ 

were calculated for 0.1 M NaClO4 ionic strength according to the literature [20], while the constants for 

the hydrolytic species Zr(OH)6
2-, Zr4(OH)8

8+, Zr3(OH)9
3+ are taken from the literature for the 0 M ionic 

strength.  
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Table 4. The hydrolytic constants of Zr(IV) and Fe(III) ions, charges are omitted for clarity 

Complex form 
1M NaClO4 0.1 M NaClO4 

Fe(III)[136] Zr(IV)[15] Fe(III)[137] Zr(IV) [20] 

M(OH) -2.66 -0.87 -2.56 -0.56 

M(OH)2 -7.0 -2.10 -6.2 -1.44 

M(OH)3 -12.5 -4.00 -11.44 - 

M(OH)4 -20.6 -6.7 -21.88 -8.85 

M(OH)5 -30.8 - -2.74 - 

M(OH)6 -43.4 - - -30.6 

M2(OH)6 - -2.42 - - 

M3(OH)4 - 4.1 - -6.96 

M3(OH)9 - - - 12.19 

M4(OH)8 - 5.2 - 6.52 

pKw -13.76 [121] -13.77 [122] 

 

To the best of my knowledge there is a lack of ion interaction parameters for Zr(OH)6
2, 

Zr4(OH)8
8+, Zr3(OH)9

3+ complex forms, that’s why these hydrolysis constants were not calculated for 

0.1 M NaClO4 ionic strength [20]. Of importance, we investigated the effect of inclusion/exclusion of 

Zr(OH)6
2-, Zr4(OH)8

8+, Zr3(OH)9
3+  hydrolysis constants in the speciation model of our system, and the 

calculations performed in both ways indicated no difference in the resulting values.  

2.3.7 Isothermal Titration Calorimetry (ITC)  

ITC experiments were carried out using a Nano ITC calorimeter (TA Instruments) with a 

standard volume of 1.0 ml cell at 25°C. Titrations mode of ligand solution being an analyte and metal 

solution being a titrant was applied. The solution of ligand (at pH 1.0, 0.1 M HClO4, ionic strength was 

completed to 1.0 M by adding NaClO4) was placed in the cell and the solution of Zr(VI) (8 mM, at pH 

1, 0.1M HClO4, ionic strength was completed to 1.0 M by adding NaClO4) was taken up in a 250 μl 

injection syringe. Each sample was degassed prior the titration for 30 min. The total number of 25 

injections, 10 μL each were added after the calorimeter finalized the primary equilibration, with 350 s 

apart. The stirring rate was 400 rpm. The calorimeter was operated using the Nano ITC Run software 

and all the data obtained were analyzed with the NanoAnalyze v. 3.1.2 program. 'Independent' model 

was used to evaluate the results obtained and the control experiments were performed in each case; the 

enthalpies of reagents dilution were subtracted from the enthalpies of binding processes. Each ITC data 

was collected by two independent measurements and reproducible data was employed.  
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CHAPTER IV – RESULTS  

4.1 Protocol of complex stoichiometry and stability evaluation  

4.1.1 Ligand dissociation constants 

The complex stability depends on acid-base properties of the ligand; therefore, the protonation 

equilibria of investigated ligands were first determined. The proton-dissociation processes of the ligands 

were followed by potentiometric titrations and UV-Vis spectroscopy. For each of the ligands, the 

protonation constants were assigned by comparing them with literature data for polyhydroxamic acids 

ligands (DFOB, DFOE) and the appropriate catecholate or carboxylate compounds. 

4.1.2 Determination of complexes stoichiometry  

The ESI-MS method is frequently used as the first step for the determination of metal complexes 

stoichiometry [81, 138, 139]. The spectra were collected for M - L solutions in metal-to-ligand molar 

ratios of 1:1 and/or 2:1, all at pH ~ 5.  

4.1.3 Determination of complexes stability 

The evaluation of the thermodynamic stability of Zr(IV) complexes requires a comprehensive 

approach because of several reasons. First, (i) the electron configuration of Zr(IV) (d0) means lack  

of spectral information for most of the complexes and no useful spectroscopic handle to follow  

the complexation process by either electronic absorption or fluorescence emission methods. 

Furthermore, (ii) the Zr(IV) metal ion is highly acidic and readily hydrolyses over almost all pH range. 

In addition, (iii) the high charge-to-size ratio of the Zr(IV) ion means that complexes with exceptional 

thermodynamic stability are formed (already at very low pH) [26], and therefore cannot be directly 

determined using standard potentiometric titrations, being one of most applicable techniques  

for complex stability evaluation. Therefore, first, the solution chemistry and thermodynamic stability 

constants of ferric complexes of investigated ligands were determined (using a combination of mass 

spectrometry, potentiometric and pH-dependent UV-Vis titrations) and then indirect metal-metal 

competition UV - Vis titrations were performed in order to determine the stability of Zr(IV) complexes. 

It is well known, that Fe(III) - hydroxamate complexes start to form at very low pH  

[81, 83, 120], and since the pH-metric method cannot be applied at acidic pH, due to error of glass 

electrode, in order to investigate the stability constants of Fe(III) complexes the pH dependent UV - Vis 
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titrations were performed at two different pH ranges: 1.0 - 2.0 and 2.0 - 11.0 (for details see Chapter III 

- Experimental Section).  

The UV-Vis spectra of Fe(III) - hydroxamate complexes could be used to identify  

the coordination mode and number of hydroxamates bound to ferric ion (via analysis of the ligand-to-

metal charge transfer (LMCT) bands of the complexes); the coordination of one hydroxamate group 

results in ε510 ~ 1.0⸱103 M-1cm-1,  when two and three lead to ε470 ~ 1.8⸱103 M-1cm-1 and ε420-430 ~ 2.6⸱103 

- 2.8⸱103 M-1cm-1, respectively [84].  The spectra allowed also to calculate the stability constants.  

The evaluations of thermodynamic stability constants of Zr(IV) complexes started from  

pH dependent UV–Vis spectrophotometric titrations in the pH range 1.0 - 11.0. The spectral changes  

in the 200 - 300 nm range corresponding to the hydroxamate groups protonation state  [83] (and in the 

300 -400 nm range corresponding to the catecholate group protonations state) were monitored [78].  

The appearance of the band with max at 225 - 230 nm with pH rising was associated with complex 

formation and allowed me to determine the protonation state  of the complex form present in solution  

in specific pH region. 

Assuming the formation of a certain complex at chosen pH, the competition experiments were 

performed. Of importance, in order to get accurate results, the competition experiment of two metal ions 

for a ligand has a few requirements to be fulfilled: (i) one of the metal chelates should have a strong 

absorption band either in the visible or ultraviolet region of the spectrum, with an extinction coefficient 

much different from that of the free metal ion; the second metal complex should not possess  

the absorption band in the same region of the spectra; (ii) the equilibrium constant for the competition 

reaction must not be very small or very large. The Fe(III)-hydroxamate complexes possess a strong  

UV - Vis band in the 400 - 500 nm region, which indicate the fulfilment of the first condition. While the 

difference between the stability constants of Fe(III) and Zr(IV) complexes was too high, thus  

an additional competitor ligand - NTA was used in the titrations.  So the competition titration 

experiments have been performed according to the scheme: Fe(III) - H4L1+ + Zr(IV) - NTA from  

0 up to 50 equivalents, the molar stoichiometry of Zr(IV) - NTA solution was M:L 1:3.  

NTA and EDTA are some of the most widely investigated and often used chelating  

agents [135, 140]. They were selected for the current studies, as both Zr(IV) and Fe(III) complexes 

remain stable until pH 4, even at metal-to-ligand molar ratio 1:1 [25, 135]. Moreover, as an additional 

competing agent, NTA/EDTA prevents the hydrolysis of the metal ions present in solution,  

and weakness the fast transchelation observed in the case of investigated Fe(III) complexes titrated by 

Zr(IV) ions. Similar competition procedures are widely used for the evaluation of the stability constants  

of spectroscopically blind metal complexes [26, 141]. 
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4.2. The solution thermodynamic stability of desferrioxamine B (DFOB) 

complexes 

4.2.1 Ligand protonation constants of DFOB 

The DFOB (H4L1+) ligand is the tetraprotic compound possessing three hydroxamic acids and 

one amino group, which acid-basic properties are well known [71, 77, 79, 83, 97, 120, 142]. 

Nevertheless, I determined the protonation constants of H4L1+ in 1.0 M NaClO4 ionic strength. The 

evaluation of the potentiometric data revealed four protonation constants, where the logK values  

of 9.94, 9.21 and 8.71 could be ascribed to the protonation of the hydroxamate groups, while the highest 

logK - 10.97 probably corresponds to the amino group. Allowing for the change in temperature and ionic 

strength, the data are in very good agreement with the literature values [76, 141].  The comparison  

of the DFOB protonation constants calculated in the present work with some literature data is shown  

in Table 5. 

Table 5. The comparison of protonation constants of DFOB in different conditionsa 

Assignments This work 1.0 M NaClO4, 25°C  0.2 M KCl, 25°C [79] 0.1 M KCl, 20°C [120] 

 logβ logK logβ logK logβ logK 

H4L+ 10.97(1) 10.97 10.84 10.84 10.79 10.79 

H3L 20.91(1) 9.94 20.30 9.46 20.34 9.55 

H2L 30.12(1) 9.21 29.30 9.00 29.30 8.96 

HL 38.83(1) 8.71 37.60 8.30 37.62 8.32 
avalues in parentheses are standard deviations on the last significant figure. 

The spectroscopic properties of hydroxamic ligands are rather poor. There is only one transition 

band with λmax = 230 nm, which develops when hydroxamic groups start to deprotonate [77, 111]. 

Nevertheless, this transition band is very helpful during the monitoring of zirconium complexes 

formation. The comparison of spectral behaviour of free ligand and complexed ligand solution could 

bring information about the formation of fully deprotonated ligand and consequently fully complexed 

metal. When the spectroscopic behaviour on the ligand alone is monitored, the 230 nm band starts  

to appear at pH > 7, suggesting the ligand deprotonation process. Some hardly detectable differences  

in the shape of the spectra were noticed for all hydroxamic ligands studied, and they are assumed to 

depend on the structures of the ligands. The spectra of H4L1+ are presented in Figure 16. 
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Figure 16. The UV-Vis spectra of H4L1+ in the pH range 1.0 - 11.0, cL1 = 0.050 mM (a), I = 1.0 M NaClO4, 

T = 25.0 ± 0.2 °C. 

4.2.2 Solution chemistry of Fe(III) - DFOB complexes 

Although the Fe(III) - DFOB speciation is already well characterized [79, 83, 142] in order  

to use the stability constants and spectral characteristics of appropriate complexes in competition 

experiments with Zr(IV), they all were redetermined under experimental conditions of this work  

(1.0 M NaClO4).  

As complex formation for Fe(III) - H4L1+ started at pH of around 0 and complexation process 

was complete at pH < 2, the experimental protocol for the determination of stability constants was 

similar to that of previously described systems [81, 118] and combined (i) batch UV - Vis titrations 

carried out in pH range 0.1 - 2.3 pH with (ii) potentiometric titrations in pH range 2.0 - 11.0.  

The UV–Vis spectra of the Fe(III) - H4L1+ complexes as a function of pH are shown  

in Figure 17a. The pH-dependent spectral profile indicates the presence of only two absorbing species 

within the measured pH range (from 2.5 to 0.1, Figure 17b).  The ligand to metal charge transfer band, 

LMCT, with max at around 430 nm was decreasing and shifting towards longer wavelengths, 470 nm, 

with pH decrease to pH 1; this spectral behaviour corresponds to three (ε430 = 2.4⸱103 M-1cm-1,  

Figure 17b) and two hydroxamates (ε470 = 2.2⸱103 M-1cm-1, Figure 17b), respectively, involved in Fe(III) 

binding, and complexes with 1:1 metal-to-ligand stoichiometry. Further decrease of absorbance, 

observed below pH 1, with an absence of the max shift towards longer wavelengths, comes rather from 

the complex decomposition than the change of the Fe(III) coordination sphere from two hydroxamates 

to one hydroxamate. This behaviour was previously described by Schwarzenbach [83]. Stability 

constants of the corresponding complexes were calculated as log𝛽[FeH2L1]
 and log𝛽[FeHL1] (Table 6) and 

the constants were kept fixed during the potentiometric calculations.  
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Figure 17. The UV-Vis experimental spectra for Fe(III) - H4L1+ titrations in the pH range 0.1 - 2.5,  

cFe(III) = 0.15 mM at metal to ligand molar ratio 1:1, I = 1.0 M NaClO4, 25 ± 0.2⁰C; (a) and calculated 

individual absorption spectra of Fe(III) - H4L1+ complex forms. 

Both pH-metric and spectrophotometric experimental data were used to calculate the stability 

constants in the pH regions where no increase in absorbance was observed (above pH 2.1). The  

pH-metric titration were carried out at 1:1 and 1:3 metal-to-ligand molar ratios. The log𝛽[FeL1] (Table 

6) corresponded to the species with deprotonated amino group of the H4L1+; pK = 10.70 is very close  

to the deprotonation of the amino group of free ligand (pK = 10.97). Allowing for the change in ionic 

strength, the stability constants and spectral characteristics determined for ferric complexes of H4L1+   

in the present work (Table 6) are in a very good agreement with those published earlier [79, 83, 142]. 

The species distribution diagram is shown in Figure 18.  

Table 6. Stability (logβ) constants and spectral parameters (extinction coefficient ⸱103 [M-1cm-1])  for  

Fe(III) - H4L1+ complexesa  

 Complex 

form 

This work 1.0 M NaClO4, 25°C 0.2 M KCl, 25°C [79]  

  logβ pK logβ pK 

 FeH2L 42.82(2) 

ɛ470 = 2.2 

-  42.1 

ɛ470 = 2.0  

- 

 FeHL 41.80(5) 

ɛ430 = 2.5 

1.02 41.01 

ɛ430 = 2.6 

1.39 

 FeL 31.10(3)b 10.70 30.4 10.61 
acharges omitted for clarity, I = 1.0 M NaClO4, T = 25.0 ± 0.2 °C; values in parentheses are standard deviations on the last significant figure; 
bcalculated from potentiometry data evaluation 
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Figure 18. Species distribution diagram for Fe(III) - H4L1+ system, I = 1.0 M NaClO4,  

T = 25.0 ± 0.2 °C, cFe(III) = 0.15 mM, metal-to-ligand molar ratio 1:1. 

4.2.3 Solution chemistry of Zr(IV) - DFOB complexes  

The spectra collected for Zr(IV) - H4L1+ solutions in metal-to-ligand molar ratios of 1:1, 1:2 

and 1:3, all at pH 3 and 5, were only slightly different by intensity, and characterised by the presence  

of a single peak corresponding to mononuclear {ZrL1}+ complex (m/z 647.24) (Figure 19). The ligand 

itself is characterised by the signal at m/z = 561.36, corresponding to {H4L1}+ form. The formation  

of zirconium complex and its stoichiometry was confirmed by comparison of the isotopic pattern and 

elemental composition of experimental and simulated results.  

 

Figure 19. The ESI-MS spectra for Zr(IV) - H4L1+ system in metal-to-ligand molar ratio 1:1 at pH 5. The spectra 

were collected in MeOH/H2O 80/20 w/w mixture in positive mode. 
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Potentiometric titrations for Zr(IV) - H4L1+ system were carried out in the pH range 2.3 to 11.0, 

at the metal-to-ligand molar ratios 1:1.2, 1:2 and 1:3. A satisfying fit of the potentiometric  

Zr(IV) - H4L1+ titrations was obtained using a model containing only mononuclear complexes 

throughout the entire measured pH range, i.e. [ZrHL1]2+, [ZrL1]+, [ZrL1H-1] (Table 7, Figure 22).  

As already explained, the competition between H4L1+ and hydroxyl ions for Zr(IV) binding was used  

to measure the stability of the Zr(IV) - H4L1+ complexes, and therefore the known stability constants  

of Zr(IV) hydroxocomplexes (see 2.3.6 Hydrolysis constants) were included in the calculations. In the 

first species, with the stability constant log𝛽[ZrHL1] = 46.4, the three hydroxamate groups are assumed 

already bound to Zr(IV); the proton associated with the complex is on the free amine of the ligand which 

is not (apparently) displaced by Zr(IV). The [ZrHL1]2+ complex dominates the solution from  

pH 2 up to pH  6.4. The deprotonation of [ZrHL1]2+ to [ZrL1]+ (log𝛽[ZrL1] = 40.04) occurs with pK  

of 6.36, which could be attributed to the deprotonation of a water molecule from the coordination sphere 

of Zr(IV). Analogous behaviour was observed for Zr(IV) - EDTA system, where the pK of the 

deprotonation of water was reported as 6.2 [25]. If this interpretation is correct, the [ZrL1]+ species 

should be rather noted as [ZrHL1H-1]+ or even [ZrHL1(OH)]+.  With further increase of pH, the last 

deprotonation step was observed, leading to [ZrL1H-1] complex (log𝛽[ZrL1H−1] = 29.15). The pK = 10.87 

could be assigned to the deprotonation of the amino group of H4L1+ ligand; the value is very close to 

the pK of free amino group (10.97, Table 5), and to the pK of amino group dissociation in Fe(III) (10.70, 

Table 7) and Ga(III) (10.14) [77] complexes, where it did not participate in the metal binding. The two 

above discussed dissociation steps were also observed for Th(IV) complexation to H4L1+, however, the 

pKa were ascribed in reverse, i.e. 7.7 to the amino group dissociation and 10.3 to metal hydroxide  

formation [78].  

It has to be mentioned, that there might be an alternative interpretation of pK of 6.36. Due  

to a very strong tendency of Zr(IV) to hydrolysis, one cannot exclude a possibility of the formation of 

mixed Zr(IV) - H4L1+ - OH complex even at acidic conditions. If this would be the case, pK of 6.36 

might correspond to the substitution of an amide group (probably an amide oxygen) by the OH- ion  

in the inner-sphere of Zr(IV) ion, suggesting for [ZrHL1]2+ a different coordination environment with 

respect to the structure proposed by DFT calculations [143]. Even if, to the best of our knowledge, there 

are some examples showing Zr(IV) binding to the oxygen from C(O)NH group [52, 53] only when  

a stable 5-member ring with strong amine donor was created, and in the current Zr(IV) - H4L1+ complex 

the formation of 7-member tensioned ring seems improbable, one cannot exclude such a possibility. 

Unfortunately, the 13C NMR experiments performed to clarify the possibility of amide binding could 

not be conclusive due to a precipitation of Zr(IV) - H4L1+ from the solution at pH 7.5 (due to high 

concentration of the ligand and complex = 3.2 mM, and long waiting time, i.e. up to 20 h, required  

to collect reasonable 13C NMR spectra). All the stability constants determined for Zr(IV) - H4L1+ system 

are collected in Table 10 and the species distribution diagram is shown in Figure 22. 
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As the stability constants were determined by competition with hydroxide at high pH, and  

it is known that slight changes in pH are difficult to extrapolate in the high pH region of the titration 

curve corresponding to the formation of Zr(OH)4 and the low pH region, where only [ZrHL1]2+ complex 

was dominating, and estimation of the free Zr(IV) ions concentration by the difference of Zr(IV) total - 

Zr(IV) bound is not reliable, additional, UV-Vis spectrophotometric experiments were carried out.  

First, the UV-Vis titrations of Zr(IV) - H4L1+ equimolar solution in the pH range from 1.0  

to 11.0 were performed (Figure 20a), in order to analyse the spectral changes corresponding  

to hydroxamate groups protonation state [83, 120]. The spectra of Zr(IV) - H4L1+ remain stable in the 

pH range 0.1 - 4.0, with the well-developed 230 nm shoulder, suggesting the fully coordinated complex 

formed  < pH 1. This behaviour confirms the results obtained from potentiometric data, and indicates 

that the three hydroxamate groups are dissociated, and therefore most probably bound to Zr(IV) ions, 

already at very acidic pH. The disappearance of the band with max at 230 nm was earlier clearly seen 

in acidic range for Ga(III) - DFOB (and was associated with two protonation constants, logK1 = 1.10 

and logK2 = 0.78) [77] and Th(IV) - DFOB (with pK1 = 1.9) [77] complexes. When the pH was raised 

to 7.0, the development of 220 nm shoulder with an isosbestic point at 230 nm allowed to calculate  

pK = 5.6, probably corresponding to [ZrHL1H-1] complex formation.   
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Figure 20. The UV-Vis experimental spectra for Zr(IV) - H4L1+ titrations at pH range 1.0 - 11.0 in the 

meatl-to-ligand molar ratio 1:1 cL1 = 0.055 mM, I = 1.0 M NaClO4, T = 25.0 ± 0.2 °C (a) and calculated 

individual absorption spectra (b).  

Assuming the formation of only one, monomeric [ZrHL1]2+ complex at low pH range, the 

stability of Zr(IV) - H4L1+  complexes was confirmed using a UV-Vis competition batch experiments. 

The competition titration was performed in perchloric media at pH 2, to prevent hydrolysis of the metal 

ions and to avoid the decomposition of H4L1+, which is known to occur under acidic conditions [50]. 

The metal competition titration, using Zr(IV) as a competing metal is demonstrated in Figure 21, and  

reflects the changes in UV-Vis absorbance upon the addition of up to 3 equiv. of Zr(IV) to a solution of 

Fe(III) - H4L1+; the large LMCT band centred at 430 nm characteristic of trihydroxamate [FeHL1]+ 
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species decreased gradually. The refinement of the titration data, using the Fe(III) - H4L1+ stability 

constants (Table 6), ligand protonation constants (Table 5), together with the Fe(III) and Zr(IV) 

hydrolysis constants, yielded a log𝛽[ZrHL1] value of 47.7 for [ZrHL1]2+.  To confirm that the Fe(III) - 

H4L1+ + Zr(IV) (Figure 21a) exchange experiments gave a true equilibrium constant, additional 

experiments were performed, approaching the same equilibrium position by another metal competition, 

i.e. titrating Zr(IV) - H4L1+ by Fe(III) (Figure 21b), as well as titrating a solution with Fe(III) and Zr(IV) 

equimolar mixture by H4L1+ (Figure 21c), both performed at pH = 2. Although the spectra in Figure 21b 

are dominated by absorbance of ferric species present in high excess (up to 300 equiv.), the refinement 

of the spectral data led to identical log value, 47.7 for [ZrHL1]2+. The log𝛽[ZrHL1] from spectral data 

given in Figure 21c, was calculated as 47.3. The metal-metal competition titration with NTA revealed 

the logβ[ZrHL1] = 46.1 (Figure 21d).  
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Figure 21. Four types of competition titration experiments performed for H4L1+:Fe(III) - H4L1+ complex titrated by 

Zr(IV) stock solution (starting from 0 equiv. up to 3 equiv.), cFe(III)  = cL1 = 0.16 mM (a); Zr(IV) - H4L1+ complex 

titrated by Fe(III) stock solution (starting from 0 equiv. up to 300 equiv.), cZr(IV) = cL1 = 0.15 mM (b); Zr(IV) - Fe(III) 

mix metals  solution titrated by H4L1+ stock solution (starting from 0 equiv. up to 4 equiv.) cZr(IV) = cFe(III) = 0.18 

mM (c); I = 1M NaClO4; the UV-Vis spectra of competition titration of Fe(III) - H4L1+ + Zr(IV) - NTA system at 

pH 2, cFe(III) = cL = 0.08 mM, (d), I = 0.1M NaClO4. All experiments performed at pH 2.0, T = 25.0 ± 0.2 °C.  
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 Table 7. Stability (log) constants of Zr(IV) complexes with H4L1+ (DFOB) in aqueous solutiona   

  logβ logK  

 log𝛽[𝑍𝑟𝐻𝐿1] 46.4 (1)b    

  47.7 (2)c    

  47.7 (1)d    

  47.3 (6)e    

  46.1 (2)f   

 log𝛽[ZrHLH−1]  40.04 (3)b 6.36 

5.6(2)g 

 

 log𝛽[ZrLH−1]  29.15 (9)b 10.89  

a I = 1.0 M NaClO4, T = 25.0 ± 0.2 °C, charges are omitted for clarity; b calculated from potentiometric titrations; c calculated from 

competition UV-Vis titrations Fe(III) - H4L1+ + Zr(IV); d calculated from competition UV-Vis titrations Zr(IV) - H4L1+ + Fe(III); 
ecalculated from competition UV-Vis titrations Zr(IV) - Fe(III) + H4L1+ ; f calculated from competition UV-Vis titrations Fe(III) - H4L1+ 
+ Zr(IV) – NTA; g calculated from pH - dependent UV-Vis titrations. 
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Figure 22. Species distribution diagram for Zr(IV) - H4L1+ system (based on the data calculated form 

potentiometric titrations, Table 5 and Table 7), cZr(IV) = 1.0 mM, cL1 = 1.0 mM.  

4.2.4 Isothermal titration calorimetry studies for Zr(IV) - DFOB 

The ITC method is a useful tool for the investigation of the metal-ligand interactions in solution 

and was used herein as an additional technique to prove the stoichiometry of the complex formed  

in solution of Zr(IV) and H4L1+ at pH 1.0. This low pH was chosen in order to avoid hydrolysis  

of Zr(IV), which was used as a titrant at 8 mM concentration. The results in the form of binding 

isotherms, that depend on stoichiometry (n), binding constant (KITC) and change on enthalpy (ΔHo
ITC), 

are shown in Figure 23 with details of calculated fitting curves. The peak for the first injection of Zr(IV) 

stock solution into H4L1+ solution was lower than that of the second one which is a common 

phenomenon of dilution effect in ITC experiments. For this reason, the energetic effects of diluting 

H4L1+ solutions as well as the effects of titration of Zr(IV) stock solutions with the solvents investigated 
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were subtracted from the energetic effects of the titration measurements. Estimated values of KITC, n, 

ΔHo
ITC and ΔSo

ITC together with calculated Gibbs free energy ΔGITC, are given in Figure 23, Table 8.The 

isotherm obtained for studied system could be fitted with 'independent site' model due to only one 

exothermic inflection point (ΔHo
ITC < 0) showed. Many classical interactions between ligand and metal 

ions are described by 'independent' model used to match the resulting binding isotherms that is based  

on 1 for 1 approach [144, 145]. 

 

Figure 23. The ITC experiments of the titration of H4L1+ stock solution by Zr(IV), at pH 1.0; raw data 

(top) and calculated model (bottom). 

 

Table 8. Data of ITC calculationa 

 Model Independent   

 K
a
 4.64·10

4
  

 ΔH
o

ITC
 -69.19 kJ/mol  

 n 1.004  

 K
d
 2.16·10

-5
  

 ΔS
o

ITC
 -0.143 kJ/mol·K  

 ΔG
o
 -26.64 kJ/mol  

a cZr(IV) = 8 mM, cL1 = 1 mM, I = 1.0 M NaClO4, T = 25.0 ± 0.2 °C, pH 1.0 

Indeed, it is valuable when the results of two different methods, like ITC and potentiometry can 

lead to matching results. To relate the stability of Zr(IV) - DFOB complexes obtained from 

potentiometric and ITC data, we have used Hyss program to calculate an apparent stability constant  

at pH = 1, including stability constants determined by potentiometry (Table 7) and concentration ranges 

used in ITC (cZr(IV) from 0.08 up to 2 mM, cL1 = 1 mM). The estimated logKapp = 10.51 seems  

to be definitely higher than logKITC = 4.67. However, it has to be underlined that titration calorimetry 

measures the sum of the heat, HITC, associated with all processes occurring upon addition of aliquots 

of the titrant (here Zr(IV) stock solution), to the solution of ligand [144]. Although the heat of dilution 
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of the titrant was corrected, the heat associated with other possible coupled processes, like the hydrolysis 

reactions of Zr(IV) ion or proton displacement from the H4L1+ ligand upon metal binding, were not.  

As already indicated, the hydrolysis of Zr(IV) ions may be particularly insidious as it depends on the 

concentration and there is a significant dilution of the metal when it is injected into the H4L1+ solution 

in the cell; still to minimize the hydrolysis influence we have chosen to perform the experiments  

at pH = 1. On the other hand, under these experimental conditions the hydroxamate groups of H4L1+  

are protonated (logK = 9.94, logK = 9.21, logK = 8.71, Table 5) and the coordination of Zr(IV) ions has  

to force the release of three protons. As it was previously shown for Ca(II) binding to EDTA, the 

ionization enthalpy is always unfavourable, and dramatically decreases metal affinity by reduction  

of the enthalpy term of the stability function [146]. Here, due to a very narrow experimental window 

caused by Zr(IV) hydrolysis problem on the one hand, and instability of DFO under very acidic 

conditions on the other hand,  we could not determine the deprotonation contributions to HITC and KITC. 

Other factors that may influence the HITC and KITC are solvation effects that represent interactions 

between the metal ion/ligand and water molecules which are displaced when the complex is formed. 

4.3 The solution thermodynamic stability of complexes of cyclic ligands H3L2, 

H4L3 and H3L4 

4.3.1 Ligand protonation constants of H3L2, H4L3 and H3L4 

The protonation equilibria of H3L2 and H4L3 were followed by potentiometric titrations in the 

pH range 2.0 - 11.0. Data analysis allowed to determine three protonation constants for H3L2 and four 

protonation constants for H4L3; all of them fall in the pH range 8.0 - 10.0 and can be attributed to the 

hydroxamate groups (Table 9). For each ligand, the protonation constants were assigned by comparing 

them with the known protonation constants of hydroxamate ligands [78, 81, 111, 120]. Allowing for the 

change in temperature, ionic strength and ligand’s structures, the protonation constants of H3L2 and 

H4L3 are in excellent agreement with the literature values of cyclic hydroxamate siderophore - DFOE 

(log K1 = 9.89, log K2 = 9.42 and log K3 = 8.65), published by Anderegg et al [120]. The pH dependent 

UV-Vis titrations of H3L2 and H4L3 (Figure 25) revealed the development of a strong band with  

λmax = 230 nm, when pH was rising from 7 up to 11, which is usually observed for hydroxamic groups 

deprotonation process [77, 111]. The amino group protonation of H4L3 was not detectable in the 

experimental pH range. We are aware that the electron-withdrawing character of both, the -NH3
+ and  

-NHOH groups affects the acidity of the other group in comparison with that in the related 

nonsubstituted compound H3L2.  

The amino group protonation constant was not detectable in the experimental pH range. 

However, I am aware that the electron-withdrawing character of both, the -NH3
+ and -NHOH groups 
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affects the acidity of the other group in comparison with that in the related non-substituted compounds 

H3L2 and H3L4. As it was previously reported on the example of α- and -alaninehydroxamic acids, the 

amino group may be more acidic than hydroxamic one, or vice versa [75, 89].  Based on the protonation 

constant of amino group of DFOB (logKamine = 10.97 [111]), I assume, for H4L3 it is > 11. As the 

protonation processes of amino and hydroxamate groups overlap and cannot be distinguished by 

potentiometry, to elucidate the protonation microequilibria, of H4L3, the 1H NMR titrations should be 

done. However, because such a precise analysis is not needed for the determination of stability of Zr(IV) 

and Fe(III) complexes stability, it was not performed. 

As was mentioned before, the H3L4 was already investigated by our group, under the same 

experimental conditions as used herein, that’s why the protonation constants data were just double-

checked by me. Since the data obtained for values appeared to be different only in error range and there 

is no reason to introduce new, almost superimposed data, the protonation constants used for Zr(IV) 

complexes stability calculations were taken from the literature [147].  

The protonation constants of H3L2 and H4L3, H3L4 and DFOE are collected in Table 9, and the 

species distribution diagrams are presented for H3L2 and H4L3 (Figure 24) as examples [81, 147]. 

Table 9. The logβ and logK values for H3L2, H4L3, H3L4  and DFOE ligandsa  

Assign

-ments 

H3L2 H4L3  H3L4 (FOX 2-5) 

[147] 

DFOE [119] 

 logβ logK logβ logK logβ logK logβ logK 

HL 9.89(1) 9.89 10.06(1) 10.06 9.86 9.86 9.89 9.89 

H2L 19.13(1) 9.24 19.65(1) 9.59 19.09 9.23 19.31 9.42 

H3L 27.44(1) 8.31 28.59(1) 8.94 27.53 8.44 27.96 8.65 

H4L  - 36.77(1) 8.18 - - - - 
a values in parentheses are standard deviations on the last significant figure; experimental condition for ligands investigated in this work  
I = 0.1 M (NaClO4), T = 25.0 ± 0.2 °C; experimental condition for DFOE 0.1 M NaNO3, 20◦C. 
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Figure 24. Calculated species distribution diagrams for H3L2 (a) and H4L3 (b), at fixed concentration of 

the ligands: cL = 1.0 mM.  
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The spectra of cyclic H3L2 and H4L3 ligands are presented in Figure 25.  
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Figure 25. UV-Vis titration of H3L2 in the pH range 1.0 - 11.0, cL2 = 0.045 mM (a) and H4L3 in the pH range  

1.0 -11.0, cL3 = 0.05 mM (b), I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C. 

4.3.2 Ferric complexes of H3L2, H4L3 and H3L4 

The ESI-MS spectra of Fe(III) - H3L2 and Fe(III) - H4L3 revealed only mononuclear species. 

Both complexes were observed as protonated molecules, at respective m/z values of 621.21 and 926.40, 

in accordance with the isotopic pattern and elemental composition, as shown in Figure 26 (Table 10). 

The stoichiometry of Fe(III) - H3L4 complexes was already investigated in my lab [81, 147] and 

therefore these spectra are not shown. 
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a) 

 
b) 

 
Figure 26. The ESI-MS spectra for Fe(III) - H3L2 (a) and Fe(III) - H4L3 (b) solutions all in metal-to-ligand 

molar ratio 1:1, at pH 5. The spectra were collected in MeOH/H2O 80/20 w/w mixture in positive mode.  

 

Table 10. Intensity maxima of major Fe(III) complexes of investigated ligands by ESI-MSa 

Complex Pseudomolecular ion m/z experimental m/z simulated 

Fe(III)-H3L2 {[FeL2] + H+}+ 612.21 612.21 

Fe(III)-H4L3 {[FeHL3] + H+}+ 926.40 926.41 

{[FeHL2] + Na+}+ 948.38 948.39 

aMeOH/H2O 80/20 w/w mixture in positive mode. 

The following speciation could be drawn from the pH-dependent UV-Vis spectra collected for 

Fe(III) - H3L2 and Fe(III) - H4L3: the complexes formation starts at pH < 1 involving two hydroxamate 

groups coordinated to Fe(III) ion, while the three hydroxamate complexes are observed over  

pH range 3 - 9. Above pH 9, the absorbance begins to decrease, while the baseline starts to slightly 

increase. Most probably because of the hydrolysis of ferric ions which competes with the complexation 



 EFFICIENT CHELATING AGENTS FOR Zr(IV) IONS: DESIGN, SYNTHESIS AND THERMODYNAMIC PROPERTIES 

  

65 
 

process. Of importance, to calculate the thermodynamic stability constants we used the experimental 

data only from the pH range where no decrease of absorbance was observed. 

The formation of the dihydroxamate [FeHL2]+ complex form were observed by spectroscopic 

evolutions of 470 nm band in the pH range 1.0 up to 2.35; then the maximum was shifted slightly towards 

shorter wavelengths (λmax = 430 nm) with pH increase up to 6.1 and the formation of trihydroxamate 

[FeL2] species (Figure 27). The thermodynamic stability constants of the log𝛽[FeHL2]+ = 31.8 (ε470 = 

2.0⸱103 M-1cm-1) and log𝛽[FeL2] = 28.59 (ε430 = 2.7⸱103 M-1cm-1), pK = 3.21, were calculated and listed 

in Table 11. The pK calculated for the same deprotonation step by refinement of the potentiometric data 

is 2.99 (the log𝛽[FeHL2]+ was kept fixed during the potentiometric data evaluation), which is again in 

good agreement.  

a) b) c) 
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Figure 27. The UV-Vis spectra of Fe(III)-H3L2 system at the metal-to-ligand molar ration 1:1 in the pH 

range 1.0 - 2.35, cFe(III) = 0.082 mM (a), 2.4 - 9.0 , cFe(III) = 0.15 mM (b) and calculated individual absorption 

spectra of ferric complexes of H4L3 (c); I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C.  

 

The formation of the dihydroxamate [FeH2L3]+ complex species was observed by spectroscopic 

evolutions of the wide band with max at 470 nm, when the pH raised form 0.1 up to 1.9 (Figure 28). The 

log𝛽[Fe𝐻2L3]+ calculated is 39.96 with the extinction coefficient ε470 = 2.2⸱103 M-1cm-1.  
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Figure 28. The UV-Vis spectra of Fe(III) - H4L3 system at the metal-to-ligand molar ratio 1:1 in the pH 

range 1.0 - 8.8, cFe(III) = 0.048 mM (a); electronic spectra of ferric complexes with H4L3 (b); I = 0.1 M 

NaClO4, T = 25.0 ± 0.2 °C. 

Starting from pH 2 up to 4.5 the new band appears at 430 nm and isosbestic point at 470 nm is 

observed, suggesting the formation of fully coordinated trihydroxamate [FeHL3] complex with the  

logβ = 36.96 (ε430 = 2.6⸱103 M-1cm-1). The pK value calculated from UV-Vis data is 3.00, while the pK 

calculated for the same deprotonation step from the potentiometric data refinement is 3.14 

(log𝛽[FeH2L3]+ 39.96 was kept fixed during potentiometric data refinement), what is in good agreement  

(Table 11).  

Allowing the structural difference and change in ionic strength, the extinction coefficients  

of both H3L2 and H4L3 systems for the di- and trihydroxamate complexes are in excellent agreement 

with previously published data [81, 111, 120, 148]. Based on the UV-Vis data distribution diagrams 

were calculated and are shown in the Figure 29.  

Table 11. Stability (logβ) constants and spectral parameters (extinction coefficient ⸱103 [M-1cm-1])  for 

studied complexes with Fe(III) ionsa 

Complex 

form 

                                                  Compound 

H3L2 H4L3 H3L4 (FOX 2-5) [147]       DFOE [120] 

logβ pK logβ pK logβ pK logβ pK 

FeH2L -  -  39.96(3) 

ɛ470 = 2.1 

- - - -  

- 

FeHL 31.80(3) 

ɛ470 = 2.0 

- 36.96(7) 

ɛ430 = 2.6 

36.82(6)b 

3.00 

3.12b 

- - - - 

FeL 28.59(2) 

ɛ430 = 2.7 

28.1(1)b 

3.21 - - 31.43 

ɛ440 = 2.5 

- 32.43 

ɛ430 = 2.6 

- 

acharges omitted for clarity; experimental conditions for H3L2, H3L3, H3L4 I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C; experimental conditions 
for DFOE 0.1 M NaNO3, 20◦C values in parentheses are standard deviations on the last significant figure; bcalculated from potentiometry 

data evaluation. 
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Figure 29. Calculated species distribution diagrams for Fe(III) - H3L2 (a) and Fe(III) - H4L3(b) systems;  

cFe(III) = 1.0 mM, cL = 1.0 mM; logβ values for H3L2 and H4L3 and their Fe(III) complexes are given in 

Table 11 and Table 9. 

The data for Fe(III) - H3L4 was not shown, since the system was already investigated by our 

scientific group under the same experimental conditions [81, 147]. It should be noted that only UV-Vis 

band characteristic for the tris-hydroxamate complex form (λmax = 430 nm) was observed already  

at pH 1. The H3L4 is an analogue of the DFOE and according to the literature, its cavity perfectly fits 

Fe(III) iron, and explains the extraordinary stability of Fe(III) - H3L4 complexes [120, 147]. 

4.3.3 Zirconium complexes of H3L2, H4L3, H3L4 and DFOE 

The spectra were collected for Zr(IV) - H3L2/H4L3/H3L4 solutions in metal-to-ligand molar 

ratios of 1:1 and 1:2 for Zr(IV), all at pH 3. The spectra collected for the same Zr(IV) - L system differed 

only slightly by intensity that is why only the spectrum for one molar ratio has been shown. For all 

investigated systems, the analysis of the ESI-MS data revealed only mononuclear complexes  

(Figure 30, Table 12). 

The Zr(IV) - H3L2 spectra showed  single peak at 645.18 m/z corresponding  to the {[ZrL1]+}+ 

complex (Figure 30a). The Zr(IV) - H4L3 spectra were characterized by the presence of two peaks 

981.35 and 502.18 m/z corresponding to mononuclear complexes {[ZrL3] + Na+}+  

and {[ZrL3] + 2Na+}2+ (Figure 30b). The spectra collected for Zr(IV) complex with H3L4 reveal presents 

of single peak 684.23 m/z corresponding to mononuclear species {[ZrL4]+}+ (Figure 30c). 
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a) 

 
b) 

 
c) 

 
Figure 30. The ESI-MS spectra for Zr(IV) - H3L2 (a), Zr(IV) - H4L3 (b) and Zr(IV) - H3L4 (c)  systems in 

metal-to-ligand molar ratio 1:1 at pH 5. The spectra were collected in MeOH/H2O 80/20 w/w mixture in positive 

mode. 
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Table 12. Intensity maxima of major complexes of H3L2, H4L3 and H3L4 with Zr(IV) ions observed by 

ESI-MSa 

Complex Pseudomolecular ion m/z experimental m/z simulated 

Zr(IV) - H3L2 
{[ZrL2]

+

}
+

 645.18 645.18 

Zr(IV) - H4L3 
{[ZrL3] + 2Na

+

}
2+

 502.18 502.18 

{[ZrL3] + Na
+

}
+

 981.35 981.35 

Zr(IV) - H4L4 {[ZrL4]+} 687.23 687.23 
a MeOH/H2O 80/20 w/w mixture in positive mode  

 

The UV-Vis titrations of Zr(IV) - H3L2 equimolar solution over pH range from 0.1 to 11.0  

(Figure 31a, b) showed a well-defined absorbance band in the 200 - 300 nm range. The significant 

changes and the presence of an isosbestic point observed with the pH increase from 0.1 until 0.9, allowed 

to calculate pK1 = 0.4; then 230 nm shoulder remains stable up to pH 4.6. With the pH raised further  

up to 7.0, the development of 220 nm shoulder with an isosbestic point at 230 nm allowed to calculate 

pK2 = 5.34. From pH 7.0 the spectra do not reveal any significant changes until pH 9.0, where probably 

the hydrolysis started. Since the information about hydrolysis of the hydroxamate ligands under acidic 

pH is widely described in the literature [83, 142], the pK1 = 0.4 value is relatively uncertain, however, 

indicates that the three hydroxamate groups are dissociated, and therefore most probably bound to 

Zr(IV) ions, already at  pH < 2.0. Assuming the formation of only monomeric complex, the stability of 

[ZrL2]+ complex was determined via UV-Vis competition batch experiments, using Zr(IV) - NTA 

solution as a competing system for Fe(III) - H3L2 complex (Figure 32a). The large LMCT band centred 

at 470 nm characteristic of dihydroxamate [FeHL2]+ species decreased gradually, and the refinement  

of the titration data, using the Fe(III) - H3L2 stability constants (Table 13), together with the Fe(III) and 

Zr(IV) hydrolysis constants, yielded a log𝛽[ZrL2]+ value of 34.8.  

The UV-Vis titration data of the Zr(IV) - H4L3 system (Figure 31c, d) showed the development 

of 230 nm shoulder upon pH increase from 0.1 up to 3.0 and allowed to calculate  

the pK = 2.2.  Further, the spectra did not reveal any significant changes over pH range 3.1 - 9.0, where 

probably the hydrolysis started. The [ZrHL3]+ was assumed to be major complex form at pH 1.5,  

and its stability was determined via Fe(III) - H4L3 + Zr(IV) - NTA (Figure 32b). The refinement  

of the titration data yielded log𝛽[ZrHL3]+ = 45.9 (Table 13). 

The UV - Vis spectra of Zr(IV) - H3L4 system were very similar to the spectra described above 

for H3L2 (Figure 31e, f); at pH around 7 the slight blue shift of the 230 nm band appeared together with 

the isosbestic point, allowing to calculate the pK = 7.2 for Zr(IV) (Table 13). The evaluation  

of the competition titration data for Fe(III) - H3L4 + Zr(IV) - NTA revealed the log𝛽[ZrL4]+ = 35.46  

(Figure 32c, Table 13). Additionally, the same kind of titration have been performed for Fe(III) - DFOE 

+ Zr(IV)-NTA, which gave log𝛽[ZrDFOE]+ = 35.54 (Figure 32d, Table 13). It is worth noting that during 
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the competition titrations for the H3L4 ligand and DFOE,  a decrease of 430 nm (typical for  

tris-hydroxamate iron complexes) band was observed since all three hydroxamate groups are bound 

already at pH < 2 [147].   
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Figure 31. The UV-Vis spectra and calculated individual absorption spectra of Zr(IV) - H3L2,  

cL2 = 0.050 mM (a, b), Zr(IV) - H4L3, cL3 = 0.037 mM (c, d) and Zr(IV) - H3L4, cL4= 0.045 mM (e, f) systems 

at the metal-to-ligand molar ratio 1:1 in the pH range 1.0 - 11.0, I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C.   
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Using the values obtained from competition titrations (log𝛽[ZrL2]+= 34.8 and log𝛽[ZrHL3]+ = 

45.9) as fixed, the potentiometric data were calculated. The best fitted models revealed the presence  

of one additional complex form for Zr(IV) - H3L2 system: [ZrL2H−1], (log𝛽[ZrL2H−1] = 29.32) and one 

additional complex form for Zr(IV) - H4L3 system: [ZrL3], (𝑙𝑜𝑔𝛽[ZrL3] = 43.3) (Table 13). 

The potentiometric data reveal, that [ZrL2]+ complex dominates the solution from pH 3 up to 

pH ~ 5 where the deprotonation to [ZrL2H-1] occurs with pK = 5.48. These results are in line with the 

spectroscopic data (pK = 5.34) and could be associated with the dissociation of a water molecule from 

the unsaturated coordination sphere of the Zr(IV) ion (see 4.2.3 Solution chemistry of Zr(IV) - DFOB 

complexes). 
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Figure 32. The UV-Vis spectra of competition titration of Fe(III) - H3L2 + Zr(IV) - NTA, cFe(III) = 0.098 mM, cL2 

= 0.098 mM (a), Fe(III) - H4L3 + Zr(IV) - NTA, cFe(III) = 0.055 mM, cL3 = 0.055 mM (b) systems performed at 

pH 1.5 and of Fe(III) - H3L4 + Zr(IV) - NTA, cFe(III) = cL4 = 0.08 mM (d) and Fe(III) - DFOE + Zr(IV) - NTA, 

cFe(III) = cDFOE = 0.07 mM (d) systems performed at pH 2.0, I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C.   

The stability constants calculated from potentiometric titration of Zr(IV) - H4L3 system reveal 

the pK  = 2.6, which is in good agreement with the spectroscopic data (pK = 2.2) and could be assigned 
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to the deprotonation of the hydroxamic group and the formation of fully coordinated, tetrahydroxamate 

complex form. The [ZrL3] complex dominates the solution from pH 3 up to pH ~ 9, when probably the 

dissociation of the complex occurs (Figure 31c).    

The evaluation of the potentiometric data of Zr(IV) - H3L4 (with log𝛽[ZrL4] = 35.46 fixed) 

revealed the presence of an additional complex form: [ZrL4H-1], 𝑙𝑜𝑔𝛽[ZrL4H−1] = 28.35. The pK value 

calculated from potentiometric experiments is in excellent agreement with pH - dependent UV - Vis 

titrations (Table 13), and match the data obtained for the whole series of hydroxamate - based ligands. 

Table 13. Protonation constants of ligands and logβ of the complexes formed with Zr(IV)a 

Assignm

ents 

H3L2 H4L3 
H3L4 

(FOX 2-5)[147] 

DFOE  

logβ logK logβ logK logβ logβ logβ logK 

[ZrHL] - - 45.9(3)b 
2.6d 

2.2(1)c 

- - - - 

[ZrL] 34.8(2)b 
5.48d 

5.34(5)c 
43.3(1)b - 

35.46(5)b 7.03d 

7.2(1)c 
35.54(9)b - 

[ZrLH-1] 29.32(8)d - - - 28.31(7)d - - - 

a charges omitted for clarity, all measurements performed at T = 25.0 ± 0.2°C, I = 0.1 M NaClO4. 
b determined by metal-metal competition 

titrations; c determined by pH-dependent UV-Vis titrations; d determined by potentiometric titrations.  
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Figure 33. Calculated species distribution diagrams for Zr(IV) - H3L2 (a), Zr(IV) - H4L3 (b) and Zr(IV) - 

H3L4 (c) systems;  cZr(IV) = 1.0 mM, cL = 1.0 mM; ligand values for H3L2 and H4L3 and their Zr(IV) 

complexes are given in Table 13 and Table 9.  

4.4 The solution thermodynamic stability of complexes of tripodal and tetrapodal 

ligands H3L5, H4L6, H4L7 and H4L8 

4.4.1 Ligand protonation constants  

The acid-base behaviour of H3L5, H4L6, H4L7 and H4L8 ligand was calculated from the 

potentiometric titrations For each of these ligands, logK values calculated were assigned to the 

protonation of the hydroxamic groups (Table 14), considering they are almost identical to the 

protonation constants of DFOB [77, 79] and DFOE [120]. For H4L6 further two protonation constants 

were calculated and assigned (by comparison with the THPN ligand [58]) to two tertiary amine groups 

(logK5 = 4.06 and logK6 = 2.31). However, here I have to emphasise that these two constants were 

omitted in the complexation studies. The reason is that I couldn’t calculate the deprotonation constants 

of these groups in Fe(III) nor Zr(IV) complexes, since under the conditions of potentiometric 
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experiments (cM = cL ~ 1 mM) they precipitated above pH  3.  The other analytical methods, like  

UV-Vis or NMR spectroscopies are not helpful since they require light absorption (and therefore the 

presence of a chromophore in the investigated molecules) or, at least, milimolar concentrations, 

respectively.   Likewise, the amino group of H4L7 was neither included in the calculations; I assumed 

that the logK value is higher than logK values of hydroxamic units, as in the case of DFOB, and it 

deprotonates at pH > 11, where potentiometry is not accurate (see 4.3.1 Ligand protonation constants 

of H3L2, H4L3 and H3L4).  

Additionally, in the case of complexes with hard metal ions, the binding ability of amino groups 

is much lower than hydroxamate groups [104]. Consequently, was assumed that amino groups are not 

involved in the coordination processes. 

Table 14. The logβ and logK values for H3L5, H4L6, H4L7 and H4L8 ligands a  

Assign-

ments 

H3L5 (T4) 

[81] 

H4L6 H4L7 H4L8 

 

 logβ logK logβ logK logβ logK logβ logK 

HL 9.50 9.50 10.06(1) 10.06 10.07(1) 10.07 10.54(1) 10.54 

H2L 18.47 8.97 19.47(1) 9.41 19.33(1) 9.26 20.26(1) 9.72 

H3L 26.73 8.26 28.34(1) 8.87 27.98(1) 8.65 29.37(1) 9.11 

H4L - - 36.31(1) 7.97 35.57(1) 7.59 37.42(1) 8.05 

H5L - - (40.37(1))b (4.06)b - - - - 

H6L - - (42.68(1))b (2.31)b - - - - 
avalues in parentheses are standard deviations on the last significant figure I = 0.1 M (NaClO4), T = 25.0 ± 0.2 °C; b the values are not included 
in the calculation of complexes stability constants. 

The UV-Vis spectra of tetrapodal (H4L7 and H4L8) ligands are presented in Figure 34. 
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Figure 34. The UV-Vis spectra of H3L7, cL7 = 0.050 mM (a) and H3L8, cL8 = 0.050 mM (b); all the spectra collected 

in the pH range 1.0 - 11.0, I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C. 
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4.4.2 Ferric complexes of H3L5, H4L6, H4L7 and H4L8 

The stoichiometry of Fe(III) - H3L5 complexes was already investigated [81, 147]. In the  

ESI-MS spectra of Fe(III) - H4L6, Fe(III) - H4L7 and Fe(III) - H4L8 both mono- and di-nuclear species 

were noticed. The mononuclear complexes were represented by the signals at 849.17, 716.28 and 538.12 

m/z corresponding to {[FeHL6] + H+}+, {[FeHL7] + H+}+ and {[FeHL8] + H+}+, respectively.  

The binuclear complexes were revealed as mono-protonated adducts with chloride or perchlorate anions, 

{[Fe2L6]2+ + Cl-}+  and {[Fe2L8]2+ + ClO4
-}+ , and as di-protonated complex - {[Fe2L7]2+}2+ (Figure 35, 

Table 15).  
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a) 

 

b) 

 

c) 

 

 

Figure 35. The ESI-MS spectra of Fe(III) - H4L6 (a), Fe(III) - H4L7 (b), and Fe(III) - H4L8 (c) systems in metal-

to-ligand molar ratio 1:1 at pH 5. The spectra were collected in MeOH/H2O 80/20 w/w mixture in positive mode.  
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Table 15. Intensity maxima of major Fe(III) complexes of investigated ligands by ESI-MSa 

Complex Pseudomolecular ion m/z experimental m/z simulated 

Fe(III) - H4L6 {[FeHL6] + H+}+ 760.28 760.28 

 {[Fe2L6]2+ + Cl-}+ 849.17 849.17 

Fe(III) - H4L7 {[Fe2L7]2+}2+ 385.10 385.10 

 {[FeHL7] + H+}+ 716.28 716.28 

Fe(III) - H4L8 {[FeHL8] + H+}+ 538.12 538.12 

 {[Fe2L6]2+ + ClO4
-}+ 690.99 690.99 

aMeOH/H2O 80/20 w/w mixture in positive mode. 

The tetrapodal arrangement of hydroxamic groups in H4L6, H4L7, and H4L8 makes these ligands 

more flexible and capable to form mono- and di-ferric complexes, while H4L3 (see 4.3.3 Zirconium 

complexes of H3L2, H4L3 and H3L4) possesses four hydroxamic groups in cyclic arrangement, which 

impedes the fitting of two ferric ions in ligand cavity. 

Therefore, for ferric systems of H4L6, H4L7 and H4L8 ligands the pH-dependent UV-Vis 

titrations were performed at two different metal-to-ligand molar ratios 1:1 and 2:1.  

The pH-dependent UV-Vis titrations started from pH 1, where an absorption band at 460 - 470 

nm appeared suggesting a di-hydroxamate complex formation. As pH increased, the transition shifted 

to higher energy, with max at 430 nm, forming an isosbestic point at ~480 nm, indicating the formation 

of three-hydroxamate iron complex [79, 81, 83, 111].  Further pH increase caused no changes  

in the spectra, however at pH ~ 7 (the exact data for each complex are shown in Figure 36) the baseline 

started to rise up together with a decrease of the absorbance.  
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Figure 36. The pH - dependent UV-Vis titration together with the calculated individual absorption spectra  

of Fe(III) - H4L6 cFe(III) = 0.090 mM, cL6 = 0.090 mM (a,b); Fe(III) - H4L7 cFe(III) = 0.057, cL7 = 0.060 (c,d) 

and Fe(III) - H4L8 cFe(III) = 0.079 mM, cL8 = 0.080 mM (e,f); all measurements performed at I = 0.1 M 

NaClO4, T = 25.0 ± 0.2 °C. The pH ranges are shown at each spectra.  

The pH dependent titrations at metal-to-ligand molar ratio 2:1 showed only 460 - 470 nm band 

rise up along with the pH increase from 1 up to ~ 3 (the exact data for each complex are shown  

in Figure 37); than a decrease of the transition band together with the baseline increase was observed, 



 EFFICIENT CHELATING AGENTS FOR Zr(IV) IONS: DESIGN, SYNTHESIS AND THERMODYNAMIC PROPERTIES 

  

79 
 

probably caused by complex dissociation. The evaluation of the spectroscopic data revealed the 

log𝛽[Fe2L]2+ values, which are presented in Table 16. 
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Figure 37. The pH - dependent UV-Vis titration together with the calculated individual absorption spectra  

of Fe(III) - H4L6 cFe(III) = 0.173 mM, cL6 = 0.090 mM (a, b); Fe(III) - H4L7 cFe(III) = 0.119, cL7 = 0.060 (c, 

d), and Fe(III) - H4L8 cFe(III) = 0.155 mM, cL8 = 0.080 mM(e, f); all measurements performed at I = 0.1 M 

NaClO4, T = 25.0 ± 0.2 °C. The pH ranges are shown at each spectra.  
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The trials to perform potentiometric experiments were successful only for  

Fe(III) - H4L7 system at metal-to-ligand molar ratio 1:1. Evaluation of the potentiometric data revealed 

pK = 3.2, (the log𝛽[FeH2L7]− was taken from the UV-Vis experiment and fixed during the data 

evaluation), which are in line with the spectroscopic data, pK = 3.06.  

The potentiometric experiments for Fe(III) - H4L6 and Fe(III) - H4L8 systems were impossible 

to perform because of precipitation observed, most probably  of neutral complexes [FeHL1] and 

[FeHL3], respectively. For Fe(III) - H4L2, the corresponding complex remains +1 charge  

up to pH 9 -10, where the last hydroxamate group starts to deprotonate. The +1 charge comes from the 

amine group of H4L2 (not included into the pK calculation), which likely does deprotonate at pH > 11.  

The species distribution diagrams are presented in Figure 38. 

Table 16. Stability constants (logβ) and spectral parameters (extinction coefficient ⸱103 [M-1cm-1])  for studied 

tri- and tetrapodal ligand complexes with Fe(III) ionsa 

Complex 

form 

Compound 

H3L5  (T4)  [81] H4L6 H3L7 H3L8 

logβ pK logβ pK logβ pK logβ pK 

FeH2L - -  39.70(3) 

ɛ470 = 2.5 

- 39.27(8) 

ɛ470 = 2.0 

- 40.50(2) 

ɛ480 = 2.5 

 

- 

FeHL 29.82 

ɛ470 = 2.1 

- 37.58(7) 

ɛ430 = 2.8 

2.12 36.21(5) 

ɛ430 = 2.4 

3.06 

3.2(1)b 

36.61(5) 

ɛ425 = 2.8 

3.89 

FeL 27.34 

ɛ430 = 2.7 

2.48 - - - - -  

Fe2L   43.52(8) 

ɛ470 = 4.0 

 42.94(9) 

ɛ470 = 2.5 

 43.07(9) 

ɛ465 = 3.6 

 

acharges omitted for clarities, I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C; values in parentheses are standard deviations on the last significant 

figure; bcalculated from potentiometry data evaluation. 
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Figure 38. Calculated species distribution diagrams for Fe(III) - H4L6 (a), Fe(III) - H4L7 (b), Fe(III)-

H4L8 systems; cFe(III) = 1.0 mM, cL = 1.0 mM; logβ values for ligands and their Fe(III) complexes are 

given in Table 14 and Table 16. 

 

4.4.3 Zirconium complexes of H3L5, H4L6, H4L7 and H4L8 

The formation of Zr(IV) complexes of H3L5, H4L6 and H4L7 was confirmed by ESI-MS. 

Complex {[ZrL5]+}+  was observed at 723.21 m/z,  while complexes of H4L6 and H4L7 were observed 

as protonated molecules {[ZrL1] + H+}+  and {[ZrL2] + H+}+, at m/z values of 793.24 and 749.24, 

respectively. The ESI-MS spectra, as well as isotopic pattern of the complexes are presented  

in Figure 38 and Table S2. Zr(IV) - H4L8 system have not revealed any ESI-MS signal, most probably 

due to the formation of a neutral complex difficult to charge (Figure 39, Table 17).  
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a) 

 
b) 

 
c) 

 
Figure 39.The ESI-MS spectra of Zr(IV) - H3L5 (a), Zr(IV) - H4L6 (b) and Zr(IV) - H4L7 (c) systems  

in metal-to-ligand molar ratio 1:1 at pH 5. The spectra were collected in MeOH/H2O 80/20 w/w mixture 

in positive mode. 

 

 



 EFFICIENT CHELATING AGENTS FOR Zr(IV) IONS: DESIGN, SYNTHESIS AND THERMODYNAMIC PROPERTIES 

  

83 
 

Table 17. Intensity maxima of major complexes of H3L5, H4L6, H4L7 and H4L8 with Fe(III) observed 

by ESI-MSa 

Complex Pseudomolecular ion m/z experimental m/z simulated 

Zr(IV) - H3L5 {[ZrL5]+} 723.21 723.21 

Zr(IV) - H4L6 
{[ZrL1] + H+}

+

 793.24 793.24 

{[ZrL1] + Na+}
+

 815.22 815.22 

Zr(IV) - H4L7 {[ZrL2] + H+}+ 749.24 749.24 

Zr(IV) - H4L8 No signal   
aMeOH/H2O 80/20 w/w mixture in positive mode  

 

The UV-Vis spectra of Zr(IV) - H3L5 system (Figure 40a, b) allowed to calculate two pK values:  

2.2 and 5.5 (Table 18). The first one (pK1 = 2.2) is probably corresponding to the formation of the tris-

hydroxamate complex. The evaluation of the competition titration data for Fe(III) - H3L4 + Zr(IV) - 

NTA - log𝛽[ZrHL4]2+ = 36.4(5) (Figure 40, Table 18). The evaluation of the potentiometric data  

of Zr(IV) - H3L5 (with log𝛽[ZrHL5] = 36.4 fixed) revealed the presence of two additional complex forms: 

[ZrL5], 𝑙𝑜𝑔𝛽[ZrL5] = 34.25(5) and [ZrL5H-1], 𝑙𝑜𝑔𝛽[ZrL5H−1] = 28.8(1) (Figure 42). The pK values 

calculated from potentiometric experiments are in excellent agreement with those from the  

pH-dependent UV-Vis titrations (Table 18), and match the data obtained for the whole series  

of hydroxamate-based ligands.  

The pH dependent UV-Vis titrations of the Zr(IV) - H4L6 and Zr(IV) - H4L7 look almost 

identical (Figure 40 c-f ). The rise of the 230 nm band between pH 1 and ~ 4, allowed to calculate one 

deprotonation step (pK of 1.4 and 2.9 for H4L6 and H4L7, respectively) suggesting the formation  

of [ZrHL] and [ZrL] complex forms. Next, up to pH 9 the spectra remained stable, when after the 230 

nm band was raising up very rapidly suggesting the complex dissociation, and, consequently, free ligand 

and [Zr(OH)n]4-n formation [77]. Some differences were observed in the spectra of Zr(IV) - H4L8  

(Figure 40 g-h) system titration. As in the previous two systems, the Zr(IV) - H4L8 complex starts  

to form at very acidic pH, with the pK1 of 1.2. Next, following the pH raising the blue shift up to 215 

nm was observed, suggesting the formation of fully coordinated complex form - [ZrL8], with the pK2 

calculated 3.2. This shift could be caused probably by the presence in the structure of four ether oxygens, 

which could absorb the light in the UV region (the λmax of diethyl ether is 210 nm) [139]. Than complex 

remains stable up to pH 9, when its dissociation started. The spectral behaviour of Zr(IV) - H4L6, Zr(IV) 

- H4L7 and Zr(IV) - H4L8 suggests that complexes are fully formed at pH ~ 4, and then remain stable  

up to pH ~ 9.   
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Figure 40. The UV-Vis spectra together with calculated individual absorption spectra of Zr(IV) - H3L5  

(a, b), cL3=0.050 mM; Zr(IV) - H4L6 (c, d), cL6 = 0.045; Zr(IV) - H4L7 (e, f), cL7 = 0.045; Zr(IV) - H4L8 
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(g, h), cL8 = 0.060 systems at the metal-to-ligand molar ratio 1:1 in the pH range 1.0 - 11.0, I = 0.1 M 

NaClO4, T = 25.0 ± 0.2 °C. 

The metal-metal competition experiments were performed at pH 2.0 for all systems, starting 

from Fe(III) complex and adding step by step a proper amount of Zr(IV) - NTA solution. Similar method 

was used for the determination of coordination mode of other hydroxamate complexes  

[77, 78, 111, 149]. The competition experiments for investigated systems are presented in Figure 40. 

Upon the addition of up to 50 equiv. of Zr(IV) - NTA solution  to a solution of Fe(III) complexes,  

the LMCT band centred at 465 - 470 nm, characteristic of dihydroxamate species, decreased gradually, 

suggesting the formation of Zr(IV) - H4L6, Zr(IV) - H4L7, Zr(IV) - H4L8 complexes.  The refinement 

of the titration data, using the H4L6, H4L7, H4L8 protonation constants (Table 15), Fe(III) - H4L1,  

Fe(III) - H4L2, Fe(III) - H4L3 and Fe(III) - H6L4 stability constants (Table 16),  Fe(III) - NTA [135] and 

Zr(IV) - NTA [25] stability constants, together with the Fe(III) [137] and Zr(IV) [150] hydrolysis 

constants (Table 4), yielded with the log𝛽[ZrHL]+ values (Table 18).   
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Figure 41.The metal-metal competition titration of Fe(III) - H3L5 cFe(III) = cL5 = 0.09 mM (a), Fe(III) - 

H4L6, cFe(III) = cL6 = 0.080 mM (b); Fe(III) - H4L7 cFe(III) = cL7 = 0.06 mM (c); Fe(III) - H4L8 cFe(III) = cL8 = 

0.070 mM (d) by Zr(IV) - NTA solution (molar ratio 1:3) at pH 2.0, I = 0.1 M NaClO4, T = 25.0 ± 0.2°C. 
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The potentiometric titration was performed only for Zr(IV) - H4L7 system, for other systems 

the precipitation of unidentified species appeared. Probable reason of precipitation could be the 

formation of the uncharged complex form, while the amino group of H4L7 (do not included in the 

calculation) keeps the complex form charged almost in entire pH range. The data obtained for 

potentiometric titrations of the Zr(IV) - H4L7 system revealed log𝛽[ZrL7] = 40.8 which is in excellent 

agreement with UV-Vis data (Table 18).  

Table 18. The logβ and logK values for zirconium complexes of investigated ligandsa 

Complex 

formb 

H3L5  (T4)  H4L6 H4L7 H4L8 

logβ pKa logβ pKa logβ pKa logβ pKa 

[ZrH2L] - - - - - - 46.7(2)d - 

[ZrHL] 36.4(5)f -  44.8(3)c -  43.6(1)c - 45.5(7)c 1.2(2)d 

[ZrL] 
34.25(5)d 

2.15d 

2.2(2)e 

43.4(3)d 1.4 (3)d 40.7(3)d 

40.8(1)e 

2.9(3)d 

2.9e 

42.3(3)d 3.2(2)d 

[ZrLH-1] 
28.8(1)d 

5.43d 

5.5(2)e 

- - - - - - 

a all measurements performed in I = 0.1 M (NaClO4), T = 25.0 ± 0.2 °C; values in parentheses are standard deviations on the last significant 

figure; b charges are omitted for clarity;  c value calculated from metal-metal competition titrations; d value calculated from pH-dependent 
UV-Vis titrations; e value calculated from potentiometry; f value calculated from pH-dependent UV-Vis titrations with NTA as a competitor 

ligand; g value calculated from pH-dependent UV-Vis titrations with EDTA as a competitor ligand.  
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Figure 42. Calculated species distribution diagrams for Zr(IV) - H3L5 (a), Zr(IV) - H4L6 (b), Zr(IV) - H4L7 

(c) and Zr(IV) - H4L8 systems;  cZr(IV) = 1.0 mM, cL = 1.0 mM; logβ values for ligands and their Zr(IV) 

complexes are given in Table 13 and Table 18. 

4.5 The solution thermodynamic stability of complexes of linear, mixed-donors 

ligand H6L9 

4.5.1 Ligand protonation constants  

The DFOCAMC (H6L9) possess six groups which are able to get protonated (H6L9): one 

catecholate, three hydroxamates and one carboxylate and the protonation constants were already 

characterised and published in the literature [97]. In order to use the protonation constants in complex 

stability calculations, the data were determined under experimental conditions used in my work (0.1 M 

NaClO4). Analysis of the potentiometric and spectrophotometric pH-dependent UV-Vis titrations of the 

H6L9 allowed us to determine six protonation steps (Table 19).  

The pH-dependent UV-Vis titrations of H6L9 solution performed in the pH range 2.0 - 11.0 and 

batch 11.0 - 13.8 revealed changes in spectral region 200 - 500 nm (Figure 43a), allowing to calculate 

all six protonation constants. The first logK value calculated only from UV-Vis titrations is 13.41, the 
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transition at 320 nm shifts to lower energy at 360 nm (ɛ360 = 3.8⸱103 M-1cm-1), with the isosbestic point 

appearance at 335 nm, which could be assigned to the protonation of the more basic phenolic oxygen. 

This protonation step was not calculated in the potentiometric titrations because of its high logK  

value >13, while the method is accurate in the pH range 2 - 11. The literature logK values of free catechol 

ligand are logK  = 13.0 or logK  = 13.38 [92, 151]. The decrease of pH from 10 up to 7 caused the 

declining of a shoulder at 230 nm, which is common for the protonated hydroxamic groups, that was 

shown for other compounds and are in line with the literature data [77, 78]. The two logK were 

calculated, 18.34 and 9.95, where the logK of 18.34 is assumed to be responsible for the protonation  

of two hydroxamate groups. The potentiometry allowed us to calculate three logK values: 8.84, 9.24 and 

10.18, which are pretty close to data calculated from UV-Vis titrations and to the literature data 

published for H6L9 [78, 97].  The next protonation step was followed by the transition band at 360 nm 

(ɛ360 = 3.4⸱103 M-1cm-1) which shifts to higher energy at 333 nm (ɛ333 = 2.6⸱103 M-1cm-1), forming  

an isosbestic point at 340 nm. The logK values calculated for this protonation step from UV-Vis and 

potentiometric titrations are almost identical, 8.01 and 7.99 respectively, and could be assigned to the 

protonation of the more acidic phenolic oxygen [97]. As the pH decreases from 3.5 up to 2.0,  

the transition at 260 nm (ɛ260 = 11.2⸱103 M-1∙cm-1) starts to increase forming an isosbestic point at 255 

nm. This spectral change is ascribed to the protonation of the carboxylate (logK = 2.91) [152]. The logK 

calculated for the same protonation step from potentiometric titrations is 3.71, such a difference 

presumably could be explained by the fact that the isosbestic point seen in the spectra comes from  

a change in electron delocalization on the phenolic ring, not directly from the carboxylate  

protonation [153] .  

The calculated individual absorption spectra are shown in Figure 42b, while species distribution 

diagram is presented in Figure 43. 
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Figure 43. The UV-Vis spectra (a) and calculated individual absorption spectra of each ligand form of 
H6L9 (b).  
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Table 19. The spectral parameters of individual absorption spectra and logK values calculated for H6L9 ligand a 

Assignment    Potentiometry 

 

        UV-Vis Molar extinction coefficient  

[M-1cm-1]⸱103 

 logβ logK logβ logK  

L96- - - 13.4(1) 13.4 ɛ360 = 2.8, ɛ320 = 3.8, ɛ270 = 11.0 

HL95- 10.18(2) 10.18 23.36(1) 9.96 ɛ360 = 3.4, ɛ270 = 11.5, ɛ236 = 28.0 

H2L94- 19.42(3) 9.24 41.70(1) 18.34b ɛ360 = 3.4, ɛ270 = 11.5, ɛ235 = 23.5 

H4L92- 28.26(3) 8.84 49.7(1) 8.0 ɛ360 = 3.4, ɛ270 = 10.0, ɛ240 = 18.8 

H5L9- 36.25(3) 7.99 52.6(1) 2.9 ɛ330 = 2.6, ɛ260 = 11.2 

H6L9 39.96(4) 3.71 - - ɛ330 = 2.6, ɛ260 = 12.0 
aI = 0.1 M NaClO4, T = 25.0 ± 0.2 °C,  values in parentheses are standard deviations on the last significant digit; b the value corresponds to 
protonation of two protons. 

 

 
Figure 44. The species distribution diagram (based on the UV-Vis data, Table 19) for H6L9,  

cL9 = 1.0 mM.  

4.5.2 Ferric complexes of H6L9 

The pH-dependent UV-Vis titration of the Fe(III)-H6L9 system was carried out over pH range 

1 - 10 (Figure 45). Already at pH 1, the ferric complex of the H6L9 shows three characteristic bands at 

440 nm (ɛ = 2.1⸱103 M-1cm-1 ), 338 nm (ɛ = 3.4⸱103 M-1cm-1) and 262 nm (ɛ = 13.5⸱103 M-1cm-1). The 

first one at 440 nm, is the typical absorbance of the three-hydroxamate ferric complexes, while the others 

at 338 nm and 262 nm could be assigned to the fully protonated catecholic and carboxylic group of the 

free H6L9 (Table 19). When the pH raised up the spectra changes were observed in the 260 - 270 nm 

region, with the isosbestic points appearing at 255 and 274 nm, this behaviour reflects the changes  

in the free ligand, assigned to the deprotonation of the carboxylic group (Figure 43, Table 19). 
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Figure 45. The UV-Vis spectra of Fe(III)-H6L9 system in the metal-to-ligand molar ration 1:1 at range pH 1.0 – 

11.0, cFe(III) = 0.06 mM (a) and calculated individual absorption spectra of ferric complexes of H6L9 (b), I = 0.1M 

NaClO4, T = 25.0 ± 0.2 °C. 

The logβ values calculated for [FeH3L9] and [FeH2L9]- are 55.46 (9) and 53.38, respectively, 

with the pK = 2.08. Some disagreement between literature data for H6L9 [97], could be explained  

by differences in ionic strength and methods used, since the UV-Vis spectroscopy is less accurate than 

potentiometry in the monitoring of the carboxylic group deprotonation. Following the pH increase, the 

transition band appeared at 355 nm (ɛ = 5.0⸱103 M-1cm-1), suggesting the catecholic group deprotonation 

and [FeHL9]2- complex formation, where two hydroxamate groups and both catecholate oxygens  

are bound to Fe(III) ion; the carboxylic group is deprotonated and unbound, while one hydroxamate 

group is protonated and unbound. The pK calculated for this deprotonation step is 7.03. The last 

deprotonation step, followed by the spectral changes in the 230 nm region, pK = 10.42, was ascribed to 

the deprotonation of the third hydroxamic group of H6L9. The spectral parameters, together with the 

calculated stability constants for Fe(III) - H6L9, system are presented at Table 20. 

The calculations of potentiometric data of Fe(III) - H6L9 was performed fixing the stability 

constant of [FeH3L9] species (logβ = 55.46).  The fitting revealed three pK values: 3.36, 9.0 and 9.72 

(Table 20), which are in agreement with the spectroscopic and previously published literature data [97].  
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4.5.3 Zirconium complexes of H6L9 

The formation of the Zr(IV) - H6L9 complexes was confirmed by ESI-MS, with signals 

corresponding to protonated molecules {[ZrH2L9] + H+}+ in positive mode and {[ZrHL4]-}- in negative 

mode, at the respective m/z values of  827.24 and 825.23 in accordance with the isotopic pattern and 

elemental composition. The isotopic pattern of both complexes is presented in Figure 46. 

 

 

Figure 46. The ESI-MS spectra of Zr(IV) - H6L9 system in metal-to-ligand molar ratio 1:1 at pH 5. The 

spectra were collected in MeOH/H2O 80/20 w/w mixture in positive mode. 

In order to determine the stability constants of the Zr(IV) - H6L9 slightly different procedure 

have been used. Since the complex possesses high stability and solubility issues, the formation constant 

Table 20. The logβ and pK values for Fe(III) - H6L9 complex, together with the extinction coefficient (⸱103 

[M-1cm-1])a 

Complex 

form 

Potentiometry UV-Vis 

The coordination modeb 
logβ pK logβ pK 

Extinction 

coefficient  

[FeH3L9] 55.46(fix) - 55.46(9) - ɛ260 = 13.5 

ɛ338 = 3.4 

ɛ440 = 2.1 

(NO-)3(COOH)(CatH2) 

[FeH2L9]- 52.16(2) 3.30 53.38(9) 2.08 ɛ260 = 12.8 

ɛ338 = 3.6 

ɛ230 = 2.6 

(NO-)3(COO-)(CatH2) 

[FeHL9]2- 44.01(8) 8.15 45.11(6) 7.03 ɛ270 = 12.5 

ɛ355  = 5.0 

ɛ440 = 3.1 

(NOH)(NO-)2(COO-)(Cat2-) 

[FeL9]3- 33.89(6) 10.12 36.34(8) 10.42 ɛ267  = 13.7 

ɛ342  = 4.9 

ɛ270 = 2.1 

(NO-)3(COO-)(Cat2-) 

aI = 0.1 M NaClO4, T = 25.0 ± 0.2 °C , values in parentheses are standard deviations on the last significant figure; bNOH/NO- - 

protonated/deprotonated hydroxamic unit, COOH/COO- - protonated/deprotonated carboxylic group, CatH2/Cat2- - protonated/deprotonated 
catechol moiety. 
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could not be measured directly, although, in the presence of a large excess of a competing ligand (here 

EDTA and NTA), the Zr(IV) - EDTA and Zr(IV) - NTA complexes form at low pH and ligand exchange 

occurs upon addition of a base so that Zr(IV) - H6L9 complexes are gradually formed (Figure 47). This 

method was previously proven suitable for the study of extraordinarily stable complexes [78, 108, 154]. 

Using the stability constants of NTA and EDTA complexes [25, 110], not only the pK values but also 

logβ have been calculated.  

In the case of the hydroxamate ligands, the pH-dependent UV-Vis titrations with the competitive 

ligands could not be used, because of the lack of chromophores, which absorb in Vis region.  Only the 

transition band of hydroxamate ligands (λmax = 230 nm) appears where the hydroxamate groups are 

deprotonated. At the same spectral range the competitive ligands like EDTA and NTA absorb light [139] 

and in the case of using huge excess of competitive ligand, the shoulders of Zr(IV) - hydroxamate ligands 

are impossible to see and distinguish.  

The procedure for the UV-Vis pH-dependent competition titrations of Zr(IV) - H6L9 using 

EDTA or NTA as a competitive ligand were very similar and will be discussed together. The UV-Vis 

spectra collected during the pH-dependent UV-Vis titration of the Zr(IV)/H6L9/EDTA complexes are 

shown in Figure 46 (the spectra of the Zr(IV)/H6L9/NTA are not shown). The analysis of the pH-

dependent UV-Vis titration of Zr(IV)-H6L9 with an addition of competitive ligand was performed by 

comparison of the spectral changes with the parameters of free ligand H6L9 (Table 18). The titration 

started at pH 2 from uncomplexed H6L9, (ɛ330 = 2.6⸱103 M-1cm-1, Table 18), since the Zr(IV) was bound 

by EDTA or NTA. As pH was raised up, the transition band at 330 nm shifted up to 360 nm  

(ɛ360 = 5.0⸱103 M-1cm-1); additionally the shoulder at 230 nm started to increase, suggesting the formation 

of [ZrL9]2- complex. The analysis of the collected data for Zr(IV)/H6L9/EDTA titration reveal 

log𝛽[ZrHL9]− = 59.02(7),  and log𝛽[ZrL9]2− = 51.3(10), with the pK = 7.07, while for  Zr(IV)/H6L9/NTA 

titration the data are log𝛽[ZrHL9]− = 57.78(6),  and log𝛽[ZrL9]2− = 50.70(10), with the pK = 7.08  

(Table 21).   
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 Figure 47. Competition spectrophotometric titration of Zr(IV) - H6L9 solution in the presence of excess 

EDTA(a)  and calculated individual absorption spectra of  zirconium complexes (b), cZr(IV) = 0.019 mM, 

cL9= 0.02 mM; cEDTA = 0.2 mM(b) in the pH range 1.0 -11.0, I = 0.1 M NaClO4 at T = 25.0 ± 0.2 °C.  

 

The metal - metal competition experiments were performed at pH 2.0, starting from Fe(III) 

complex and adding step by step a proper amount of Zr(IV)-NTA solution. Upon the addition of up to 

50 equiv. of Zr(IV) - NTA solution  to a solution of Fe(III) - H6L9 complexs, the LMCT band centred 

at 465 - 470 nm, characteristic of dihydroxamate species, decreased gradually, suggesting the formation 

of [ZrHL9]-  complex form.  The refinement of the titration data, H6L9 protonation constants (Table 18), 

and Fe(III) - H6L9 stability constants (Table 19),  Fe(III) - NTA [135] and Zr(IV) - NTA [25] stability 

constants, together with the Fe(III) [137] and Zr(IV) [150] hydrolysis constants, yielded with the 

log𝛽[ZrHL9]− = 58.1 (Table 21). 

The species distribution diagram is presented in Figure 48.  
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Figure 48. The metal-metal competition titration of Fe(III) - H6L9, cFe(III) = 0.080 mM, cL9 = 0.095 mM by 

Zr(IV)-NTA solution (molar ratio 1:3) at pH 2.0, I =  0.1 M NaClO4, T = 25.0 ± 0.2°C. 
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Table 21. The logβ and pK values of Zr(IV) - H6L9 system calculated from pH-dependent UV-Vis titrationsa 

Complex 

form 

pH-dependent competition 

titration with an excess of 

NTA 

pH-dependent competition 

titration with an excess of 

EDTA 

Metal-metal competition 

titration 

Fe(III) - H6L9 + Zr(IV) - NTA 

 logβ pK logβ pK  

[ZrHL9]- 57.78(6) - 59.02(7) - 58.1(1) - 

[ZrL9]2- 50.7(1) 7.08 51.3(1) 7.07 - - 
 a I = 0.1 M NaClO4, T = 25.0 ± 0.2 °C 
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Figure 49. The species distribution diagram for Zr(IV) - H6L9, cZr(IV) = 1.0 mM, cL9 = 1.0 mM; logβ values 

for H6L9 ligand and its Zr(IV) complexes are given in Table 19 and Table 21. 
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CHAPTER V – DISCUSSION    

The general interest of this study is to provide a comparative assessment of the ability  

of hydroxamate ligands to chelate zirconium ions. The thermodynamic stability (logβ), as well as the 

complex forms speciation, are among the critical parameters that determine metal ion selectivity, 

binding strength and potential applications. The understanding of the coordination chemistry  

of radioactive 89Zr(IV) in an aqueous environment is very important when developing positron-emitting 

radiotracers for PET. Many authors emphasize the importance of knowledge of thermodynamic stability 

of radiotracers, underlying at the same time that solution studies of Zr(IV) complexes are very  

challenging [2, 113], because of the exceptional strength of such complexes, the strong tendency  

of Zr(IV) cations to form hydroxo-species even under very acidic pH, and finally lack of spectral 

information, caused by d0 electron configuration of Zr(IV). As an alternative to the determination of the 

thermodynamic stability, a density functional theory was used, and the data published just recently  

by Holland [113] show good agreement between theoretical and experimental data. Nevertheless,  

the author points out that some assumption should be done in order to predict the thermodynamic 

stability, like water clusters simulation together with the ligand conformation isomer choosing [113]. 

Therefore, experimental investigation of solution chemistry of metal complexes with potential chelators  

is important not only for their possible application but also for the development of other alternative 

methods of analysis. 

Despite a large variety of PET chelators synthesized and tested in order to provide strong 

coordination of Zr(IV) in vivo, till now it is hard to avoid the release of these metal ions in the body. 

Here I report several new hydroxamate chelators, prepared in order to find efficient sequestering ligands 

for Zr(IV) ions, but also to understand how the cyclisation, introduction of an additional hydroxamate 

or catecholate group, as well as structural and geometry changes influence the stability of the complexes. 

Several techniques including ESI-MS, potentiometry, UV–Vis spectroscopy and ITC were used  

to determine the stoichiometry and thermodynamic stability of complexes formed in solution over pH 

range 1 - 11, overcoming all the difficulties with the characterisation of the aqueous solution chemistry 

of Zr(IV) complexes. As it was described in earlier sections (see Chapter III – Experimental section 

and Chapter IV – Results) in the protocol of Zr(IV) complexes stability determination, first, the solution 

chemistry and thermodynamic stability constants of ferric complexes of investigated ligands were 

determined and then indirect metal-metal competition UV-Vis titrations were performed. All the ligands 

investigated in this work show excellent stability with Fe(III) complexes (Table 11, Table 16), and even 

if the systems are fully characterised and the results are interesting, they were performed as the 

intermediate step and will not be discussed in this chapter.  

Overall, all studied ligands efficiently coordinate Zr(IV) ions, and the models containing only 

mononuclear complexes throughout the entire measured pH range are proposed for each system.  

The complexes start to be formed at low pH, with all hydroxamate groups fully coordinated at pH 3, 
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and remain stable up to pH ~ 9, where the complex dissociation starts, yielding hydrolysed [Zr(OH)n]4-

n and ligands’ anions (see Chapter IV – results). For ligands with only three groups available for metal 

binding (i.e. trihydroxamate DFOB, H3L2, H3L4, H3L5), an additional deprotonation step at around 

neutral pH is observed (with pK = 6.36 for Zr(IV) - DFOB, pK = 5.48 for Zr(IV) - H3L3, 7.03 for Zr(IV) 

- H3L4 and  pK = 5.43 for Zr(IV) - H3L5), which can be most probably ascribed to the deprotonation of 

a water molecule from the coordination sphere of Zr(IV) ion (see 4.2.3 Solution chemistry of Zr(IV) - 

DFOB complexes). The Zr(IV) complex of DFOB-catecholate analogue, H6L9, is fully coordinated 

only at pH ~ 8, but still its stability remains in a range of the best Zr(IV) chelators. 

Table 22. The cumulative stability constants for Zr(IV) complexes with the investigated ligands  

Complex 

form 

Zr(IV) complexes with 

H4L1+ 

(DFOB) 

H3L2 H4L3 H3L4 

(FOX 

2-5) 

DFOE H3L5 

(T4) 

H4L6 H4L7 H4L8 H6L9 

(DFOCAMC) 

[ZrH2L] - - - - - - - - 46.8d - 

[ZrHL] 46.1a 

46.4b 

- 45.9a - - 36.4a 44.8a 43.6a 45.5a 58.05a  

57.86c 

[ZrL] 40.04b 34.8a 42.8b 35.4a 35.54a 34.25b 43.4d 40.8b 42.3d 50.7c 

[ZrLH-1] 29.15b 29.3b  28.35b - 28.8b     
athe values determined by competition titrations with NTA; bthe values determined by potentiometry; cvalues determined by pH-dependent 
competition titrations with NTA; dvalues determined by pH-dependent UV-Vis titrations, the logβ were calculated by add/subtract to logβ 

determined from competition titrations with NTA the pK values obtained from pH-dependent UV-Vis titrations. 

Of importance, it is valuable when the results of two different methods, like ITC and 

potentiometry can lead to matching results. The inflection point in the titration curve of Zr(IV) - DFOB 

system, showing the enthalpy vs. metal-to-ligand molar ratio, clearly indicated that the stoichiometry  

of the complex formed at pH 1 is 1, which strongly supported the formation of equimolar complexes 

shown earlier by potentiometric calculations and ESI-MS data. The data revealed also that the 

complexation process is exothermic, and occurs with favourable enthalpy changes (ΔH < 0). The binding 

between the metal and ligand is enthalpy driven and spontaneous process (|ΔH| > |TΔS|, ΔGo < 0). The 

results of ITC measurements (ΔGo < 0, ΔH < 0, -TΔS > 0) suggested unfavourable conformational 

changes in the complex. 

It should be also mentioned that at the time when my results about Zr(IV) - DFOB solution 

chemistry were published, other work from Savastano et al. appeared. Surprisingly, in contrast to our 

studies and the general belief that DFOB forms monomeric complexes, their potentiometric, SAXS and 

MALDI-MS solution studies showed that the main complexes formed in a large pH region  

are characterized by larger aggregation, with 2:2 and 2:3 metal-to-ligand stoichiometry 

([Zr2H(DFOB)2]3+, [Zr2H3(DFOB)2]4+, [Zr2H3(DFOB)2]5+, [Zr2H5(DFOB)3]4+, [Zr2H6(DFOB)3]5+ [112]. 

High stabilities of these binuclear complexes suggested they remain the principal species even in very 

diluted solutions, under pH and reagent concentrations approaching the conditions used  

for radiolabelling [58]. The results of both papers are quite different, which might be explained by the 
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different medium used by Savastano el al. and coordinating properties of chlorides that were used.  

It would be worth adding, that both papers are well-cited, however, data obtained by me, are more often 

used for comparison with other Zr(IV) chelators [58, 113]. 

Knowing the speciation of the complexes, one needs to evaluate and compare the sequestering 

ability of investigated ligands with other chelators. However, a direct comparison of the logβ of the 

metal complexes is not straightforward, and other tools taking into account physico-chemical properties 

of the ligands, i.e. the differences in their denticity, coordination modes and acid-base properties should 

be used [142]. In order to reliably compare the chelating ability, the pM values were calculated and will 

be used here to discuss the binding power of the ligands proposed along this studies.  The pM, originally 

introduced by Raymond for the comparison of iron-siderophore systems [67],  i.e. pM = −log[Zr(IV)free], 

were calculated at pH of 7.4 and for cL = 10 μM and cZr(IV) = 1 μM (Table 23). A higher pM value 

indicates a stronger chelating ability of the ligand. 

The first, natural step, and aim of this work, was to quantify the stability of Zr(IV) - DFOB 

(Zr(IV) - H4L1+) complex, the ‘gold standard’ for Zr(IV) immuno-PET imagining, for which the 

thermodynamic data was not available in literature till this work.  The data clearly shows, that even  

if pM = 32.2 of DFOB remains within the range for effective zirconium chelators, like DTPA (pM = 

33.9,Table 23), its efficacy is indeed not the best one (vide infra) [155].  The pM is only about four 

orders of magnitude higher when compared to Zr(IV) complexes of EDTA [25], revealing the lower 

binding power of hexadentate chelator for the 8-coordinate metal ion. The lower stability  

of trihydroxamate complexes, together with the susceptibility of coordinated water molecule  

to deprotonation, must be the reason of in vivo instability of 89Zr(IV) complexes leading to transchelation 

and eventual accumulation of osteophilic 89Zr(IV) in bone [1, 155].  
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Table 23. The pM valuesa with various synthetic and biological chelators. 

Ligand pM  Coordination mode Literature 

H4L1+ 32.2 O6 (3 hydroxamate groups) – linear This work [111] 

H3L2 31.8 O6 (3 hydroxamate groups) – cyclic  This work [116] 

H4L3 37.0 O8 (4 hydroxamate groups) – cyclic  This work [116] 

H3L4 31.6 O6 (3 hydroxamate groups) – cyclic  This work [116] 

DFOE 31.0 O6 (3 hydroxamate groups) – cyclic This work [116] 

H4L5 30.9 O6 (3 hydroxamate groups) – tripodal  This work [116] 

H4L6 37.5 O8 (4 hydroxamate groups) – tetrapodal This work 

H4L7 35.3 O8 (4 hydroxamate groups) – tetrapodal  This work 

H4L8 35.3 O8 (4 hydroxamate groups) – tetrapodal  This work 

H6L9 39.4 O8 (3 hydroxamates and 1 catecholate groups) – 

linear  

This work  

THPN 42.8 O8 (4 3-hydroxy-4-pyridinone groups) – tetrapodal  [58] 

TAT 42.9 O8 (4 met-3,2-hydroxypyridinone groups) – 

tetrapodal 

[108] 

3,4,3-

Li(HOPO) 

44.0 O8 (4 1-hydroxy-2-pyridinonone groups) – tetrapodal  [26, 156] 

DTPA 33.9 N3O5 (4 carboxylates, 3 amino groups) – tetrapodal [26, 104, 157] 

EDTA 28.5 N2O5 (4 carboxylates, 2 amino groups) – tetrapodal  [25, 104, 110] 

3,4,3-LI(CAM) 40.6 O8 (4 catecholate groups) – tetrapodal  [59] 
a Values calculated at pH = 7.4 with cZr(IV) = 1 μM and cL = 10 μM, based on the constants given Table ; hydrolysis constants of cations set 
to the values found in literature [150] . 

 

As shown on several examples of in vivo studies, an additional chelating group included in DFOB 

structure improves the in vivo stability of Zr(IV) complexes compared to DFOB [41, 42, 158]. Thus, 

several ligands designed in this work possess four binding units. Of importance, thermodynamic stability 

of the complex is not the only parameter to be considered when discussing about in vivo stability of an 

imaging probe, and its high kinetic inertness is also desired. Therefore to address the challenges  

of improving thermodynamic and kinetic stability, a cyclisation of tri- and tetrahydroxamate chelating 

compounds was a choice.  

As examples, DFOE and FSC (Figure 5), natural ferric siderophores having three hydroxamate 

groups providing six oxygen donors for metal binding, arranged in cyclic structure, showed indeed 

superior resistance to ferric transchelation and therefore superior stability in comparison to DFOB [48]. 

For the Zr(IV) complexes of trihydroxamate H3L2, H3L4 and DFOE systems, the pM value  

is of the same order as for DFOB [111] or DTPA [26]  chelators. It shows that ligand cyclization does 

not provide any increase in Zr(IV) complex stability in relation to their linear analogue DFOB; one may 

even claim a very slight decrease in relation to DFOB. A similar conclusion was drawn from the 

comparison of Zr(IV) complexes of DFOB and FCS, where only minor differences in complexes 

stability were observed in in vivo studies [49]. An elongation of the chain between hydroxamate binding 

units from 9 bonds in H3L2 to 10 in H3L4 is not revealed in the pM. The flexibility of the tripodal H3L5 
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ligand does not bring higher stability.  Of importance, the pM value for tetrahydroxamate H4L3 analogue 

is above four orders of magnitude higher than the value calculated for Zr(IV) - DFOB and Zr(IV) - H3L2 

systems, reflecting significantly higher affinity of tetrahydroxamate H4L3 for Zr(IV), the feature 

expected and observed in biological studies of other tetrahydroxamate chelators [40, 44, 158]. The high 

thermodynamic stability is certainly a result of an addition of the fourth hydroxamate coordinating group 

in the ligand moiety. 

The H3L2, H3L4, DFOE and H4L3 ligands are now very good examples to directly compare the 

stability of Zr(IV) complexes formed with cyclic tri- and tertrahydroxamate compounds, respectively.  

For Zr(IV) - H4L3 complex, I observe an increase of logβ by ~8 orders of magnitude with respect  

to Zr(IV) complexes of other ligands  (Table 22).  The calculated increase is lower than predicted from 

computational calculations performed by J. Holland [113] for tri- and tetrahydroxamate chelators, i.e. 

DFOB  (logβ[Zr(DFOB)] = 41.20) versus linear DFO* (logβ[Zr(DFO*)] = 51.56) [158]  and cyclic CTH36 

(logβ[Zr(CTH36)] = 52.84) [44].  Also, logβ[ZrL3] = 42.7 does not reach the values predicted from the above 

calculations for eight-coordinate Zr(IV) - DFO* nor Zr(IV) - CTH36.  Of importance, the 

log𝛽[ZrHL1𝐻−1]+ = 40.04 determined by me previously for DFOB matches very well with the 

computationally predicted logβ[Zr(DFOB)] = 41.20 [113]. Still, in the [ZrHL1H-1]+ complex dominating  

at pH 6.5 - 10.5, I have suggested the presence of the unbound protonated amino group and hydrolysed 

water molecule. For current cyclic trihydroxamate ligands H3L2, H3L4 and DFOE, the logβ values 

(Table 22) are closer to the value estimated for trihydroxamate FSC, logβ[Zr(FSC)] = 38.92 [113], and the 

difference may come from alterations in ligands geometry and dimensions. 

  Zirconium is known to form complexes with intricate geometry of dodecahedron or square 

antiprism [14, 114], and numerous DFT studies revealed that minor changes in ligand geometry (like  

an increase/decrease in ligand’s cavity size or a pendant arms elongation) could result in significant 

changes in the stability of Zr(IV) complexes [44, 52, 159]. The H4L3 presented in this work possesses 

a similar composition with four hydroxamate units and the presence of amide units in the linker, but a 

larger cavity size (9 bonds instead of 8 between the binding groups) and a significant asymmetry 

(coming from one linker much longer and with two amides and amino group) in comparison to CTH36 

(Figure 5c) structure [44, 113]. These structural alterations could most probably be a reason for the lower 

thermodynamic stability of H4L3 complexes, as the coordination sphere might not be uniformly closed 

around the central ion. Another cyclic hydroxamate ligand - PPDDFOT1 (Figure 5d) , that possess four 

hydroxamate groups in symmetrical arrangement and cavity size even larger than H4L3 (11 bonds 

between hydroxamic groups) also showed superior stability vs DFOB in EDTA challenging assays [51]. 

Unfortunately, the thermodynamic characterisation of Zr(IV) complexes with CTH36 and PPDDFOT1 

have not been performed experimentally yet, so their pM cannot be quantified.   

 In another approach of Zr(IV) ligand design, cyclen and cyclam were successfully used  

as macrocyclic scaffolds for the attachment of either three or four  hydroxamate-based arms, again 
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showing improved stability [52]. To develop this possibility, tetrahydroxamate chelators H4L6, H4L7, 

H4L8 were designed and studied.  

The comparison of the results obtained for H4L6, H4L7 and H4L8 clearly shows the importance 

of the ligand flexibility as well as its high symmetry in order to improve the complex stability.  

The thermodynamic stability of [ZrL6] seems to be higher than for [ZrL7]; the values of log𝛽[ZrL]
 are 

43.4 and 40.8, respectively (Table 22). The ligands are structurally very close, although, H4L6 possess 

two tertiary amine groups and four amide bond, while H4L7 a primary amine and only three amide 

bonds, thus the two ligands possess different symmetry and, consequently, flexibility, which could and 

results in differences in thermodynamic stability; to facilitate the comparisons the logK of amine groups 

were not included in the calculations. The log𝛽[ZrL8] is 1.1 orders of magnitude lower than log𝛽[ZrL6] 

and 1.5 orders of magnitude higher than log𝛽[ZrL7] (Table 22). The introduction of ether groups into the 

ligand structure was expected to improve the stability. R. Codd et al. [160] was the first who modified 

the DFOB structure by simply changing the −(CH2)5− units to −(CH2)2O(CH2)2− groups forming the 

DFO-O3 ligand [160], thus increasing the stability of the complex Zr(IV)-DFO-O3 in comparison to 

Zr(IV)-DFOB  by two orders of magnitude [113]. The pM values for Zr(IV) complexes with H4L6, 

H4L7 and H4L8 clearly indicate that H4L6 is the best Zr(IV) chelator from this series. The pM of Zr(IV) 

- H4L6 complex is 5.3 - 6.6 orders of magnitude higher than the value calculated for trihydroxamate 

chelators, reflecting significantly higher affinity of tetrahydroxamate H4L6 for Zr(IV), which is certainly 

a result of an addition of the fourth hydroxamate coordinating group in the ligand moiety. Additionally, 

the pM value of Zr(IV) - H4L6 is comparable to the cyclic tetra-hydroxamate ligand H4L3 (pM = 37.0).  

Although the DFT calculations allowed to estimate the logβ values for linear and cyclic DFO analogues 

above 51 (logβ[Zr(DFO*)] = 51.56, [158], logβ[Zr(oxDFO*)] = 54.16 [39])  and cyclic  

(logβ[Zr(CTH36)] = 52.84, [44]), this values could not be reached with tetrapodal and cyclic compounds 

investigated in this work.  The comparison with other octadentate, tetrapodal chelator: hydroxy-

pyridinone-based THPN (pM = 42.8, Table 23) [58] and 3,4,3-LI-HOPO (pM = 44) [26] reveals the 

inferior binding ability of hydroxamate-based ligands; THPN and 3,4,3-LI-HOPO form the strongest 

Zr(IV) complexes described till now. The reason should be the type of chelating groups present in the 

ligands, more than the ligands architecture or dimensions. 

The H6L9 is the catecholate DFOB derivative, originally synthesised as an actinide chelator by 

Raymond et al. [97], has been investigated herein to determine it’s thermodynamic stability towards 

Zr(IV). In comparison to the Fe(III) complexes, the log𝛽[ML9] increased almost 16 orders of magnitude 

(log𝛽[𝑍𝑟𝐿9] =  51.3 , log𝛽[𝐹𝑒𝐿9] =  36.34, see Table 22 and Table 20), such a large difference has been 

also noted for hydroxypyridinonate TAT ligand (almost 18 orders), possessing four HOPO units fully 

occupying the coordination sphere of Zr(IV) [108]. It is worth to notice that log𝛽[𝑍𝑟𝐿9] is also much 

higher than calculated or approximated for other tetravalent cations as Th(IV) and Pu(IV), 37.2 and 

40.4, respectively [78]. The similar behaviour was observed for another catecholate ligand 3,4,3-
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LI(CAM), where logβ for Zr(IV) and Th(IV) complexes was calculated as 57.26 and 47.26,  

respectively [59]. The H6L9 complex stability decrease over the series Zr(IV) > Pu(IV) > Th(IV) along 

with the ionic radius of the metal cations, the smallest ionic radius of Zr(IV) together with the large 

cation charge being probably responsible for the exceptional strength of [ZrL9] complexes. The DFT 

calculations performed for other mixed-binding groups ligand DFO - HOPO [42] also shows exceptional 

strength of its Zr(IV) complexes, logβ = 53.51 [113]. 
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CONCLUSIONS AND PERSPECTIVES 

This work addresses itself to investigate the thermodynamic stability of Zr(IV) complexes,  

the rising star in the field of positron emission tomography. The solution studies of such complexes are 

not trivial because of the strong hydrolysis of Zr(IV) almost in entire pH range, formation of the 

complexes in very acidic pH, and lack of spectral information. However, in order to get a deeper insight 

into the thermodynamic stability and binding aspects of Zr(IV) complexes, I have fully characterized a 

series of tri- and tetra-hydroxamic (or mixed donor), linear, cyclic and tri-/tetra-podalligands, 

successfully overcoming all the difficulties encountered in the characterization.   

The obtained data for Zr(IV) - H4L1+ (DFOB) is in line with the problems with the full 

effectiveness of ligand as a zirconium chelator presented in the in vivo studies.  The comparison of cyclic 

vs linear/tripodal trihydroxamate chelators did not show any significant differences, with all of them 

being in the range of good Zr(IV) chelators, close to the affinity of DFOB.  

It should be noted that main increase in stability was obtained when the fourth binding unit was 

introduced to the ligand structure. Ligand cyclization provides only a minor increase in Zr(IV) complex 

stability in relation to its tetrapodal  analogues. The pM for cyclic chelator H4L3 (pM = 37.0) is in the 

same range as the most stable tetrapodal compound of this work, H4L6 (pM = 37.5). The possible reason 

for such a behaviour could be the intricate geometry (dodecahedral or square antiprism) of Zr(IV) 

complexes, easier saturable by liner/tetrapodal chelators. Although DFT-based estimates predict very 

high stability of hydroxamate chelators, I observed much higher stability of Zr(IV) complexes for mixed 

donors ligand H6L9, which was revealed the most efficient Zr(IV) chelator among all chelators 

investigated in my work. Still, all the ligands elaborated in this work, ensure a strong association with 

metal ions and high thermodynamic stability of complexes in a broad range of pH (pH = 1 - 8), as well 

as a good inertness towards transmetallation by endogenous metal ions (like Fe(III)) and transchelation 

reactions by other, strong ligands (like EDTA or DTPA).  

I strongly believe that the results presented herein complete the scarce knowledge on solution 

chemistry of Zr(IV) complexes, and the information obtained from the key steps in the coordination 

process (such as the stoichiometry and absolute thermodynamic stability of the metal-chelate complex), 

as well as a full analysis of the influence of structural parameters on the interaction with metal ions, will 

be used as guidelines in the strategy for the modifications of prepared compounds as well as the design 

and synthesis of further, more effective PET chelators. The proposed structures will be modified with 

other strong chelating groups, like hydroxypyridinones or phenoloxazolines, in mono- or mixed-type 

manner.   

The evaluation of the thermodynamic stability data for novel chelators is one of the first steps  

in ligand design, and the best chelators will be chosen for further studies. Experiments in order to define 

radiolabelling parameters like yields, temperature and reaction time, as well as metal-exchange 

competitions with biologically relevant chelators, including albumin and apo-transferrin, will  
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be performed in collaboration with radiochemists. The kinetic inertness in vivo is ultimately the most 

crucial consideration, even beyond that of the absolute thermodynamic stability of the complex. The 

follow-up of this step will include the selection of the compounds for conjugation with vectors. The 

choice of the vector and the linker will depend on the feasibility of synthesis to the appropriate site  

of the ligand (the amino groups were already introduced in the H4L3, H4L6 and H4L7 ligands structure  

for this purpose). Ultimately, the most relevant and practical test of radiopharmaceutical stability  

is in vivo, and animal biodistribution and/or metabolism studies for the evaluation of all the possible 

chelators are envisaged.   
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Appendix 

 

H3L2  

 

 

Figure A1. 1H NMR for H3L2. 

 

Figure A2. 13C NMR for H3L2.  
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H4L3 

 

Figure A3. 1H NMR for compound 2. 

 

 

Figure A4. 13C NMR for compound 2.  
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Figure A5. 1H NMR for compound 4. 

 

Figure A6. 13C NMR for compound 4.  
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Figure A7. 1H NMR for compound 7. 

 

 

Figure A8. 13C MNR for compound 7. 
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Figure A9. 1H NMR for compound 9.  

 

Figure A20. 13C NMR for compound 9.  
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Figure A21. 1H NMR for compound 10. 

 

 

Figure A22. 13C NMR for compound 10. 
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Figure A 23. 1H NMR for compound 13. 

 

 

Figure A24. 13C NMR for compound 13. 
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Figure A25. 1H NMR for compound 14. 

 

Figure A26. 13C NMR for compound 14. 
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Figure A27. 1H NMR for compound 15 (H4L3). 
 

 

Figure A28. 13C NMR for compound 15 (H4L3). 
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 H3L4  

 

Figure A29. 1H NMR for H3L4. 

 

H4L6 

 Figure A30. 1H NMR spectra for H4L6. 
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H4L7 

 

Figure A31. 1H NMR spectra for H4L7. 

H4L8  

Figure A32. 1H NMR spectra for H4L8. 
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Table A1. Intensity maxima of the major novel ligands (purchased from Trimen S.A.) observed  

by ESI-MS. 

Compound Experimental m/z Simulated m/z 

{H3L2 + H+}+ 559.31 559.31 

{H4L3 + H+}+ 873.50 873.50 

{H3L4 + H+}+ 601.36 601.36 

{H4L6 + H+}+ 707.37 707.37 

{H4L7 + H+}+ 663.38 663.38 

{H4L8 + H+}+ 485.21 485.21 
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A B S T R A C T

Desferrioxamine B (DFO, [H4L]+, ligand) is currently the preferred chelator for 89Zr(IV), however the biological
studies suggest that it releases the metal ion in vivo. Herein, we present the solution thermodynamics of com-
plexes formed between Zr(IV) and this hexadentate chelating agent, the data surprisingly not yet available in the
literature. Several techniques including electrospray ionization mass spectrometry (ESI-MS), potentiometry,
UV–Vis spectroscopy and isothermal titration calorimetry (ITC) were used to determine the stoichiometry and
thermodynamic stability of complexes formed in solution over pH range 1–11, overcoming all the difficulties
with the characterisation of the aqueous solution chemistry of Zr(IV) complexes, like strong hydrolysis and lack
of spectral information. A model containing only mononuclear complexes, i.e. [ZrHL]2+ [ZrL]+, [ZrLH−1]
throughout the entire measured pH range is proposed. The stability constants and pM (Zr(IV)) value determined
for Zr(IV)-DFO system, place DFO among good Zr(IV) chelators, however the formation of 6-coordinate un-
saturated complexes (i.e. with coordination sphere of 8-coordinate Zr(IV) completed by water molecules), to-
gether with the susceptibility of coordinated water molecule to deprotonation, are suggested to be the reason of
in vivo instability of 89Zr(IV)-DFO complexes.

1. Introduction

89Zr(IV) is radioactive isotope that can be harnessed for application
in the development of positron emission tomography (PET) which
provides sensitive, quantitative, and non-invasive images of a variety of
molecular processes and targets. The recent, big attention to 89Zr(IV)
ion is due to its favourable decay characteristics (89Zr: t1/2= 78.4 h,
β+=23%, Eβ+max= 90MeV; EC: 77%, Eγ= 909 keV), that makes the
isotope nearly ideal for use with biological vectors that have long cir-
culation times such as antibodies and nanoparticles [1–5]. In order to
apply 89Zr(IV) to PET, the metal must be sequestered by efficient che-
lators to obviate metal hydrolysis and transchelation. Ligands used for
this application are usually covalently linked to a biologically active
targeting molecule (biovector), creating an active radiopharmaceutical
agent.
As an early transition metal with relatively low effective nuclear

charge, zirconium can exists in various oxidation states, such as Zr(II),
Zr(III) and Zr(IV), with the latter dominating the aqueous chemistry of
zirconium [6,7]. The large charge density of Zr(IV) is highly polarising
leading to dramatic enhancement in acidity of the coordinated aqua
ligands and strong tendency to form oxides and hydroxides, which
undergo hydrolytic polymerisation to give polyoxometallate species

even in acidic solutions [6,8]. Being an extremely hard cation according
to Pearson theory, the tetravalent Zr(IV) is exhibiting a strong pre-
ference for polyanionic hard donor chelators, with which it can achieve
the maximum coordination number of 8 with complicated geometry of
dodecahedron or square antiprism [9,10].
To develop ligands for 89Zr(IV) chelation, chemists got inspiration

in nature, and Mejis et al. performed the first evaluation of desfer-
rioxamine B (DFO) (Fig. 1) as a 89Zr(IV) chelator, revealing its high
stability in human serum [11]. DFO, a natural tris-hydroxamate side-
rophore and a growth-promoting agent secreted by Streptomyces pilosus
to acquire ferric ions from the environment, is commercially produced
and is for a long time a drug approved and used in the clinic for the
treatment of Fe(III) overload [12,13]. As a hexadentate ligand with
hard base donor atoms, the DFO binds Fe(III) strongly over a large pH
range (1–11) [14], and, given Zr's preference for hard, anionic donor
groups, and its ability to form complexes with monohydroxamates
[15,16], was predicted to efficiently bind also Zr(IV) ions. Since the first
trials, there has been significant progress in the development of
DFO–based bifunctional 89Zr chelators, with many derivatives prepared
to facilitate bioconjugation to antibodies. This group is by far the most
investigated in both pre-clinical and clinical context, among all the
bifunctional chelators bound to antibodies [16]. The progress in ligand
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development and current status of clinical trials of DFO–based radio-
pharmaceuticals are summarised in recent reviews [16–18].
Although no X-ray crystal structure of the Zr(IV)-DFO has been de-

termined, a density functional theory (DFT) calculations predicted the
lowest energy structure with three hydroxamate groups and two water
molecules located in cis-positions in Zr(IV) coordination sphere, all ar-
ranged in a distorted square antiprismatic geometry [2]. The potential
lability of the two monodentate water molecules, and a possibility of their
easy replacement in the complex, are suggested to be an initial stage of in
vivo DFO demetallation, followed by deposition of radioactive 89Zr(IV)
isotope in the bone (up to 15% of the injected dose) [2,3,19–22]. The
reports of limited stability of DFO have stimulated a search for DFO de-
rivatives with enhanced stabilities (mostly by adding another binding
group to the DFO skeleton) [23,24], however, to the best of our knowl-
edge, till now the solution thermodynamic stability of DFO with Zr(IV) has
not been characterized, and the corresponding constants are unknown
[16,19]. To gain an understanding of the solution behaviour of Zr(IV)-DFO
system, and to fully realize the drawbacks of DFO chelator, in this paper
we report for the first time the experimental determination of the spe-
ciation and stability constants of Zr(IV) complexes with DFO.

2. Material and methods

2.1. Reagents

All reagents and solvents used for the experiments were purchased
from commercial suppliers and were used without further purification.
The ligand, desferrioxamine (DFO) was used as mesylate salt (Sigma
Aldrich,≤ 92.5% purity). All solutions were prepared in doubly dis-
tilled water. Aqueous stock solution of DFO ligand was freshly prepared
by direct dissolution of a weighed portion of ligand in water prior to
each set of experiments. A stock solution of Fe(III) was prepared im-
mediately before use from Fe(ClO4)3ˑXH2O (Sigma Aldrich, chlor-
ides< 0.005%) in 0.01M HClO4 (ChemPur, 70%) and standardized by
inductively coupled plasma - optical emission spectrometer (ICP–OES)
(iCAP 7400 Duo ICP-OES) along with spectrophotometric determina-
tion, based on molar extinction coefficient ε=4160M−1 cm−1 at
240 nm [25,26]. A Zr(IV) stock solution was prepared from ZrCl4 an-
hydrous (Sigma-Aldrich, 99.99%) in known amount of HClO4 (0.1M)
and standardized by ICP–OES along with direct titration in 1M HNO3
(ChemPur, 70%) with ethylenediaminetetraacetic acid (EDTA)
(Fluka,≥ 99.0%) and xylenol orange (POCH, 99.0%) used as the in-
dicator [27]. The HClO4 and HNO3 solutions were titrated by stan-
dardized NaOH (0.1 N, Titripur). Carbonate-free NaOH solution was
standardized by titration with potassium hydrogen phthalate (Merck,
99.95%). All stock solutions were prepared using a R200D Sartorius
analytical balance (with precision 0.01mg).

2.2. Electrospray ionization mass spectrometry (ESI–MS)

ESI–MS data were recorded on a Bruker Q-FTMS spectrometer. The
instrumental parameters were: scan range, m/z 200–1600; dry gas,
nitrogen; temperature, 170 °C; capillary voltage, 4500 V; ion energy,
5 eV. The capillary voltage was optimized to the highest signal-to-noise
ratio. The spectra were recorded in the positive mode. The compound
was dissolved in MeOH/H2O solution (80/20 by weight); the same
solvent mixture was used to dilute the matrix solutions to the con-
centration range 0.01mM. The Zr(IV) and Fe(III) stock solutions were
prepared as described previously and added to ligand in the 1:1, 1:2 and
1:5 metal-to-ligand molar ratios, pH was adjusted to 3, 5 and 8 by using
acetic acid and ammonium hydroxide. The free hydrogen ions con-
centration was measured with the combined glass electrode Metler
Tolledo InLab Semi-Micro filed with NaCl (Fluka, p.a.) in MeOH/H2O
(80/20 by weight). Potential differences were given by a Beckman ф72
pH meter, standardized according to the classical methods with buffers
prepared according to published procedures in MeOH/H2O solvent (80/
20 by weight) [28,29].

2.3. Potentiometric titrations

The potentiometric titrations of ligand and its complexes were
carried out using an automatic titrator system Titrando 905 (Methrom),
equipped with a combined glass electrode (Mettler Toledo, InLab Semi-
Micro, with XEROLYT® EXTRA Polymer filling) and a dosing system
800 Dosino, equipped with a 2ml micro burette. The ionic strength was
fixed at I=1.0M with NaClO4 (Alfa Aesar, 99.0%) The electrode was
daily calibrated in terms of hydrogen ion concentration using HClO4
(0.1M) with CO2-free NaOH solutions (0.1 M) [30]. A stream of high
purity grade argon, pre-saturated with water vapour, passed over the
surface of the solution cell, filled with 50ml of studied solution, and
thermostated at 25.0 ± 0.2 °C. At least four titrations were performed
for each system, i.e. DFO, Zr(IV)-DFO and Fe(III)-DFO, with a starting
concentration of the ligand of 1mM, and 1:1.2, 1:2 and 1:3 metal-to-
ligand molar ratios in the pH range 2–11. The purity and exact con-
centration of the ligand solution was determined using the Gran method
[31]. Special care was taken to ensure that complete equilibration was
attained. The titrations curves were checked carefully, and did not
display any pH fluctuations which often accompany precipitation of
metal hydroxides. The potentiometric data (about 140 points collected
over the pH range 2–11) were refined with the SUPERQUAD [32] or
HYPERQUAD [33] programs, which use nonlinear least-square
methods. The successive protonation constants of the ligand were cal-
culated from the cumulative constants determined with the program
and defined by Eqs. (1) and (2) (charges are omitted for clarity).

+H L H H Ln n1 (1)

Fig. 1. a) Structure of DFO ligand in fully protonated form, [H4L]+. b) DFT calculation for Zr(IV)-DFO complex [3] (b). This research was originally published in the
Journal of Nuclear Medicine (see ref. 3). Copyright 2010 Society of Nuclear Medicine and Molecular Imaging, Inc.
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The stability constants calculated for metal complexes are defined
by Eqs. (3) and (4):

+ +mM hH lL M H Lm h l (3)
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In the calculations of complex stability constants, the protonation
constants of free ligand (Table 1) and the constants related to hydrolytic Zr
(IV) [8]: Zr(OH)3+ logβZrH−1=−0.87, Zr(OH)2

2+ logβZrH−2=−2.10, Zr
(OH)3+ logβZrH−3=−4.00, Zr(OH)4 logβZrH−4=−6.7, Zr2(OH)62+

logβZr2H−6=−2.42, Zr3(OH)48+ logβZr3H−4=4.1, Zr4(OH)88+

logβZr4H−8=5.2, and Fe(III) [34]: Fe(OH)2+ logβFeH−1=−2.66, Fe
(OH)2+ logβFeH−2=−7.0, Fe(OH)3 logβFeH−3=−12.5, Fe(OH)4−

logβFeH−4=−20.6, Fe(OH)52− logβFeH−5=−30.8, Fe(OH)63−

logβFeH−6=−43.4, species were taken into account. The pKw used in the
calculation in the 1M NaClO4 ionic strength was −13.76 [35].
The uncertainties in the logK values correspond to the added stan-

dard deviations in the cumulative constants. The species distribution
diagrams were computed with the HYSS program [33]. The data were
processed using Origin 7.0.

2.4. Metal competition batch UV–Vis titrations

The competition titrations for Zr(IV)-Fe(III)-DFO systems were
carried out as a function of concentration with a Varian Cary 300 Bio
spectrophotometer in the 250–700 nm range (with 1 nm precision)
using a Hellma quartz optical cells with 1 cm path length.
Spectrophotometric titrations were performed on samples with con-
centration of ligand at 0.15mM, I=1M (completed by adding
NaClO4), at 25.0 ± 0.1 °C, pH 2.0 was adjusted by adding proper vo-
lume of HClO4 and checked with a Mettler Toledo Super Easy pH meter
with accuracy of± 0.01.
In order to determine the stability constant of [ZrHL]2+ three

different series of competition experiments were performed, all carried
out at pH 2: (i) Fe(III)-DFO+Zr(IV), (ii) Zr(IV)-DFO+Fe(III), and (iii)
Zr(IV)-Fe(III)+DFO. The following procedure was used (i) fifteen
samples with a constant concentration of Fe(III) ions and DFO (0.16mM
for both) titrated by Zr(IV) ions (starting from 0 equiv. up to 3 equiv.);
(ii) eighteen samples with a constant concentration of Zr(IV) ions and
DFO (0.15mM for both) titrated by Fe(III) ions (starting from 0 equiv.
up to 300 equiv.); (iii) seventeen samples with a constant concentration
Zr(IV) and Fe(III) ions (0.18mM for both) titrated by DFO (starting
from 0 equiv. up to 4 equiv.). After preparation, each solution was al-
lowed to equilibrate for about 1 h, and then its UV–Vis spectrum was
recorded. The vials were kept in the dark and absorbance was measured
again after 24, 48 and 72 h; changes were observed between spectra
collected after 1 h and 24 h; spectra collected during the next few days
were the same as after 24 h.
The competition data were refined to obtain the overall Zr(IV)-DFO

binding constant (logβZrHL) using SPECFIT/32 software [36–38] which
adjusts the absorptivity and the stability constants of the species formed
at equilibrium. Specfit uses factor analysis to reduce the absorbance
matrix and to extract the eigenvalues prior to the multiwavelength fit of
the reduced data set according to the Marquardt algorithm [36–38].
Uncertainties in logβ were calculated from the standard deviation. The
protonation constants of DFO and formation constants for Fe(III)-DFO
complexes (Table 1) were used as fixed parameters during data ana-
lysis. The concentration of [FeH2L]2+ and [FeHL]+ complexes was
calculated from the absorbance spectra (collected in 250–700 nm range,
Fig. S3). Hydrolytic forms of ferric ion at studied pH range are char-
acterized by absorption band with λmax below 300 nm, and therefore
they are beyond the experimental wavelength window. However, the
spectrum of Fe(III) in solution at pH 2 was fixed in the calculations
[39,40].
The competition equilibrium is described by Eqs. (5) and (6):

+ +FeDFO Zr IV ZrDFO Fe III( ) ( ) (5)

= =K ZrDFO Fe III
FeDFO Zr IV

[ ][ ( )]
[ ][ ( )]

ZrDFO

FeDFO (6)

The molecular charges are omitted for clarity. The data were pro-
cessed using Origin 7.0.

2.5. Isothermal titration calorimetry (ITC)

ITC experiments were carried out using a Nano ITC calorimeter (TA
Instruments) with a standard volume of 1.0ml cell at 25 °C. Titrations
mode of ligand solution being an analyte and metal solution being a
titrant was applied. The solution of ligand (at pH 1, 0.1M HClO4, ionic
strength was completed to 1M by adding NaClO4) was placed in the cell
and the solution of Zr(VI) (8 mM, at pH 1, 0.1M HClO4, ionic strength
was completed to 1M by adding NaClO4) was taken up in a 250 μl in-
jection syringe. Each sample was degassed prior the titration for 30min.
The total number of 25 injections, 10 μl each were added after the ca-
lorimeter finalized the primary equilibration, with 350 s apart. The
stirring rate was 400 rpm. The calorimeter was operated using the Nano
ITC Run software and all the data obtained were analyzed with the
NanoAnalyze v. 3.1.2 program. ‘Independent’ model was used to eval-
uate the results obtained and the control experiments were performed
in each case; the enthalpies of reagents dilution were subtracted from
the enthalpies of binding processes. Each ITC data was collected by two
independent measurements and reproducible data was employed.

3. Results and discussion

3.1. Stoichiometry of Zr(IV)-DFO complexes

ESI-MS spectrometry is frequently used as the first step for the de-
termination of metal complexes' stoichiometry and has been employed

Table 1
Protonation (logβH) and stability (logβ) constants of Fe(III) and Zr(IV) com-
plexes with DFO in aqueous solutiona.

logβ logK

DFO
logβ1H 10.97 (1)b 10.97
logβ2H 20.91 (2)b 9.94
logβ3H 30.12 (2)b 9.21
logβ4H 38.83 (3)b 8.71

logβ pK

Fe(III)
logβFeH2L 42.82 (4)c

logβFeHL 41.80 (5)c 1.02
logβFeL 31.10 (3)b 10.70

Zr(IV)
logβZrHL 47.7 (2)d

47.7 (1)e

47.3 (6)f

46.4 (1)b

logβZrHL(OH) 40.04 (3)b 6.36
logβZrL(OH) 29.15 (9)b 10.89

a I=1.0M NaClO4, T=25 °C.
b Calculated from potentiometric titrations.
c Calculated from pH dependent UV–Vis titrations (SI).
d Calculated from competition batch UV–Vis titration Fe(III)-DFO+Zr(IV).
e Calculated from competition batch UV–Vis titration Zr(IV)-DFO+Fe(III).
f Calculated from competition batch UV–Vis titration Zr(IV)-Fe(III)+DFO;

charges are omitted for clarity.
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by us for the purpose of metal-hydroxamate ligands interactions on
previous occasions [26,41,42]. Although ESI–MS is not able to distin-
guish the ionizable protons in the species, this method can be suc-
cessfully applied to determine the metal-to-ligand stoichiometry di-
rectly from the m/z values. The spectra collected for Zr(IV)-DFO
solutions in metal-to-ligand molar ratios of 1:1, 1:2 and 1:3, all at pH 3,
5 and 8, were only slightly different by intensity, and characterized by
the presence of a single peak corresponding to mononuclear {ZrL}+

complex (m/z 647.24) (Fig. S1). The ligand itself is characterized by the
signal at m/z=561.36, corresponding to {LH4}+ form.

3.2. Binding properties and overall complex stability

The aqueous solution chemistry of Zr(IV) complexes is rather diffi-
cult to characterise by standard protocols using direct potentiometric
and spectroscopic titrations, due to the hydrolytic and optical proper-
ties of Zr(IV). The strong hydrolysis of Zr(IV) requires the complexation
experiments to be performed in a very acidic media to prevent hydro-
lytic polimerization, however, potentiometry is not accurate in the pH
range lower than 2 due to error of the glass electrode [6,8,21]. More-
over, Zr(IV) is expected to form strong complexes with DFO, fully
formed at acidic pH, and therefore one may only relay on the compe-
tition between the ligand and hydroxyl ions for Zr(IV) binding (occur-
ring at high pH). Additionally, as Zr(IV) is a transition metal with a d0-
electron count, its complexes are UV–Vis silent. In such a case, a
competition of two metal ions for a ligand, where one of the metal
chelates has a strong absorption band either in the visible or ultraviolet
region of the spectrum, with an extinction coefficient much different
from that of the free metal ion, and performed under acidic conditions,
becomes an alternative. A further requirement for accuracy is that the
equilibrium constant for the competition reaction must not be very
small or very large. These requirements are fulfilled in competition
experiments between Zr(IV) and Fe(III) for the DFO ligand. Zr(IV)-DFO
complexes do not absorb light in the visible region, while Fe(III)-DFO
complexes possess a broad ligand to metal charge transfer (LMCT) band
with a maximum at 470 and 430 nm, corresponding to bi- and tri-hy-
droxamate species, respectively [43]. The Zr(IV)-Fe(III) competition
titrations have been previously used to characterise the stability con-
stants of Zr(IV)-EDTA/Nitrilotriacetic acid (NTA)/Tiron complexes
[44–46], and Zr(IV)-Ce(IV) for hydroxypyridinone-based chelator
[47,48], being rare examples of polydentate ligands, for which the Zr
(IV) stability constants were determined till far.
Potentiometric titrations for Zr(IV)-DFO system were carried out at

pH range 2.3 to 11.0, at the metal-to-ligand molar ratios 1:1.2, 1:2 and
1:3. Prior to these experiments, the acid-base properties of the free DFO
ligand, H4L+, were determined (Table 1), with the logK4 assigned to the
protonation of amino group, and logK2 – logK4 to the protonation of the
three hydroxamate groups. Allowing for the change in ionic strength,
the protonation constants of DFO determined in the present work are in
a very good agreement with those published earlier [49]. A satisfying fit
of the potentiometric Zr(IV) – DFO titrations was obtained using a
model containing only mononuclear complexes throughout the entire
measured pH range, i.e. [ZrHL]2+ [ZrL]+, [ZrLH−1] (Table 1, Fig. 2).
As already explained, the competition between DFO and hydroxyl ions
for Zr(IV) binding was used to measure the stability of the Zr(IV)-DFO
complexes, and therefore the known stability constants of Zr(IV) hy-
droxocomplexes (given in experimental section) were included in the
calculations. In the first species, with the stability constant
logβZrHL=46.4(1), the three hydroxamate groups are assumed already
bound to Zr(IV); the proton associated with the complex is on the free
amine of the ligand which is not (apparently) displaced by Zr(IV). The
[ZrHL]2+ complex dominates the solution from pH 2 up to pH~ 6.4.
The deprotonation of [ZrHL]2+ to [ZrL]+ (logβZrL=40.04(3)) occurs
with pK of 6.36, which could be attributed to the deprotonation of a
water molecule from the coordination sphere of Zr(IV). Analogous be-
haviour was observed for Zr(IV)-EDTA system, where the pK of the

deprotonation of water was reported as 6.2 [45]. If this interpretation is
correct, the [ZrL]+ species should be rather noted as [ZrHLH−1]+ or
even [ZrHL(OH)]+. With further increase of pH, the last deprotonation
step was observed, leading to [ZrLH−1] (or [ZrL(OH)]) complex
(logβZrLH−1= 29.15(9)). The pK=10.87 could be assigned to the de-
protonation of the amino group of DFO ligand; the value is very close to
the pK of free amino group (10.97, Table 1), and to the pK of amino
group dissociation in Fe(III) (10.70, Table 1) and Ga(III) (10.14) [50]
complexes, where it did not participate in the metal binding. The two
above discussed dissociation steps were also observed for Th(IV) com-
plexation to DFO, however, the pKa were ascribed in reverse, i.e. 7.7 to
the amino group dissociation and 10.3 to metal hydroxide formation
[51].
It has to be mentioned, that there might be an alternative inter-

pretation of pK of 6.36. Due to a very strong tendency of Zr(IV) to
hydrolysis, one cannot exclude a possibility of the formation of mixed
Zr(IV) – DFO – OH complex even at acidic conditions. If this would be
the case, pK of 6.36 might correspond to the substitution of an amide
group (probably an amide oxygen) by the OH– ion in the inner-sphere of
Zr(IV) ion, suggesting for [ZrHL]2+ a different coordination environ-
ment with respect to the structure proposed by DFT calculations [3].
Even if, to the best of our knowledge, there are some examples showing
Zr(IV) binding to the oxygen from C(O)NH group [52,53] only when a
stable 5-member ring with strong amine donor was created, and in the
current Zr(IV)-DFO complex the formation of 7-member tensioned ring
seems improbable, one cannot exclude such a possibility. Un-
fortunately, the 13C NMR experiments performed to clarify the possi-
bility of amide binding could not be conclusive due to a precipitation of
Zr(IV)-DFO from the solution at pH 7.5 (due to high concentration of
the ligand and complex=3.2mM, and long waiting time, i.e. up to
20 h, required to collect reasonable 13C NMR spectra). All the stability
constants determined for Zr(IV)-DFO system are collected in Table 1
and the species distribution diagram is shown in Fig. 2.
As the stability constants were determined by competition with

hydroxide at high pH, and it is known that slight changes in pH are
difficult to extrapolate in the high pH region of the titration curve
corresponding to the formation of Zr(OH)4 and the low pH region,
where only [ZrHL]2+ complex was dominating, and estimation of the
free Zr(IV) ions concentration by the difference of Zr(IV) total – Zr(IV)
bound is not reliable, additional, UV–Vis spectrophotometric experi-
ments were carried out. First, the UV–Vis titrations of Zr(IV)-DFO
equimolar solution at pH range from 0.1 to 4.8 were performed (Fig.
S5), in order to analyse the spectral changes corresponding to
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Fig. 2. Species distribution plot for Zr(IV)-DFO system at pH range 2–11,
cZr(IV) = 1mM, cDFO= 1mM, I=1M NaClO4, T=25 °C. Calculated from po-
tentiometric titrations.
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hydroxamate groups protonation state [43]. The UV–Vis spectra show a
well-defined absorbance band in the 200–300 nm range (with
λmax= 225 nm), which do not reveal any significant changes at studied
pH range. This behaviour confirms the results obtained from po-
tentiometric data, and indicates that the three hydroxamate groups are
dissociated, and therefore most probably bound to Zr(IV) ions, already
at very acidic pH. The disappearance of the band with max at 230 nm
was earlier clearly seen in acidic range for Ga(III)-DFO (and was asso-
ciated with two protonation constants, pK1= 1.10 and pK2= 0.78)
[50] and Th(IV)-DFO (with pK1= 1.9) [50] complexes.
Assuming the formation of only one, monomeric [ZrHL]2+ complex

at low pH range, the stability of Zr(IV)-DFO complexes was confirmed
using a UV–Vis competition batch experiments. The competition titra-
tion was performed in perchloric media at pH 2, to prevent hydrolysis
of the metal ions and to avoid the decomposition of DFO, which is
known to occur under acidic conditions [50]. The metal competition
titration, using Zr(IV) as a competing metal is demonstrated in Fig. 3a,
and reflects the changes in UV–Vis absorbance upon the addition of up
to 3 equiv. of Zr(IV) to a solution of Fe(III)-DFO; the large LMCT band
centred at 430 nm characteristic of trihydroxamate [FeHL]+ species
decreased gradually.1 The refinement of the titration data, using the Fe
(III)-DFO stability constants (Table 1), together with the Fe(III) and Zr
(IV) hydrolysis constants, yielded a logβZrHL value of 47.7(2) for
[ZrHL]2+. To confirm that the Fe(III)-DFO+Zr(IV) (Fig. 3a) exchange
experiments gave a true equilibrium constant, additional experiments
were performed, approaching the same equilibrium position by another
metal competition, i.e. titrating Zr(IV)-DFO by Fe(III) (Fig. 3b), as well
as titrating a solution with Fe(III) and Zr(IV) equimolar mixture by DFO
(Fig. 3c), both performed at pH=2. Although the spectra in Fig. 3b are
dominated by absorbance of ferric species present in high excess (up to
300 equiv), the refinement of the spectral data led to identical logβ111
value, 47.7(1) for [ZrHL]2+. LogβZrHL from spectral data given in
Fig. 3c, was calculated as 47.3(6). Taking all three experiments to-
gether, an average value of logβZrHL=47.6(3) was calculated.

3.3. pM of zirconium complexes

In order to compare the Zr(IV) binding ability of DFO with other
potential PET chelators, pM values (pM(Zr(IV))=−log[Zr(IV)free],
cL= 10 μM, cZr(IV)= 1 μM) were calculated at pH of 7.4 (Table 2).
Higher pM value indicates stronger chelating ability of the ligand. The
data clearly show, that even if pM(Zr(IV))= 32.2 of DFO remains
within the range for effective zirconium chelators, like diethylene-
triaminepentaacetic acid (DTPA) (pM(Zr(IV))= 33.9) [44,47,54], its
efficacy is lower than the most efficient octadentate chelating ligand
3,4,3-LI(HOPO), for which the pM(Zr(IV))= 44.0 is significantly
higher [55]. The comparison of the pM(Zr(IV)) vales calculated for
zirconium complexes of 3,4,3-LI(HOPO) and its monomeric chelating
unit 1,2-HOPO-NHPr [56] show about 10 orders of magnitude increase
when the four binding units are joint in one molecule. For DFO, the pM
(Zr(IV)) is only about four orders higher when compared to the Zr(IV)
complexes of acetohydroxamic acid (AHA) [57], revealing the lower
binding power of hexadentate chelator for 8-coordinate metal ion. All
the data confirm that DFO is indeed not the best PET chelator, and the
lower stability of complexes, together with the susceptibility of co-
ordinated water molecule to deprotonation, must be the reason of in
vivo instability of 89Zr(IV) complexes leading to transchelation and
eventual accumulation of osteophilic 89Zr(IV) in bone [16,58]. As
shown on several examples, an additional chelating group included in

DFO structure improved the in vivo stability of Zr(IV) complexes com-
pared to DFO [24,59,60]. Of importance, thermodynamic stability is
not the only parameter to be considered when discussing about in vivo
stability of an imaging probe. Also, and most importantly, high kinetic
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Fig. 3. Three types of competition titration experiments: a) Fe(III)-DFO com-
plex titrated by Zr(IV) stock solution (starting from 0 equiv. up to 3 equiv.),
cFe(III) = cDFO= 0.16mM; b) Zr(IV)-DFO complex titrated by Fe(III) stock so-
lution (starting from 0 equiv. up to 300 equiv.), cZr(IV)= cDFO= 0.15mM; c) Zr
(IV)-Fe(III) mix metals solution titrated by DFO stock solution (starting from 0
equiv. up to 4 equiv.) cZr(IV) = cFe(III) = 0.18mM; I=1M NaClO4, T=25 °C,
pH 2.0.

1 Although the Fe(III)-DFO speciation is already well characterized [49], in
order to use the stability constants and spectral characteristics of appropriate
complexes in competition experiments with Zr(IV), they all were redetermined
under experimental conditions of this work (1M NaClO4); the experimental
protocol and the results are given in Table 1 and SI.
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inertness is the key factor that allows in vivo stability of the probe. To
address the challenge of improving kinetic stability, a cyclisation of
chelating compounds might be a choice. As an example, fusarinine C, a
natural siderophore having three hydroxamate groups providing six
oxygen donors for metal binding, arranged in cyclic structure, showed
indeed superior resistance to transchelation and therefore superior
stability in comparison to DFO [61]. In another approach, cyclen and
cyclam were successfully used as macrocyclic scaffolds for the attach-
ment of either three or four hydroxamate-based arms, again showing
improved stability [62]. Unfortunately, the solution thermodynamic
stability constants for these ligands were not determined and the order
of increase cannot be quantified.

3.4. Isothermal titration calorimetry studies

The ITC method is a useful tool for the investigation of the metal-
ligand interactions in solution and was used herein as an additional
technique to prove the stoichiometry of the complex formed in solution
of Zr(IV) and DFO at pH 1. This low pH was chosen in order to avoid
hydrolysis of Zr(IV), which was used as a titrant at 8mM concentration.
The results in the form of binding isotherms, that depend on stoichio-
metry (n), binding constant (KITC) and change on enthalpy (ΔHoITC), are
shown in Fig. 4 with details of calculated fitting curves. The peak for
the first injection of Zr(IV) stock solution into DFO solution was lower
than that of the second one which is a common phenomenon of dilution
effect in ITC experiments. For this reason, the energetic effects of di-
luting DFO solutions as well as the effects of titration of Zr(IV) stock
solutions with the solvents investigated were subtracted from the en-
ergetic effects of the titration measurements. Estimated values of KITC,
n, ΔHoITC and ΔSoITC together with calculated Gibbs free energy ΔGITC, are

given in Fig. 4, Table 3.The isotherm obtained for studied system could
be fitted with ‘independent site’ model due to only one exothermic
inflection point (ΔHoITC < 0) showed. Many classical interactions be-
tween ligand and metal ions are described by ‘independent’ model used
to match the resulting binding isotherms that is based on 1 for 1 ap-
proach [64,65].
The inflection point in the titration curve, showing the enthalpy vs.

metal-to-ligand molar ratio, clearly indicates that the stoichiometry of
the complex formed at pH 1 is 1, which strongly supports the formation
of equimolar complexes in Zr(IV)-DFO system, shown earlier by po-
tentiometric calculations and ESI-MS data. The data reveals also that
the complexation process is exothermic, and occurs with favourable
enthalpy changes (ΔH < 0). The binding between the metal and ligand
is enthalpy driven and spontaneous process (|ΔH| > |TΔS|, ΔGo < 0).
The results of ITC measurements (ΔGo < 0, ΔH < 0, -TΔS > 0) sug-
gest unfavourable conformational changes in the complex.
Indeed, it is valuable when the results of two different methods, like

ITC and potentiometry can lead to matching results. To relate the sta-
bility of Zr(IV)-DFO complexes obtained from potentiometric and ITC
data, we have used Hyss program to calculate an apparent stability
constant at pH=1, including stability constants determined by po-
tentiometry (Table 1) and concentration ranges used in ITC (cZr(IV) from
0.08 up to 2mM, cDFO= 1mM). The estimated logKapp= 10.51 seems
to be definitely higher than logKITC= 4.67. However, it has to be un-
derlined that titration calorimetry measures the sum of the heat, ΔHITC,
associated with all processes occurring upon addition of aliquots of the
titrant (here Zr(IV) stock solution), to the solution of ligand [64]. Al-
though the heat of dilution of the titrant was corrected, the heat asso-
ciated with other possible coupled processes, like the hydrolysis reac-
tions of Zr(IV) ion or proton displacement from the DFO ligand upon
metal binding, were not. As already indicated, the hydrolysis of Zr(IV)
ions may be particularly insidious as it depends on the concentration
and there is a significant dilution of the metal when it is injected into
the DFO solution in the cell; still to minimize the hydrolysis influence
we have chosen to perform the experiments at pH=1. On the other
hand, under these experimental conditions the hydroxamate groups of
DFO are protonated (pKa1= 8.26, pKa2= 9.21, pKa3=9.94, Table 1)
and the coordination of Zr(IV) ions has to force the release of three
protons. As it was previously shown for Ca2+ binding to EDTA, the
ionization enthalpy is always unfavourable, and dramatically decreases
metal affinity by reduction of the enthalpy term of the stability function

Table 2
pM(Zr(IV)) valuesa with various synthetic and biological chelators.

Ligand Donor set pM(Zr(IV))

DFO O6 (3 hydroxamates) This work 32.2
AHA O8 (4 hydroxamates) [57] 28.9
DTPA N3O5 (4 carboxylates, 3 amino groups) [44,47,54] 33.9
3,4,3-LI(1,2-HOPO) O8 (4 1-hydroxy-2-pyridinonates) [47,63] 44.0
1,2-HOPO-NHPr O8 (4 1-hydroxy-2-pyridinonates) [56] 33.5

a Values calculated at pH=7.4 with cZr(IV)= 1 μM and cDFO= 10 μM, based on the constants calculated from potentiometric titrations and given in
Table 1; hydrolysis constants of cations set to the values found in literature [8].
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Fig. 4. The ITC experiments of the titration of DFO stock solution by Zr(IV), at
pH 1.0; raw data (top) and calculated model (bottom).

Table 3
Data of ITC calculationsa.

Model Independent

Ka 4.64·104

ΔHoITC −69.19 kJ/mol
n 1.004
Kd 2.16·10−5

ΔSoITC −0.143 kJ/mol·K
ΔGo −26.64 kJ/mol

a cZr(IV) = 8mM, cDFO=1mM, I=1M NaClO4,
T=25 °C, pH 1.0.
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[66]. Here, due to a very narrow experimental window caused by Zr(IV)
hydrolysis problem on the one hand, and instability of DFO under very
acidic conditions on the other hand, we could not determine the de-
protonation contributions to ΔHITC and KITC. Other factors that may
influence the ΔHITC and KITC are solvation effects that represent inter-
actions between the metal ion/ligand and water molecules which are
displaced when the complex is formed.

4. Conclusions

This work addresses itself to investigate the thermodynamic stabi-
lity of Zr(IV)-DFO complexes, the data missing in the literature even if
the DFO is currently the gold standard for 89Zr(IV) chelation.
Addressing the difficulties to characterise the aqueous solution chem-
istry of Zr(IV) complexes, in this paper we have used a fruitful combi-
nation of ESI–MS, potentiometric, spectroscopic and ITC physico-che-
mical techniques to determine the stoichiometry and thermodynamic
stability of complexes formed in solution over pH range 1–11. As turned
out, a model containing only mononuclear complexes, i.e. [ZrHL]2+

[ZrL]+, [ZrLH−1] throughout the entire measured pH range is pro-
posed. The deprotonation of [ZrHL]2+ to [ZrL]+ (logβZrL=40.04(3))
occurs with pK of 6.36, which could be attributed to the deprotonation
of a water molecule from the coordination sphere of Zr(IV). Although
DFO remains within the range for effective zirconium chelators (pM(Zr
(IV))= 32.2), the lower stability of unsaturated complexes, together
with the susceptibility of coordinated water molecule to deprotonation,
must be the reason of in vivo instability of 89Zr(IV) complexes leading to
transchelation and eventual accumulation of osteophilic 89Zr(IV) in
bone. We strongly believe that the results presented herein complete
the knowledge on the Zr(IV)-DFO interactions, providing the speciation
of complexes together with their stabilities, and might be useful when
designing more effective PET chelators.
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Fig. S1. ESI–MS spectra for Zr(IV)-DFO solution in metal-to-ligand molar ratio 1:1 at pH 5. The full 

spectra and expanded experimental (top) and simulated (bottom) spectra of DFO ligand (m/z 561, 

{H4L}+); expanded experimental (top) and simulated (bottom) spectra of (m/z 647.237) complex. 

*Signals at m/z 319.24 and 443.25 are impurities coming from methanol. 
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Characterization of Fe(III)-DFO complexes. Although the Fe(III)-DFO speciation is already well 

characterized [1-4], in order to use the stability constants and spectral characteristics of appropriate 

complexes in competition experiments with Zr(IV), they all were redetermined under experimental 

conditions of this work (1 M NaClO4); the experimental protocol and the results are given in Table 1 

and SI. As complex formation for Fe(III)-DFO started at pH of around 0 and complexation process 

was complete at pH < 2, the experimental protocol for the determination of stability constants was 

similar to that of previously described systems [5, 6], and combined (i) batch UV–Vis titrations carried 

out in pH range 0.1-2.3 pH (Fig. S2), with (ii) potentiometric titrations in pH range 2 – 11.   

Electrospray ionization mass spectrometry. ESI–MS spectra collected for Fe(III)-DFO solution in 

metal-to-ligand molar ratios of 1:1, 1:2 and 1:5, confirmed the formation of monomeric complexes 

{FeHL}+ (m/z 614.27), Fig. S1.   

 

Fig. S2. ESI-MS spectra for Fe(III)-DFO solution in metal-to-ligand molar ratio 1:1 at pH 5. The 

full spectra; expanded experimental (top) and simulated (bottom) spectra of {Fe3++HL2-}+ complex. 

*Signals at m/z 204.78 and 381.30 are impurities coming from methanol. 
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pH-dependent UV–Vis titrations of Fe(III)-DFO system. The pH-dependent UV–Vis 

spectrophotometric experiments for Fe(III)-DFO system were carried out as a function of 

concentration with a Varian Cary 300 Bio spectrophotometer in the 200–800 nm range using a Hellma 

quartz optical cells with 1 cm path length. Spectrophotometric titrations were performed on samples 

with concentration of ligand at 1.5·10-4 M in the presence of 1.0 M NaClO4 at 25.0 ± 0.1 °C, pH 2.0 

was adjusted by adding proper volume of HClO4 and checked with a Mettler Toledo Super Easy pH 

meter with accuracy of ± 0.01.  

To check the stability constants for [FeH2L]2+ complexes under our experimental conditions  

(1.0 M NaClO4, T = 25⁰C) twenty five samples, differing by 0.1 pH unit, with concentration  

of Fe(III) 0.15 mM and the same for ligand, were prepared. Ionic strength was adjusted to 1.0 M with 

addition of NaClO4, and pH (range 0.1–2.5) was controlled by the concentration of the HClO4. After 

preparation, each solution was allowed to equilibrate for about 1 hour, and then its UV-Vis spectrum 

was recorded. This was necessary to minimize the effects of DFO hydrolysis, which occurs in strong 

acid [7]. 

The UV–Vis spectra of the Fe(III)-DFO complexes as a function of pH are shown  

in Figure S3. The pH-dependent spectral profile indicates the presence of only two absorbing species 

within the measured pH range (from 2.5 to 0.1, Figure S2a).  The ligand to metal charge transfer band, 

LMCT, with max at around 430 nm was decreasing and shifting towards longer wavelengths, 470 nm, 

with pH decrease to pH 1; this spectral behaviour corresponds to three (λmax= 430 nm and ε = 2427 M-

1cm-1, Fig. S3b) and two hydroxamates (λmax= 472 nm and ε = 2249 M-1cm-1, Fig. S3b), respectively, 

involved in Fe(III) binding, and complexes with 1:1 metal-to-ligand stoichiometry.  Further decrease 

of absorbance, observed below pH 1, with an absence of the max shift towards longer wavelengths, 

comes rather from the complex decomposition than the change of the Fe(III) coordination sphere from 

two hydroxamates to one hydroxamate. This behaviour was previously described by Schwarzenbach 

[1]. Stability constants of the corresponding complexes were calculated as log𝛽𝐹𝑒𝐻2𝐿
 and log𝛽𝐹𝑒𝐻𝐿 

(Table 1) and the constants were kept fixed during the potentiometric calculations.  
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Fig. S3. a) The UV-Vis experimental spectra for Fe(III)-DFO titrations at pH range 0.1-2.5,  

cFe(III) = 0.15 mM. b) Electronic spectra of Fe(III)-DFO complex forms; metal to ligand molar ratio 1:1, 

I = 1 M NaClO4, 25⁰C. 

 

 

Both pH-metric and spectrophotometric experimental data were used to calculate the stability 

constants in the pH regions where no increase in absorbance was observed (above pH 2.1). The pH-

metric titration were carried out at 1:1 and 1:3 metal-to-ligand molar ratios. The log𝛽𝐹𝑒𝐿 (Table 1) 

corresponded to the species with deprotonated amino group of the DFO;  the pK = 10.70  is very close 

to the deprotonation of the amino group of free ligand (pK = 10.97). Allowing for the change in ionic 

strength, the stability constants and spectral characteristics determined for ferric complexes of DFO in 

the present work (Table 1, Fig. S3b) are in a very good agreement with those published earlier [1-4]. 

The species distribution diagram is shown in Fig. S4. 
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Fig. S4. Species distribution diagram vs. pH for Fe(III)-DFO system, I = 1 M NaClO4, 25⁰C,  

cFe(III) = 0.15 mM, metal-to-ligand molar ratio 1:1. 
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Fig. S5. The UV-Vis experimental spectra for Zr(IV)-DFO titrations at pH range: a) 0.1–2.5  

cZr(IV) = 0.0475 mM, cDFO = 0.05 M; b) 2.0–4.8 cZr(IV) = 0.0498 mM, cDFO = 0.0522 mM; I = 1 M 

NaClO4, 25⁰C. 
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Abstract  

A critical component of metal-based radiopharmaceuticals is the chelator, i.e. the ligand system 

in charge to bind the radiometal ion in a tight, stable and kinetically inert coordination complex so that 

it can be properly directed to a desirable molecular target, in vivo. Increasing attention has been recently 

devoted to 89Zr(IV) and 67Ga(III) radionuclides, due to their favourable decay characteristics for Positron 

Emission Tomography (PET). The most successfully used 89Zr(IV) chelator for PET is desferrioxamine 

B (DFOB), a microbial siderophore; unfortunately, complex demetallation has been observed to some 

extent in vivo, leading to 89Zr(IV) accumulation in different nontargeted organs. More efficient Zr(IV) 

chelators are therefore actively sought; however, it is worth underlining that, after the design and 

synthesis of a new chelator, a deep investigation on the stoichiometry and thermodynamic stability of 

its metal complexes is essential to predict the in vivo behaviour of the corresponding 

radiopharmaceutical. Only few solution equilibria studies have been reported for Zr(IV) complexes. In 

the present paper, a deep investigation is presented on the Ga(III) and Zr(IV) complexes with a series of 

tri- (H3L1, H3L3, H3L4 and desferrioxamine E, DFOE) and tetra-hydroxamate (H4L2) ligands. Herein, 

we describe the rational design and the synthesis of two cyclic complexing agents (H3L1 and H4L2) 

bearing three or four hydroxamate chelating groups, respectively. The ligand structures allow to take 

advantage of the macrocyclic effect; the H4L2 chelator contains an additional side amino group 

allowable for a possible further conjugation with a biomolecule. The thermodynamic stability of Ga(III) 

and Zr(IV) complexes in solution have been measured using a combination of potentiometric and pH-

dependent UV-Vis titrations, based on metal-metal competition. The Zr(IV)-H4L2 complex is 

characterized by one of the highest formation constants reported up to now for a tetrahydroxamate 

zirconium chelate (logβ = 45.9, pZr = 37.0), although the complex-stability increase deriving from the 

introduction of the fourth hydroxamate binding unit is lower than that predicted by theoretical 

calculations. Solution studies on Ga(III) complexes revealed that H3L1 and H4L2 are stronger Ga(III) 

chelators than DFOB.  The complex stability obtained with the new ligands is also compared with that 
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previously reported for other hydroxamate ligands.  Besides increasing the library of the thermodynamic 

stability data of Ga(III) and Zr(IV) complexes,  the present work allows new insights into Ga(III) and 

Zr(IV) coordination chemistry and thermodynamics and broadens the selection of available chelators 

for 68Ga(III) and 89Zr(IV). 

 

Keywords: thermodynamic stability, Zr(IV) and Ga(III) complexes, hydroxamate ligands, PET 

chelators 

Introduction  

The recent research confirms an increasing interest in the use of gallium and zirconium 

radioiosotopes for medical diagnostic techniques like PET or Single-Photon Emission Computed 

Tomography  (SPECT).1-8 

Interest in the use of 68Ga (t1/2 = 1.13 h, Eβ+avg = 830 keV, 89%) for clinical PET comes from 

accessibly of its production via easily portable and long-lived 68Ge/68Ga generator system.9 Also it is 

worth to notice, that gallium possess two other radioisotopes, namely 66Ga (t1/2 = 9.49 h, Eβ+avg = 

1747keV, 57%) and 67Ga (t1/2 = 78.2 h, Eγ =93, 184, and 300 keV; Iγ = 39, 21, and 17%). 66Ga is a β+ 

emitter, and its interest is due to its long physical half-life (relative to 68Ga), which fits well to 

bioconjugates with slow in vivo kinetics;10,11 while 67Ga is a low-energy γ emitter that decays purely by 

electron capture (EC) and is suitable for SPECT imaging. 89Zr is the rising star in nuclear imaging, 

because of its favourable decay characteristics (t1/2 = 78.4 h, E β+avg = 395.5 keV, 23%)  which allows to 

obtain high PET image resolution, when the long enough half-life is an optimal match for the 

pharmacokinetics of most monoclonal antibodies.12   

To be applied to molecular imaging, the metal isotope must be converted into a radiolabelled 

probe that can specifically reach the target of interest in vivo and remain there long enough to be 

detected. Therefore, the metal ion must be bound by an efficient chelator, to overcome metal hydrolysis 

and transchelation, and linked to a biologically active targeting molecule, to be properly directed to a 

desirable molecular target in vivo.  

To the best of our knowledge, the most widely used chelator for 68Ga is 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).13 In 2016 FDA approved the 68Ga-

DOTATATE (NETSPOT) kit for the preparation of gallium 68Ga-DOTATATE injection;14  Clinical 

trials revealed superiority of 68Ga-DOTATATE to 111In-pentetreotide in imaging neuroendocrine 

tumours.15 Currently, the most successfully used 89Zr(IV) chelator is DFOB but some decomposition 

can be observed over time in vivo, as 89Zr slowly accumulates in bones.16-18 

Moreover, plenty of other chelators were examined for 68Ga and 89Zr using in vivo assays.16,19-24 

While scientists are currently devoting considerable efforts towards the design of more efficient 89Zr 

and 68Ga chelators by increasing the in vivo stability of corresponding complexes, the solution 
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equilibrium chemistry, especially of Zr(IV) systems, is still rarely published.2,25-28 The solution studies 

on the coordination chemistry and formation constants of Zr(IV) complexes are not trivial due to several 

reasons: an extremely high thermodynamic stability (requiring application of indirect competition 

studies with the use of other strong ligands with known stability constants), strong hydrolysis (occurring 

over almost entire pH range), and the lack of spectral activity of complexes. On the other hand, the 

knowledge of the speciation of such complexes, especially at physiological pH, could provide 

information concerning the actual chemical form of the complex in biological media, and this can 

contribute to a better understanding of the in vivo speciation and differences in the biological activity.  

Our laboratory has recently reported the thermodynamic properties of Zr(IV)-DFOB complexes, 

suggesting the formation of only mononuclear complexes, i.e. [ZrHL]2+ [ZrL]+, [ZrLH−1] over pH range 

1–11.25 The stability constants and pZr value determined for Zr(IV)-DFOB system place DFOB among 

good Zr(IV) chelators, however the formation of 6-coordinate unsaturated complexes (i.e. with 

coordination sphere of 8-coordinate Zr(IV) completed by water molecules), together with the 

susceptibility of coordinated water molecule to deprotonation, were suggested to be the reason of in vivo 

instability of 89Zr(IV)-DFOB complexes. The thermodynamic stability of complexes is in line with in 

vivo research.17,18,29,30 and was just recently confirmed by Holland via the DFT calculations,31  indicating 

that our experimental approach was appropriate and allowed to overcome all the difficulties with the 

characterisation of the aqueous solution chemistry of Zr(IV) complexes (vide supra). Encouraged by 

these results, and taking into account a scarcity of thermodynamic data for hydroxamate Zr(IV) 

complexes, as well as the need of improvement of Ga(III) chelators, with this paper we want to pursue 

further this direction and get a deeper insight into the thermodynamic stability and binding aspects of 

this type of chelating systems. By capitalising upon our earlier works on siderophores mimics,32-35 we’ve 

designed and studied additional hydroxamate ligands, specifically analogues of desferrioxamine E 

(DFOE)  and ferrichrome.36,37 

In this work, we have designed, synthesized, and fully characterised tri- and tetrahydroxamic 

H3L1 and H4L2 chelators (Scheme 1), analogues of DFOE, and their Ga(III) and Zr(IV) complexes. In 

addition, the physico-chemical properties of Zr(IV) complexes with three further trihydroxamic ligands, 

i.e. H3L3 (FOXE 2-5)38, H4L4 (T4)34  and DFOE (Scheme 1), were also investigated for the sake of 

comparison. The ligands here employed were selected to investigate the influence of some structural 

elements on physico-chemical properties of Zr(IV) complexes, i.e. (i) the number of binding groups to 

complete the coordination sphere of the metal cation; (ii) the possible advantage of the macrocyclic 

effect; (iii) the size of the ligand cavity, which should be large enough in order to minimize ring strain; 

(iv) the symmetry of the ligand, which could limit the probability of complex challenge. Ga(III) (and 

Fe(III)) binding to all these ligands was also performed and will be discussed here, as the relation 

between the ligands’ structure and stability of complexes is much more studied and better understood 

for trivalent metal ions. Moreover, Fe(III) complexes are used as a tool to determine the thermodynamic 

stability of Ga(III) and Zr(IV) analogues. 
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According to DFT studies, in order to minimise the ring strain, the cyclic tetrahydroxamic ligand 

should consist of minimum 36 atoms, which gives at least 7 chemical groups or 8 bonds.39,40 

Tetrahydroxamic H4L2 ligand, designed to completely saturate the oxophilic coordination sphere of 

Zr(IV), meets this criterion, possessing at least 9 bonds between binding groups. Of note, H4L2 has been 

designed with the aim to introduce in the chelator a primary amine group useful not only to improve the 

solubility of the ligand, but, primarily, to allow the easy conjugation of the chelator to a targeting 

molecule for future in vivo studies. Trixydroxamic H3L1 is symmetrical, macrocyclic ligand, comprising 

9 bonds between binding groups; it allows to determine and directly compare the influence of the fourth 

binding group in H4L2 on Zr(IV) stability. This ligand reveals also the effect of the shortening of the 

chain in comparison to DFOE, H4L3 and DFOB, all with 10 bonds (Scheme 1). Tripodal H3L4, used 

earlier as a good mimic of ferrichrome siderophore, here was investigated in order to compare its Zr(IV) 

binding capacity to other tri- and tetra-hydroxamic ligands.34 In H3L1, H3L2, as well as H3L338 we have 

used retrohydroxamic units, with a reversed order with respect to the native hydroxamic moiety; the 

presence of amide groups increases the solubility and flexibility of the structure.  

Till now, the stability constants for tetrahydroxamate Zr(IV) complexes were only estimated 

from computational calculations31 for linear DFO* (logβ [Zr(DFO*)] = 51.56) and cyclic CTH36  (logβ 

[Zr(CTH36)] = 52.84). DFO*41 and CTH3639 possess 10 and 8 bonds between two hydroxamic groups, 

respectively. Experimental verification of the order of stabilization brought by an addition of the fourth 

binding unit (in relation to trihydroxamic ligands), together with an influence of a number of other 

variable structural elements, definitively brings novel information on parameters that can influence the 

thermodynamic stability of Zr(IV) complexes formed in solution, and increase the competences of 

coordination chemists to properly design efficient chelators for gallium and zirconium radioiosotopes.  

 

 

 

Scheme 1. Structures of the ligands investigated and discussed in this paper. 
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Results and discussion 

Design and synthesis of the ligands  

The synthetic approaches for the preparation of H3L1 and H4L2 are depicted in Schemes 2  

and 3, respectively. The hydroxamate-based monomers protected either at the carboxylic group as ethyl 

ester (5) or at the amino function with BOC (6), were employed as common synthetic precursors of 

H3L1 and H4L2. The building blocks 5 and 6 were synthesized starting from O-benzylhydroxylamine 

hydrochloride that was firstly reacted with di-tert-butyl dicarbonate to give compound 1 then alkylated 

with ethyl 4-bromobutyrate in presence of NaH to provide compound 2 (Scheme 2). Boc removal with 

TFA furnished the intermediate 3 that was coupled with Boc protected γ-aminobutyric acid using HATU 

as a coupling reagent. This allowed us to obtain the orthogonally protected 4 as a suitable precursor of 

both 5 and 6 which were alternatively isolated after acidic or basic treatment, respectively.  
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Scheme 2. Synthetic pathway of H3L1 ligand.  

 

For the synthesis of H3L1, 5 and 6 were linked together via a standard amide coupling followed 

by TFA treatment to give 8.  The reaction with another unit of 6 gave 9 as the linear protected precursor 

of H3L1. A head-tail HATU-mediated cyclization of 9 was realized in diluted conditions (0.5 mg/mL) 

after removal of the protection at the C and N terminal positions. The final Pd-catalysed hydrogenolysis 

afforded the desired macrocycle H3L1 in good yields.  

For the synthesis of the tetrahydroxamic derivative H4L2 (Scheme 3), an appropriate 

hydroxamate-bearing lysine derivative was firstly prepared as building block (14). This was obtained 

by a coupling reaction between 5 and a residue of Z-Lys (Boc)-OH followed by saponification of the 

ester function. The monomeric unit 14 was coupled with 12, that resulted from TFA mediated Boc 

deprotection of 9. The resulting intermediate 15 underwent head-tail HATU-mediated cyclization after 

removal of the protections at the C and N terminal positions as above described, leading to 16. Also in 

this case the final macrocycle was obtained after Pd-catalysed removal of the benzyl functions from the 

hydroxamic groups. These conditions led also to CBz cleavage leaving the free amino group suitable 

for future bioconjugation strategies.    

H3L1, H4L2 and their precursors were fully characterized by 1H and 13C NMR (see SI). The 

degree of purity of the final product was evaluated by analytical HPLC assays (see SI), resulting higher 

than 95%. 
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Scheme 3. Synthetic pathway of H4L2 ligand.  

 

 

Thermodynamic solution studies 

Ligand pronation constants 

The metal affinity of a ligand depends on its acid-base properties; therefore, the protonation 

equilibria of H3L1 and H4L2 were first investigated. The proton-dissociation processes of the ligands 

were followed by potentiometric titrations in the pH range 2-11. The hydrolytic stability of the ligands 

was monitored by a second titration of the same sample with NaOH, following back acidification of the 

initially titrated sample. The recorded titration curves were almost exactly superimposed, consequently 

the protonation constants calculated from the two consecutive titrations were found to be equal within 

0.05 log units, which indicated that no decomposition occurred. 

Data analysis allowed to determine three protonation constants for H3L1 and four protonation 

constants for H4L2; all of them fall in pH range 8-10 and can be attributed to the hydroxamate groups 

(Table 1). For each ligand, the protonation constants were assigned by comparing them with the known 

protonation constants of hydroxamate ligands.25,34,36,42 Allowing for the change in temperature, ionic 

strength and ligand’s structures, the  protonation constants of H3L1 and H4L2 are in excellent agreement 
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with the literature values of cyclic hydroxamate siderophore – DFOE, log K1 = 9.89, log K2 = 9.42 and 

log K3 = 8.65) published by Anderegg et al.36 The pH dependent UV-Vis titrations of H3L1 and H4L2 

(Fig. S1) revealed the development of a strong band with λmax = 230 nm, when pH was rising from 7 up 

to 11, which is usually observed for hydroxamic groups deprotonation process.25,43 The amino group 

protonation of H4L2 was not detectable in the experimental pH range. We are aware that the electron-

withdrawing character of both, the -NH3
+ and -NHOH groups affects the acidity of the other group in 

comparison with that in the related non-substituted compound H3L1. As it was previously reported on 

the example of α- and -alaninehydroxamic acids, the amino group may be more acidic than hydroxamic 

one, or vice versa.44,45 Based on the protonation constant of amino group of DFOB  

(logKamine = 10.9725), we assume, for H4L2, it is >11. We however keep in mind, that the deprotonation 

processes of amino and hydroxamate groups overlap and cannot be distinguished by potentiometry. To 

elucidate the protonation microequilibria, of H4L2, the 1H NMR titrations should be done.  However, 

such a precise analysis is not needed for the determination of stability of H4L2 - metal complexes and 

therefore was not performed. The species distribution diagrams of H3L1 and H4L2 are presented  

at Fig. S2. The protonation constants of H3L3 and H3L4 were published elsewhere (Table 1).34,38 

 

ESI-MS results: stoichiometry evaluation  

The stoichiometry of the complexes was evaluated by ESI-MS, frequently used as the first step 

for the determination of metal complexes stoichiometry and employed by us for previous  

occasions. 34,46,47 Taking into account the fact that ESI–MS is not able to distinguish the ionisable protons 

in the species, this method can be successfully applied to evaluate the metal-to-ligand stoichiometry 

directly from the m/z values. The spectra were collected for M-H3L1/H4L2 solutions in metal-to-ligand 

molar ratios of 1:1, 2:1 and 1:3 for Fe(III) and Ga(III), 1:1 and 1:2 for Zr(IV), all at pH 3. The spectra 

collected for the same M-L system differed only slightly by intensity that is why only spectrum for one 

molar ratio has been shown. For all investigated systems, the analysis of the ESI-MS data revealed only 

mononuclear complexes (Fig S3, Table S1).  

The ligand H3L1 is characterized by the signals at 557.29, 593.26 and 657.24 m/z, corresponding 

to {[H2L1]-}- and adducts with the Cl- and ClO4
- ions (Fig. S3a). The peaks corresponding to ferric 

complexes of H3L1 were 612.22, 634.21 and 650.18 m/z, corresponding to mononuclear complex 

{[FeL1] + H+}+ and its adducts with Na+ and K+ ions (Fig. 3Sb). The Ga(III)-H3L1 spectra were 

characterized by the presence of three peaks, corresponding to mononuclear complex {[GaL1] + H+}+ 

and its adducts with Na+ and K+ ions (625.21, 647.20 and 663.17 m/z, respectively; Fig. S3c). The 

Zr(IV)-H3L1 spectra showed  single peak at 645.18 m/z corresponding  to the {[L1Zr]+}+ complex  

(Fig. S3d).  

The ligand H4L2 is characterized by the signals at 448.25 and 873.50 m/z, corresponding to 

{[H4L2] + H+ + Na+}2+ and {[H4L2] + H+}+ forms, respectively (Fig. S3e). The ESI-MS spectra of ferric 

complexes of H3L1 shows one major peak corresponding to mononuclear {[FeHL2] + H+}+ complex 
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(926.40 m/z), with other noticeable peaks on the spectrum corresponding to its adduct with Na+ ion 

(948.38 m/z) (Fig. S3f).  On the spectra collected for Ga(III)-H4L2 system, the peaks 470.21 and 939.40 

m/z are clearly visible and correspond to the {[GaHL2] + 2H+}2+ and  {[GaHL2] + H+}+  complexes;  

its adducts with Na+ and K+ (peaks 481.19 and 489.18  m/z, respectively)  were observed less intense on 

the spectra (Fig. S3g). The Zr(IV)-H4L2 spectra were characterized by the presence of two peaks 981.35 

and 502.18 m/z corresponding to mononuclear complexes {[ZrL2] + Na+}+  

and  {[ZrL2] + 2Na+}2+ (Fig. S3h).  

In the spectra collected for Zr(IV) complexes with H3L3 and H3L4,  only signals corresponding 

to mononuclear species were found, with 684.23 m/z peak corresponding to {[ZrL3]+}+ (Fig. S3i) and 

723.21 m/z for {[ZrL4]+}+ (Fig. S3j). 

 

Determination of complexes stability 

 To evaluate the thermodynamic stability of Ga(III) and Zr(IV) complexes of investigated 

ligands, the binding properties and speciation of ferric complexes have been previously determined. 

There are several reasons for this protocol. First, (i) the electron configuration of Ga(III) (d10) and Zr(IV) 

(d0) means lack of spectral information for most of the complexes and no useful spectroscopic handle to 

follow the complexation process by either electronic absorption or fluorescence emission methods. 

Furthermore, (ii) both metal ions are highly acidic and readily hydrolyze over almost all pH range. In 

addition, (iii) the high charge-to-size ratio of the Zr(IV) ion means that complexes with an exceptional 

thermodynamic stability are formed (already at very low pH), and therefore cannot be directly 

determined using standard potentiometric titrations, being one of most applicable techniques for 

complex stability evaluation. Thus, the thermodynamic stability constants of the Fe(III)-H3L1 and 

Fe(III)-H4L2 systems were first determined (using a combination of potentiometric and pH-dependent 

UV-Vis titrations), followed by the Fe(III)-Ga(III) and Fe(III)-Zr(IV) metal-metal competition 

experiments. Of importance, in order to get accurate results the competition experiment of two metal 

ions for a ligand has two requirements to be fulfilled.  (i) One of the metal chelates should have a strong 

absorption band either in the visible or ultraviolet region of the spectrum, with an extinction coefficient 

much different from that of the free metal ion; the second metal complex should not possess the 

absorption band in the same region of the spectrum; (ii) the equilibrium constant for the competition 

reaction must not be too small or too large. These requirements are fulfilled in the competition 

experiments between Fe(III) and Ga(III) for both ligands. In the case of Fe(III) - Zr(IV) competition, 

the difference between the stability constants of Fe(III) and Zr(IV) complexes were too high, thus an 

additional competitor ligand – nitrilotriacetic acid (NTA) was used in the titrations.   

NTA is one of the most widely investigated and often used chelating agents.48,49 It was selected 

for the current studies, as both Zr(IV)-NTA and Fe(III)-NTA complexes remain stable until pH 4, even 

at metal-to-ligand molar ratio 1:1.28,48 Moreover, as an additional competing agent, NTA prevents the 

hydrolysis of the metal ions present in solution, and weakens the transchelation observed in the case of 
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H3L1 and H4L2 Fe(III) complexes titrated directly by Zr(IV) ions. The accuracy of the metal-metal 

competition titration with NTA was checked on the Zr(IV)-DFOB system, for which the evaluation of 

the experimental data revealed the logβ[ZrHDFOB] = 46.1(2) (see Supplementary information), being in 

very good agreement with the data published by us just recently (logβ[ZrHDFOB]  = 47.7, allowing the 

changes in ionic strength).25 Similar competition procedures are widely used for the evaluation of the 

stability constants of spectroscopically blind metal complexes.26,50 

 

Fe(III) complex formation equilibria 

For Fe(III), the experimental protocol using a combination of potentiometric and pH-dependent 

UV-Vis titrations revealed that the complex formation starts at pH<1, involving the species with two 

hydroxamate groups coordinated to Fe(III) ion, while complexes with three bound hydroxamates are 

present in the pH range 3-9. The detailed analysis and data collected for Fe(III)-H3L1 and Fe(III)-H4L2 

systems, together with the stability constants evaluation, are shown in Supplementary information, while 

the results obtained are given in Table 1. The thermodynamic studies of Fe(III)-H3L3 and Fe(III)-H3L4 

complexes was already published elsewhere,34,38 and the data were used here when needed. 

 

Ga(III) complex formation equilibria  

The evaluations of thermodynamic stability constants of Ga(III) and Zr(IV) complexes with 

H3L1, H4L2  and H3L4 started from pH dependent UV–Vis spectrophotometric titrations in the pH 

range 1-11 (Fig. 1 and Fig. S7, respectively). The spectral changes in the 200-300 nm range, 

corresponding to the hydroxamate groups protonation state were monitored.51 The appearance of the 

band with max at 225-230 nm with pH rising was observed and associated with complex formation. 

The pH-dependent UV-Vis titration experiments of Ga(III)-H3L1 system revealed a rise of the 

230 nm transition band starting from pH 1 up to pH 4.4, with the pKa  = 2.53(2) (Fig. 1, Table 1). For 

Ga(III)-H4L2 system, the 225 nm band development was observed starting form pH 1  

up to pH 3.5, with the pKa = 2.15(4) (Fig. 1, Table 1), while for Ga(III)-H3L4, it continued to rise to pH 

4.6 with pKa = 2.36(1)  (Fig. S7, Table 1). Similar behaviour was observed in acidic range for Ga(III)-

DFOB (and was assigned to two protonation constants of the complex, pKa1 = 0.78 and pKa2 = 1.1043) 

and Th(IV)-DFOB (with pKa = 1.942) complexes. For three investigated systems spectra did not reveal 

any additional changes up to pH 9, indicating that fully coordinated complex [GaL] in the case of 

Ga(III)-H3L1 and Ga(III)-H3L4 systems, and monoprotonated [GaHL2]+ in Ga(III)-H4L2 system, are 

the dominant species in solution. While the pH was brought above 9, an increase in absorbance below 

240 nm was observed (Fig. 1, Fig. S7). Taking into account, that the spectrophotometric titrations of the 

free ligands showed the same absorption curves at higher pH, we can suppose that sharp band at 230-

240 nm arises from unbound deprotonated hydroxamate chromophores. Most probably, at higher pH the 

complex is dissociated, yielding hydrolysed gallium [Ga(OH)4]- and ligands’ anions. Similar 

observation was already noticed for hydroxamate ligands.43,52 
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Figure 1. The UV-Vis spectra of Ga(III)-H3L1 (a, c) and Ga(III)-H3L2 (b, d) systems at the metal-

to-ligand molar ratio 1:1 in pH range 1.0-11.0, cL1 = 0.05 mM , cL2 = 0.05 mM 0.1 M NaClO4, T = 

25˚C. 

 

Assuming the domination of [GaHL1]+ complex form below pH 2, its stability was determined 

by metal-metal competition titrations: (i) Fe(III)-H3L1 + Ga(III) and (ii) Ga(III)-H3L1 + Fe(III), both 

performed at pH 1.5. This pH was chosen in order to prevent the hydrolysis of the free metal ions and 

decomposition of the ligands, which is common for hydroxamic acids under acidic pH.36,51 Upon 

addition of Ga(III) (up to 600 equiv.) to Fe(III)-H3L1 solution, the UV-Vis band of [FeHL1]+ (λmax = 

470 nm, Fig. 2a) slowly disappeared as a result of the [GaHL1]+ complex formation. In the next 

competition experiment, the appearance of LMCT transition band (λmax = 470 nm) upon addition of 

Fe(III) to Ga(III)-H3L1 solution was observed (Fig. 2b). The data refinement using  H3L1 protonation 

constants (Table 1), Fe(III)-H3L1 stability constants (Table 1), stability constants of hydroxocomplexes 

of both metals (see ‘Experimental section’) yielded 𝑙𝑜𝑔𝛽[GaH𝐋𝟏]+ values of 29.44(7) for Fe(III)-H3L1 + 

Ga(III) (Table 1) and 28.3(6) for Ga(III)-H3L1 + Fe(III) competition titrations.   
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Figure 2. The UV-Vis metal-metal competition experiment for Fe(III)-H3L1+Ga(III)  

(cFe(III) = 0.075 mM, cL = 0.075 mM)  (a) and Ga(III)-H3L1+Fe(III) (cFe(III) = 0.08 mM , cL1 = 0.08 mM) 

(b) systems at 1.5 pH, 0.1 M NaClO4. 

 

For Ga(III)-H4L2 system, [GaH2L2]+ was assumed to be major complex form at pH 1.5, and its 

stability was determined in an analogous way, i.e. via: (i) Fe(III)-H4L2 + Ga(III) and (ii) Ga(III)-H4L2 

+ Fe(III) titrations (Fig. S8). The refinement of the titration data yielded 𝑙𝑜𝑔𝛽[GaH2𝐋𝟐]+ = 38.11(3) and 

39.06(4) for Fe(III)-H4L2 + Ga(III) and Ga(III)-H4L2 + Fe(III) competition titrations, respectively.  

For Ga(III)-H3L4 system, [GaHL4]+ was assumed to be major complex form at pH 1.5, and its 

stability was determined via Fe(III)-H4L4 + Ga(III) competition titration (Fig. S9). The refinement of 

the titration data yielded 𝑙𝑜𝑔𝛽[𝐺𝑎𝐻𝑳𝟒]+ = 27.92(3).  

For Ga(III)-H3L1 and Ga(III)-H4L2 systems, the constants obtained with the two types of 

titrations are in good agreement but significantly different. Therefore, we assumed that the constants 

evaluated from Ga(III)- H3L1/H4L2 + Fe(III) competition experiments were endowed with a greater 

error (probably due to an overlapping absorption of  a free iron band (in excess)), and we took the 

constants obtained from Fe(III)-H3L1/H4L2 + Ga(III) competition experiments (𝑙𝑜𝑔𝛽[GaH𝐋𝟏]+ 29.44(7) 

and 𝑙𝑜𝑔𝛽[GaH2𝐋𝟐]+ 38.11(3)) as fixed values in subsequent potentiometric data calculations. The best 

fitted model for Ga(III)-H3L1 and Ga(III)-H3L4 systems, revealed the presence of one additional 

complex form,  [GaL], with logβ values 26.79(2) and 25.56(1), respectively (pKa1 = 2.65 for Ga(III)-

H3L1, and 2.36 for Ga(III)-H3L4, Table 1). For Ga(III)-H4L2 system, in addition to [GaH2L2]+, 

[GaHL2] and [GaL2]- complexes were found with 𝑙𝑜𝑔𝛽[GaH𝐋𝟐] = 35.91(7) and  𝑙𝑜𝑔𝛽[Ga𝐋𝟐]− = 27.60(6) 

(pKa1 = 2.20 and pKa2 = 8.13, Table 1). The pKa2 = 8.13 is in good agreement with the pKa values of free 

ligand (Table 1) and could be assigned to the deprotonation of unbound hydroxamate group.   

 

Zr(IV) complex formation equilibria 
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The UV–Vis titrations of Zr(IV)-H3L1 equimolar solution over pH range from 0.1 to 11  

(Fig. 3a, 3c) showed a well-defined absorbance bands in the 200–300 nm range. The significant changes, 

and the presence of an isosbestic point observed with the pH increase from 0.1 until 0.9, allowed to 

calculate pKa1 = 0.4(2); then 230 nm shoulder remains stable up to pH 4.6. With the pH raised further 

up to 7.0, the development of 220 nm shoulder with an isosbestic point at 230 nm allowed to calculate 

pKa2 = 5.34(5). From pH 7.0 the spectra do not reveal any significant changes until pH 9.0, where 

probably the hydrolysis started. Since the information about hydrolysis of the hydroxamate ligands 

under acidic pH is widely described in the literature,51,52 the pKa1 = 0.4 value is relatively uncertain, 

however indicates that the three hydroxamate groups are dissociated, and therefore most probably bound 

to Zr(IV) ions, already at  pH<2.0. Assuming the formation of only monomeric complex, the stability 

of [ZrL1]+ complex was determined via UV–Vis competition batch experiments, using Zr(IV)-NTA 

solution as a competing system for Fe(III)-H3L1 complex (Fig. 4a). The large LMCT band centred at 

470 nm characteristic of dihydroxamate [FeHL1]+ species decreased gradually, and the refinement of 

the titration data, using the Fe(III)-H3L1 stability constants (Table 1), together with the Fe(III) and 

Zr(IV) hydrolysis constants, yielded a log𝛽[Zr𝐋𝟏]+ value of 34.8(2).  

The UV-Vis titration data of Zr(IV)-H4L2 system (Fig. 3b, 3d) showed a development of 230 

nm shoulder upon pH increase from 0.1 up to 3.0, and allowed to calculate  

the pKa = 2.2(1).  Further, the spectra did not reveal any significant changes over pH range 3.1-9.0, 

where probably the hydrolysis started. The [ZrHL2]+ was assumed to be major complex form at pH 1.5, 

and its stability was determined via: Fe(III)-H4L2 + Zr(IV)-NTA (Fig. 4b). The refinement of the 

titration data yielded log𝛽[ZrH𝐋𝟐]+ = 45.9(3).  
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Figure 3. The UV-Vis spectra of Zr(IV)-H3L1 (a, c) and Zr(IV)-H4L2 (b, d) systems at the metal-to-

ligand molar ratio 1:1 in pH range 0.1-11, cL1 = 0.05 mM, cL2 = 0.037 mM, 0.1 M NaClO4.  
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Figure 4. The UV-Vis spectra of competition titration of Fe(III)-H3L1 + Zr(IV)-NTA (cFe(III) = 0.098 

mM, cL1 = 0.098 mM) (a) and  Fe(III)-H4L2 + Zr(IV)-NTA (cFe(III) = 0.055 mM, cL2 = 0.055 mM) (b) 

systems at pH 1.5, 0.1 M NaClO4.   

 

 

The UV-Vis spectra of Zr(IV)-H3L3 and Zr(IV)-H3L4 systems were very similar to the spectra 

described above (Fig. S11); at pH around 7 the slight blue shift of the 230 nm band appeared together 

with the isosbestic point, allowing to calculate the pKa = 7.2(1) for Zr(IV)-H3L3 and 5.5(2) for Zr(IV)-

H3L4 (Table 1). For Zr(IV)-H3L4, an additional pKa = 2.2(2) was calculated, probably corresponding 

to the formation of three-hydroxamate complex (Table 1). The evaluation of the competition titration 

data for Fe(III)-H3L3 + Zr(IV)-NTA revealed the log𝛽[Zr𝐋𝟑]+ = 35.46(5), while for Fe(III)-H3L4 + 

Zr(IV)-NTA - log𝛽[ZrH𝐋𝟒]2+ = 36.4(5) (Fig. S12, Table 1). Additionally, we have performed the same 

kind of titration for  Fe(III)-DFOE + Zr(IV)-NTA, which gave log𝛽[Zr𝐃𝐅𝐎𝐄]+ = 35.54(9) (Fig. S12, 

Table 1). It is worth noting that during the competition titrations for H3L3 ligand and DFOE, a decrease 
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of 430 nm (typical for three-hydroxamate iron complexes) band was observed, since all three 

hydroxamate groups are bound already at pH <2.38  

Using the values obtained from competition titrations (𝑙𝑜𝑔𝛽[Zr𝐋𝟏]+= 34.8(2) and 𝑙𝑜𝑔𝛽[ZrH𝐋𝟐]+ 

= 45.9(3)) as fixed, the potentiometric data were calculated. The best fitted models revealed the presence 

of one additional complex form for Zr(IV)-H3L1 system: [ZrL1H−1], (𝑙𝑜𝑔𝛽[Zr𝐋𝟏H−1] = 29.32(8)) and 

one additional complex form for Zr(IV)-H4L2  system: [ZrL2], (𝑙𝑜𝑔𝛽[Zr𝐋𝟐] = 43.3(1)) (Table 1). 

The [ZrL1]+ complex dominates the solution from pH 3 up to pH ~5 where the deprotonation  

to [ZrL1H-1] occurs with pKa = 5.48 (Fig. S13a). These results are in line with the spectroscopic data 

(pKa = 5.34(5)) and could be associated with the dissociation of water molecule from the unsaturated 

coordination sphere of Zr(IV) ion. For Zr(IV)-EDTA system the pKa attributed to the deprotonation of 

water molecule is 6.2 28, while for Zr(VI)-DFOB 6.36.25 

The stability constants calculated for Zr(IV)-H4L2 system reveal the  

pKa = 2.6, which is in good agreement with the spectroscopic data (pKa = 2.2(1)) and could be assigned 

to the deprotonation of hydroxamic group and the formation of fully coordinated, tetrahydroxamate 

complex form. The [ZrL2] complex dominates the solution from pH 3 up to pH~9, when probably the 

dissociation of the complex takes place (Fig. S13b).  

The evaluation of the potentiometric data of Zr(IV)-H3L3 (with log𝛽[𝑍𝑟𝑳𝟑] = 35.46 fixed) 

revealed the presence of an additional complex form: [ZrL3H-1], 𝑙𝑜𝑔𝛽[Zr𝐋𝟑H−1] = 28.35(5) (Fig. S13c), 

while of Zr(IV)-H3L4 (with log𝛽[ZrH𝐋𝟒] = 36.4 fixed), two additional complex forms: [ZrL4], 𝑙𝑜𝑔𝛽[Zr𝐋𝟒] 

= 34.25(5) and [ZrL4H-1],  𝑙𝑜𝑔𝛽[Zr𝐋𝟒H−1] = 28.8(1) (Fig. S13d). For both systems, the pKa values 

calculated from potentiometric experiments are in excellent agreement with those from the pH-

dependent UV-Vis titrations (Table 1), and match the data obtained for the whole series of hydroxamate-

based ligands. Of importance, the pKa attributed to the deprotonation of water molecule in Zr(IV)-H3L3 

(pKa = 7.2) is higher than for Zr(VI)-DFOB (pKa = 6.36)25 and Zr(IV)-H3L1 (pKa = 5.48) suggesting 

that the longer linker between the binding groups is advantageous. In Zr(IV)-H3L4 this process is not 

observed, as all the coordinating positions of Zr(IV) ion are occupied by four hydroxamate ligands.  
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Table 1. Protonation constants of ligands and logβ of the complexes formed with Fe(III), Ga(III) and Zr(IV)a 

 H3L1 H4L2 
H3L3  

(FOXE 2-5)38b 

H3L4 (T4)34c 

 

DFOE36, 38 b 

Assignme

nts 
logβ logK logβ logK logβ logK logβ logK logβ logK 

LH 9.89(1)d 9.89d 10.06(1)d 10.06d 9.86 9.86 9.50 9.50 9.89 9.89 

LH2 19.13(1)d 9.24d 19.65(1)d 9.59d 19.09 9.23 18.47 8.97 19.31 9.42 

LH3 27.44(1)d 8.31d 28.59(1)d 8.94d 27.53 8.44 26.73 8.26 27.96 8.65 

LH4 -  36.77(1)d 8.18d       

 logβ pKa logβ pKa logβ pKa logβ pKa logβ pKa 

[FeH2L]   39.96(3)e 
3.00d 

3.12d 
    

  

[FeHL] 31.80(3)e 
3.21d 

3.1d 

36.96(7)e 

36.82(6)d 
   29.82 2.48 

  

[FeL] 
28.59(2)e 

28.7(1)d 
   31.32  27.34  

32.43  

[GaH2L]   38.11(3)f 
2.20d 

2.15(4)e 
    

  

[GaHL] 29.44(7)f 
2.65d 

2.53(2)e 
35.91(7)d 8.13d 30.35 0.76 27.92(3)f 

2.36 d 

2.24(1)e 

  

[GaL] 26.79(2)d 9.79d 27.60(6)d  29.59  25.56(1)d  29.79  

[ZrHL]  - 45.9(3)f 
2.6d 

2.2(1)e 
  36.4(5)f 

2.15d 

2.2(2)e 

  

[ZrL] 34.8(2)f 
5.48d 

5.34(5)e 
43.3(1)d  35.46(5)f 

7.03d 

7.2(1)e 
34.25(5)d 

5.43d 

5.5(2)e 

35.54(9)f  

[ZrLH-1] 29.32(8)d    28.31(7)d  28.8(1)d    
a Charges omitted for clarity; b the protonation constants of the ligands together with the stability constants of Fe(III) and Ga(III) 

complexes were taken from the literature; c the protonation constants of the ligands together with the stability constants of 

Fe(III) were taken from the literature;  d determined by potentiometric titrations; e determined by pH-dependent UV-Vis 

titrations; f determined by metal-metal competition titrations; all measurements performed at 25◦C, I = 0.1 M NaClO4. 
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Ligands’ sequestering ability  

Despite a large variety of PET chelators synthesized and tested in order to provide strong 

coordination of Ga(III) and Zr(IV) in vivo, till now it is hard to avoid the release of these metal ions in 

the body. Here we report two new Ga(III) and Zr(IV) hydroxamate chelators, prepared in order to find 

efficient sequestering ligands for these metal ions, but also to understand how the cyclisation and 

introduction of an additional hydroxamate group influences the stability of the Zr(IV) complexes. 

Therefore, it is important to evaluate and compare Ga(III) and Zr(IV) sequestering ability of H3L1 and 

H4L2 with other chelators. However, as direct comparison of the logβ of the metal complexes is not 

straightforward, other tools taking into account physico-chemical properties of the ligands, i.e. the 

differences in their denticity, coordination modes and acid-base properties should be used.52 In order to 

reliably compare the chelating ability of H3L1 and H4L2 toward Ga(III) and Zr(IV) ions, the pM values 

were calculated.  The pM, originally introduced by Raymond for the comparison of iron-siderophore 

systems, pFe,53  i.e. pGa = −log[Ga(III)free] and pZr = −log[Zr(IV)free], were calculated at pH of 7.4 and 

for cL=10 μM and cGa(III)/Zr(IV)=1 μM (Table 2).  

 

Table 2. pGa and pZr values for various synthetic and biological chelatorsa 

Ligand pGa pZr Chelating groups and ligand geometry 

H3L1 22.5 32.4 3 hydroxamate groups in a cyclic arrangement 

H4L2 22.3 37.0 4 hydroxamate groups in a linear arrangement 

H3L3 25.4 31.5 3 hydroxamate groups in a cyclic arrangement 

H3L4 21.9 32.6 3 hydroxamate groups in a linear arrangement 

DFOB 

DFOE 

21.643 

25.238 

32.225 

31.0 

3 hydroxamate groups in a linear arrangement 

3 hydroxamate groups in a cyclic arrangement 

DOTA 20.513 -   4 macrocyclic amine groups and 4 carboxylate 

pendant arms  

NOTA 27.454 - 3 macrocyclic amine groups and 3 carboxylate 

pendant arms 

H2hox 28.455 -  2 8-hydroxyquinoline groups and 2 amino 

groups in a linear arrangement   

PrP9 23.156 - 3 macrocyclic amine groups and 3 carboxylate 

pendant arms 

HBED 28.057 - 2 hydroxyaromatic donor groups and 2 

carboxylate pendant arms 

THPN - 42.72 4 3-hydroxy-4-pyridinone pendant arms 

3,4,3-LI-

HOPO 

- 44.026,58 4 1-hydroxy-2-pyridinonates in a linear 

arrangement 

DTPA - 32.326,59 3 amino groups in linear arrangement and 4 

carboxylate pendant arms 
a The values (re)calculated at pH = 7.4 with cL = 10 μM and cGa(III)/Zr(IV) = 1 μM, and based on the 

protonation and stability constants given in original publications; the hydrolysis constants of Ga(III) 

and Zr(IV) ions were taken from the literature60  and  are given in the experimental section. 

 

The pGa values for Ga(III)-H3L1 and Ga(III)-H4L2 systems are of the same order of magnitude as 

for known gallium chelators DFOB and PRP9, and more stable than clinically used DOTA (Table 2). 

However, such chelators as H2hox,55 NOTA54 and HBED57 present much higher Ga(III) chelating 
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efficacy. The observed effect reflects the differences in the number and type of chelating groups present 

in the ligands (and therefore the number and type of donor atoms present), as well as the ligands 

dimensions. Of importance, there is only about one order of magnitude increase between pGa for linear 

trihydroxamate ligand DFOB, and cyclic three- and tetra-hydroxamate H3L1 or H4L2, respectively. It 

indicates that the cyclization of the structure only slightly influences the complex stability. Still, it has 

to be underlined that H3L1 has shorter spacers between the hydroxamate groups – 9 bonds, than in 

DFOB and DFOE – 10 bonds. When in H3L3 the spacers are increased to the same length, Ga(III) 

complexes reach the stability of DFOE.38 Additionally, there is almost no difference in complexes 

stability between Ga(III)-H3L1 and Ga(III)-H4L2, even though the cavity of H4L2 ligand is much larger 

than H3L1, and might bring too much flexibility and increase the entropy of the complex structure.  

For the Zr(IV) complexes of trihydroxamate H3L1, H3L3 and H3L4 systems, the pZr value is of 

the same order as for known DFOB25 and DTPA26  chelators. It suggests that ligand cyclization does not 

provide any increase in complex stability in relation to its linear analogue; for H3L3 and DFOE one 

may even claim a very slight decrease in relation to DFOB. Similar conclusion was drawn from the 

comparison of Zr(IV) complexes of DFOB and fusarinine C (FCS, Scheme 1), where only minor 

differences in complexes stability were observed in in vivo studies.61 An elongation of the chain between 

hydroxamate binding units from 9 bonds in H3L1 to 10 in H3L3 is not revealed in the pZr. The flexibility 

of tripodal H3L4 ligand does not bring higher stability.  Of importance, the pZr value for 

tetrahydroxamate H4L2 analogue is above four orders of magnitude higher than the value calculated for 

Zr(IV)-DFOB and Zr(IV)-H3L1 systems, reflecting significantly higher affinity of tetrahydroxamate 

H4L2 for Zr(IV), the feature expected and observed in biological studies of other tetrahydroxamate 

chelators.4,39,41 The high thermodynamic stability is certainly a result of an addition of the fourth 

hydroxamate coordinating group in the ligand moiety. The H3L1 and H4L2 ligands are now a very good 

example to directly compare the stability of Zr(IV) complexes formed with tri- and tertrahydroxamate 

compounds.  For the two ligands, we observe an increase of logβ by 8.5 orders of magnitude for Zr(IV)-

H4L2 complex with respect to Zr(IV)-H3L1 (Table 1).  However, the calculated increase is lower than 

predicted from computational calculations performed by Holland31 for tri- and tetrahydroxamate 

chelators, i.e. DFOB  (logβ[Zr(DFOB)] = 41.20) versus linear DFO*41 (logβ [Zr(DFO*)] = 51.56) and cyclic 

CTH3639 (logβ [Zr(CTH36)] = 52.84).  Also, logβ[ZrL2] = 43.3(1) does not reach the values predicted from 

the above calculations for eight-coordinate Zr(IV)-DFO* nor Zr(IV)-CTH36.  Of note, the 

logβ[ZrH(DFOB)OH] = 40.04 determined by us previously for DFOB matches very well with the 

computationally predicted logβ[Zr(DFOB)] = 41.20. Still, in the [ZrH(DFOB)OH]+ complex dominating at 

pH 6.5-10.5, we have suggested the presence of the unbound protonated amino group and hydrolysed 

water molecule. For current cyclic trihydroxamate ligand H3L1, logβ[ZrL1] = 34.8(2) is closer to the value 

estimated for trihydroxamate cyclic siderophore FSC,7,62 logβ[Zr(FSC)] = 38.92,31 and the difference may 

come from alterations in ligands geometry and dimensions; the ligand possesses 10 bonds linkers 

between hydroxamate units (Scheme 1).  Zirconium is known to form complexes with complicated 
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geometry of dodecahedron or square antiprism,63,64 and numerous DFT studies revealed that minor 

variations in ligand geometry (like a pendant arms elongation or a modification in ligand’s cavity size) 

could result in significant changes in stability of Zr(IV) complexes.39,65,66 The H4L2 presented in this 

work possesses similar composition with four hydroxamate units and the presence of amide units in the 

linker, but a larger cavity size (9 bonds instead of 8 between the binding groups) and a significant 

asymmetry (coming from one linker much longer and with two amides and amino group) in comparison 

to CTH36 (Scheme 1).31,39 These structural alterations could most probably be a reason of lower 

thermodynamic stability of H4L2 complexes, as the coordination sphere might not be uniformly closed 

around the central ion. Unfortunately, the thermodynamic characterisation of Zr(IV)-CTH36 complexes 

have not been performed experimentally yet, so the pZr cannot be quantified. Other octadentate 

hydroxy-pyridinone chelators, like THPN2 and 3,4,3-LI-HOPO,26 form the strongest complexes (Table 

2).  The reason could be the type of chelating groups present in the ligands, but also the ligands 

architecture and dimensions.  

 

Conclusions 

 

In present work we have developed new chelating agents for the complete saturation of 

coordination sphere of Ga(III) and Zr(IV) radiometals. The trihydorxamic H3L1 and tetrahydroxamic 

H4L2 ligands were successfully synthesized and the thermodynamic properties of their Ga(III) and 

Zr(IV) complexes have been evaluated together with the stability of a series of other synthetic (H3L3, 

H3L4) and natural (DFOE) compounds.  The H3L1 appeared among other efficient Ga(III) chelators, 

but it’s stability with Zr(IV) is around one order of magnitude lower than for Zr(IV)-DFOB. H4L2 is 

the first tetrahydroxamate ligand for which the formation constants and speciation with Zr(IV) was 

determined experimentally. Of importance, it revealed 8.5 enhanced stability (logβ[ZrL2] = 43.3, pZr = 

37.0) in relation to Zr(IV)-H3L1 (logβ[ZrL1] = 34.8, pZr = 32.4), due to the introduction of four 

hydroxamate binding unit. However, the stability increase is lower than predicted from computational 

calculations for tetrahydroxamate chelators DFO* (logβ[Zr(DFO*)] = 51.56) or CTH36 (logβ[Zr(CTH36)] = 

52.84), and this effect might be due to structural alterations in H4L2 ligand.  

Overall, the possibility of the determination of thermodynamic stability and speciation of 

complexes coupled with the chelators design should help with further developments of optimal 

chelators, as well as the efficacy and clinical value of PET imaging. Current efforts are focused on the 

design and studies of tetrapodal hydroxamate ligands, to interrogate how their shape and size tune the 

thermodynamic stability of Zr(IV) complexes.   
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Experimental section 

Synthesis  

General  

Unless otherwise stated, all commercially available reagents and solvents were of analytical grade. For 

the synthesis of H3L1 and H4L2, solvents and reagents were purchased from Bachem, BLDpharm and 

Fluka. Crude products were purified via flash column chromatography on silica gel (Merck, 230-400 

Mesh) or, for compounds 10, 11, 16 and 17, by semi-preparative RP-HPLC using a Waters Prep 600 

system equipped with a C18 Jupiter column (250 x 30 mm, 300 Å, 15 μm spherical particle size). 

Gradients were established each time considering the analytical HPLC profile of the crude. The column 

was perfused at a flow rate of 20 mL/min over 30 minutes with a binary system of solvent A (H2O + 

0.1% v/v TFA) and solvent B (60% CH3CN in water + 0.1% v/v TFA). Analytical RP-HPLC analyses 

were performed on a XBridge® C18 column (4.6 x 150 mm, 5 μm particle size) using a flow rate of 0.7 

mL/min using a linear gradient of acetonitrile (and 0.1% TFA) in water (and 0.1% TFA) from 0% to 

100% over 25 minutes. The mass spectra were recorded on a ESI-Micromass ZMD 2000. TLC were 

performed on pre-coated plates of silica gel F254 (Merck, Darmstadt, Germany). 1H NMR analyses 

were obtained using a Varian spectrometer (400 MHz) and were referenced to residual 1H signals of the 

deuterated solvents respectively (δ 1H 7.26 for CDCl3; δ 1H 2.50 for DMSO); the following abbreviations 

were used to describe the shape of the peaks: s: singlet; d: doublet; dd: double doublet; t: triplet; m: 

multiplet.  

Synthesis of tert-butyl(benzyloxy)carbamate (1). 

To an ice-cooled solution of O-benzylhydroxylamine٠HCl (4.00 g, 25 mmol) in a mixture of 1,4-

dioxane/H2O (60 mL, 1:1 v/v) K2CO3 was added (10.37 g, 75 mmol). Boc2O (8.18 g, 37.5 mmol), 

previously dissolved in dioxane, was then added dropwise and the reaction was stirred at room 

temperature overnight. The solvent was removed under vacuum and the crude extracted using ethyl 

acetate (30 mL) and water (3×15 mL). The organic phase was dried over Na2SO4, filtered and 

evaporated. Compound 1 (4.86 g, 87% yield) was obtained as a colourless oil, which was used without 

any further purification. NMR data match those reported in the literature (PMID: 11906271). ESI-MS: 

Calculated for C12H18NO3, 224.28 [M+H]+; Found:  224.13 [M+H]+
. TR = 19.70 min  

Synthesis of ethyl 4-((benzyloxy)(tert-butoxycarbonyl)amino)butanoate (2). 

To a solution of 1 (4.86 g, 21.79 mmol) in DMF (15 mL) NaH (60% dispersion in mineral oil, 1.20 g, 

23.94 mmol) was added. The mixture was initially stirred at r.t. for 30 min, thus the reaction was warmed 

up to 60○C and Ethyl 4-bromobutyrate was added dropwise. At the completion of the reaction, the 

solvent was removed, and the residue was extracted with ethyl acetate and water (3×30 mL), dried over 

Na2SO4 and concentrated under vacuum. The product (2) was obtained as a yellowish oil (5.36 g, 73% 

yield). The NMR corresponds to the literature (PMID: 28715615). MS (ESI): Calculated for C18H28NO5, 

338.20 [M+H]+; Found: 360.18 [M+Na]+, 697.37 [2M+Na]+. TR = 23.51 min 
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Synthesis of ethyl 4-(N-(benzyloxy)-4-((tert-butoxycarbonyl)amino)butanamido)butanoate (4). 

Compound 2 (5.36 g, 15.90 mmol) was dissolved in trifluoroacetic acid (TFA, 6 mL) and the mixture 

was stirred at room temperature for 2 h. The reaction was monitored by MS (ESI) before being 

concentrated under vacuum. The deprotected amino ester 3 was used without further purifications in the 

next step. To an ice-cold solution of Boc-γ-aminobutiric acid (2.7 g, 13.45 mmol) in DMF (20 mL) 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-phosphate 

(HATU, 5.6 g, 14.75 mmol) and DIPEA (2.6 mL, 14.75 mmol) were added. Apart from, 3 (3.5 g, 14.75 

mmol) was dissolved in DMF (10 mL) and this solution was added to the first one dropwise. Then the 

reaction was warmed to room temperature and stirred for 1 h. After removal of the solvent, the residue 

was dissolved in ethyl acetate and washed with a 5% aqueous solution of citric acid, 10% aqueous 

solution of NaHCO3 and brine. The crude was purified by column chromatography using ethyl 

acetate/petroleum ether (from 1:4 to 1:1 by volume) as eluent mixture. Compound 4 was obtained as a 

slightly yellowish oil (4.35 g, 76.6 % yield). 

ESI-MS: Calculated for C22H35N2O6, 423.53 [M+H]+; Found: 423.25 [M+H]+, 445.23 [M+Na]+, 867.47 

[2M+Na]+. TR = 21,11 min. 1H NMR (400 MHz, CDCl3): δ 7.44-7.32 (m, 5H), 4.80 (s, 2H), 4.11 (qd, J 

= 7.1, 2.9 Hz, 2H), 3.70 (t, J = 6.8 Hz, 2H), 3.12 (t, J = 6.6 Hz, 2H), 2.42 (t, J = 7.2 Hz, 2H), 2.32 (t, J 

= 7.3 Hz, 2H), 1.99-1.91 (m, 2H), 1.80-1.73 (m, 2H), 1.42 (s, 9H), 1.26-1.20 (m, 3H).13C NMR (CDCl3): 

δ 172.90, 156.00, 134.28, 129.24, 129.00, 128.73, 79.10, 60.42, 44.61, 40.28, 31.38, 29.62, 28.40, 24.68, 

22.26, 14.19. 

 

Synthesis of ethyl 10,20-bis(benzyloxy)-2,2-dimethyl-4,9,14,19-tetraoxo-3-oxa-5,10,15,20-

tetraazatetracosan-24-oate (7). 

The Boc-deprotected derivative 5 (3.40 g, 7.8 mmol) was obtained as previously described for 3. 

Compound 6 was synthesized dissolving the ethyl ester 4 (3.0 g, 7.1 mmol) in a mixture of 1,4-

dioxane/H2O in presence of LiOH (1M aqueous solution, 12.5 mmol). The mixture was stirred at r.t. for 

20-30 min. Once completed, dioxane was evaporated and the crude was acidified using 1M HCl to reach 

pH 6. Then, the aqueous phase was extracted using ethyl acetate. Compound 6 (0.91 g, 2.31 mmol) was 

used in the next step without further purification. The coupling reaction was conducted as previously 

described for 4 and derivative 7 was obtained as a yellowish oil (1.24 g, 77% yield) after column 

chromatography. ESI-MS: Calculated for C37H55N4O9, 699.87 [M+H]+; Found: 699.96 [M+H]+. TR = 

21.18 min. 1H NMR (400 MHz, CDCl3): δ 7.50-7.31 (m, 10H), 7.04 (bs, 1H), 4.81 (d, J = 5.3 Hz, 4H), 

4.12 (q, J = 7.1 Hz, 2H), 3.71-3.69 (m, 4H), 3.26 (dd, J = 11.9, 6.2 Hz, 2H), 3.17-3.09 (m, 2H), 2.53 – 

2.39 (m, 4H), 2.33 (t, J = 7.3 Hz, 2H), 2.20 (t, J = 6.8 Hz, 2H), 1.98-1.92 (m, 4H), 1.84-1.73 (m, 4H), 

1.42 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 174.67, 173.34, 172.96, 134.15, 129.29, 

129.14, 129.11, 128.81, 60.52, 44.66, 44.27, 40.03, 39.55, 33.05, 31.41, 29.95, 29.36, 28.45, 24.82, 

23.93, 23.23, 22.31, 14.25. 
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Synthesis of ethyl 10,20,30-tris(benzyloxy)-2,2-dimethyl-4,9,14,19,24,29-hexaoxo-3-oxa-

5,10,15,20,25,30-hexaazatetratriacontan-34-oate (9). 

Compound 9 was synthesised under the same coupling conditions used for 4 starting from the acid 

derivative 6 (0.91 g, 2.31 mmol) and the amino derivative 8 (1.81 g, 2.54 mmol). The desired product 

was obtained as a colourless oil (1.89 g, 84% yield) after column chromatography. ESI-MS: Calculated 

for C52H75N6O12, 976.20 [M+H]+; Found: 975.94 [M+H]+. TR = 17.83.1H NMR (400 MHz, CDCl3): δ 

7.39-7.35 (m, 15H), 5.05 (bs, 3H), 4.83 – 4.77 (m, 6H), 4.11 (q, J = 7.1 Hz, 2H), 3.72-3.67 (m, 6H), 

3.34 – 3.19 (m, 4H), 3.16-3.11 (m, 2H), 2.49-2.45 (m, 6H), 2.32 (t, J = 7.3 Hz, 2H), 2.25 – 2.12 (m, 4H), 

2.02 – 1.89 (m, 6H), 1.87 – 1.72 (m, 6H), 1.42 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 

175.33, 174.11, 172.47, 157.34, 135.39, 128.88, 128.33, 128.22, 80.65, 73.81, 61.17, 48.61, 41.21, 

40.42, 35.24, 31.78, 31.49, 28.41, 24.12, 21.70, 18.52, 14.69. 

 

Synthesis of 1,11,21-tris(benzyloxy)-1,6,11,16,21,26-hexaazacyclotriacontane-2,7,12,17,22,27-

hexaone (10). 

Compound 9 was Boc-deprotected as described for 3. Then, the ethyl group was hydrolysed by LiOH 

as for 6. To a diluted solution of the fully deprotected trimer (1.92 g, 2.0 mmol) in DMF (100 mL) 

HATU (0.84 g, 2.2 mmol) and DIPEA (0.38 mL, 2.2 mmol) were added dropwise at 0 °C. The reaction 

was left to stir for 3 h. Then, the solvent was removed, and the residue was extracted with ethyl acetate 

and an aqueous solution of citric acid (10%), a solution of NaHCO3 (5%) and brine. The crude was 

purified via semi-preparative HPLC giving the desired product as a colourless oil (0.70 g, 42% yield). 

ESI-MS: Calculated for C45H61N6O9, 830.02 [M+H]+; Found: 829.90 [M+H]+. TR = 21.47 min. 1H NMR 

(400 MHz, CDCl3): δ 7.39-7.31 (m, 18H), 4.77 (s, 6H), 3.69-3.67 (m, 6H), 3.25-3.23 (m, 6H), 2.46 (t, J 

= 6.7 Hz, 6H), 2.19 (t, J = 7.0 Hz, 6H), 1.97-1.91 (m, 6H), 1.85-1.70 (m, 6H). 13C NMR (CDCl3): δ 

174.94, 173.83, 133.82, 129.26, 128.83, 44.15, 39.37, 32.96, 29.50, 23.68, 23.19. 

 

Synthesis of 1,11,21-trihydroxy-1,6,11,16,21,26-hexaazacyclotriacontane-2,7,12,17,22,27-hexaone 

(11, H3L1). 

To a solution of the benzyl protected derivative 10 (0.70 g, 0.84 mmol) in MeOH (30 mL) glacial acetic 

acid (1 mL) was added. The mixture was treated with a catalytic amount (0.084 mmol) of palladium on 

activated charcoal (10% Pd basis) in a hydrogen atmosphere. After 24 h, the reaction mixture was 

filtered through Celite, concentrated under reduced pressure, diluted with water, and alkalinized with 

saturated sodium bicarbonate. The aqueous phase was extracted with ethyl acetate (4x10 mL), thus the 

combined organic layers were dried over Na2SO4, filtered, and concentrated under a vacuum. Compound 

11 was obtained as a light-yellow oil after preparative HPLC purification (0.43 g, 91% yield).ESI-MS: 

Calculated for C24H43N6O9, 559.64 [M+H]+; Found: 559.79 [M+H]+. TR = 15.79 min. 1H NMR (400 

MHz, CDCl3): δ 9.59 (bs, 3H), 7.83-7.81 (m, 3H), 3.53 – 3.38 (m, 6H), 3.15-2.93 (m, 6H), 2.40-2.24 
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(m, 5H), 2.20-2.16 (m, 2H), 2.02 (t, J = 7.1 Hz, 5H), 1.76-1.70 (m, 6H), 1.64-1.50 (m, 6H). 13C NMR 

(CDCl3): δ 174.51, 172.95, 172.24, 169.53, 158.89, 158.53, 129.91, 50.45, 47.29, 47.06, 38.72, 38.55, 

33.01, 31.49, 31.18, 30.34, 29.68, 24.90, 24.79, 23.03, 22.32, 19.74. 

 

Synthesis of ethyl 17-(benzyloxy)-10-(((benzyloxy)carbonyl)amino)-2,2-dimethyl-4,11,16-trioxo-3-

oxa-5,12,17-triazahenicosan-21-oate (13). 

Compound 13 was synthesised under the same coupling conditions used for compounds 4 and 9 starting 

from Z-Lys(Boc)-OH (1.05 g, 2.75 mmol) and the amino derivative 5 (1.09 g, 2.50 mmol). The desired 

product was obtained as a yellowish oil (1.40 g, 80% yield) after column chromatography. ESI-MS: 

Calculated for C36H53N4O9, 685.84 [M+H]+; Found: 685.73 [M+H]+. TR = 26.16 min. 1H NMR (400 

MHz, CDCl3): δ 7.37-7.35 (m, 5H), 7.31-7.26 (m, 5H), 6.99 (s, 1H), 5.85 (d, J = 7.7 Hz, 1H), 5.13-4.96 

(m, 2H), 4.76 (s, 2H), 4.07 (q, J = 7.1 Hz, 2H), 3.73-3.59 (m, 2H), 3.28-3.13 (m, 2H), 3.03-2.97 (m, 

2H), 2.47-2.40 (m, 2H), 2.28 (t, J = 7.3 Hz, 2H), 1.94-1.88 (m, 2H), 1.84-1.69 (m, 3H), 1.62-1.58 (m, 

1H), 1.39 (s, 11H), 1.31 (dd, J = 19.1, 12.2 Hz, 2H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3): δ 13C 

NMR (101 MHz, cdcl3) δ 174.34, 172.90, 171.99, 156.20, 136.21, 134.12, 129.15, 128.93, 128.64, 

128.37, 127.98, 127.90, 78.91, 76.16, 66.76, 60.39, 54.83, 44.44, 39.85, 39.15, 38.52, 32.21, 31.22, 

29.66, 29.41, 28.32, 23.67, 22.42, 22.11, 14.08. 

 

Synthesis of ethyl 17,27,37,47-tetrakis(benzyloxy)-10-(((benzyloxy)carbonyl)amino)-2,2-dimethyl-

4,11,16,21,26,31,36,41,46-nonaoxo-3-oxa-5,12,17,22,27,32,37,42,47-nonaazahenpentacontan-51-

oate (15). 

The tetramer 15 was synthesised under the same coupling conditions used for compounds 4, 9 and 13 

starting from the acid derivative 14 (0.61 g, 0.93 mmol) and the amino derivative 12 (0.90 g, 1.02 mmol). 

The desired product was obtained as a colourless oil (0.97 g, 69% yield) after column chromatography. 

ESI-MS: Calculated for C81H113N10O18, 1514.85 [M+H]+; Found: 1514.16 [M+H]+, 775.95 [M+2H]2+. 

TR = 25.88 min. 1H NMR (400 MHz, CDCl3): δ 7.47-7.28 (m, 25H), 5.13-4.96 (m, 2H), 4.86-4.65 (m, 

8H), 4.09 (dd, J = 13.8, 6.8 Hz, 3H), 3.80-3.53 (m, 8H), 3.32-3.10 (m, 7H), 3.04-3.00 (m, 2H), 2.54-

2.34 (m, 7H), 2.29 (t, J = 7.0 Hz, 2H), 2.23-2.05 (m, 6H), 1.96-1.90 (m, 8H), 1.82-1.68 (m, 8H), 1.66-

1.53 (m, 2H), 1.40 (s, 12H), 1.25-1.19 (m, 4H), 0.94-0.85 (m, 2H). 13C NMR (CDCl3): δ 174.50, 172.91, 

136.18, 134.00, 129.24, 129.08, 128.75, 128.47, 128.15, 127.98, 66.94, 60.48, 55.00, 44.14, 39.38, 

39.03, 32.88, 31.97, 31.30, 29.82, 29.66, 29.45, 28.38, 23.88, 23.00, 22.49, 22.20, 14.16. 

 

Synthesis of benzyl (6,16,26,36-tetrakis(benzyloxy)-2,7,12,17,22,27,32,37,42-nonaoxo-

1,6,11,16,21,26,31,36,41-nonaazacycloheptatetracontan-43-yl)carbamate (16). 

Compound 15 was Boc-deprotected as described for 3. Then, the ethyl group was hydrolysed by LiOH 

as for 6. To a diluted solution of the fully deprotected tetramer (0.55 g, 0.367 mmol) in DMF (40 mL) 

HATU (0.154 g, 0.40 mmol) and DIPEA (0.07 mL, 0.40 mmol) were added dropwise at 0 °C. The 
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reaction was left to stir for 3 h. Then, the solvent was removed, and the residue was extracted with ethyl 

acetate and an aqueous solution of citric acid (10%), a solution of NaHCO3 (5%) and brine. The crude 

was purified via semi-preparative HPLC giving the desired product as a colourless oil (0.29 g, 57% 

yield). ESI-MS: Calculated for C74H99N10O15, 1368.66 [M+H]+; Found: 1368.36 [M+H]+, 684.74 

[M+2H]2+. TR = 25.73 min. 1H NMR (400 MHz, DMSO-d6): δ 7.96 – 7.63 (m, 6H), 7.56 – 7.13 (m, 

25H), 5.06 – 4.89 (m, 2H), 4.85 – 4.71 (m, 8H), 4.00-3.76 (m, 3H), 3.09 – 2.88 (m, 10H), 2.84 – 2.61 

(m, 1H), 2.43 – 2.25 (m, 8H), 2.09 – 1.93 (m, 9H), 1.75-1.71 (m, 9H), 1.59-1.53 (m, 8H), 1.39 – 1.08 

(m, 7H), 1.07 – 0.76 (m, 2H). 13C NMR (DMSO-d6): δ 171.81, 156.35, 135.21, 129.77, 129.06, 128.88, 

128.73, 128.17, 128.09, 75.69, 65.76, 55.12, 44.53, 38.50, 32.95, 29.47, 24.68, 23.24. 

 

(S)-43-amino-6,16,26,36-tetrahydroxy-1,6,11,16,21,26,31,36,41-nonaazacycloheptatetracontane-

2,7,12,17,22,27,32,37,42-nonaone (17, H4L2) 

Compound 17 was synthesized as previously described for 11 starting from derivative 16 (0.13 g, 71% 

yield). ESI-MS: Calculated for C38H69N10O13, 874.03 [M+H]+; Found: 873.75 [M+H]+. TR = 21.28 min. 

1H NMR (400 MHz, DMSO-d6): δ 9.64-9.59 (m, 3H), 8.07-8.04 (m, 2H), 7.86 – 7.71 (m, 4H), 3.47-

3.44 (m, 9H), 3.04-2.99 (m, 10H), 2.42 – 2.22 (m, 8H), 2.04-2.00 (m, 8H), 1.76 – 1.49 (m, 20H), 1.47 

– 1.16 (m, 5H). 13C NMR (DMSO-d6): δ 172.90, 172.21, 168.73, 158.07, 56.51, 52.71, 47.17, 38.66, 

32.98, 31.22, 29.65, 29.11, 24.81, 24.47, 23.04, 22.05. 

 

Thermodynamic Solution Studies 

General 

Unless otherwise stated, all commercially available reagents and solvents were of analytical 

grade, purchased from commercial suppliers (Sigma-Aldrich, Titripur, Merck,  Fisher Scientific, Fluka) 

and were used as received without further purification. All solutions were prepared in doubly distilled 

water. A  stock solution of Fe(III) was prepared immediately before use from Fe(ClO4)3ˑXH2O in 0.01 

M HClO4 and standardized by inductively coupled plasma - optical emission spectrometer (ICP–OES) 

(iCAP 7400 Duo ICP-OES) along with spectrophotometric determination, based on molar extinction 

coefficient ε = 4160 M-1cm-1 at 240 nm.67,68 Stock solutions of Ga(III) and Zr(IV) were prepared 

immediately before use from Ga(ClO4)3ˑXH2O and ZrCl4 anhydrous, respectively, in 0.1 M HClO4 to 

prevent hydrolysis and standardized by ICP–OES (iCAP 7400 Duo ICP-OES) along with direct titration 

with ethylenediaminetetraacetic acid (EDTA).69,70 The HClO4 solutions were titrated by standardized 

NaOH (0.1 N). Carbonate-free NaOH solution was standardized by titration with potassium hydrogen 

phthalate (KHP). All stock solutions were prepared using a R200D Sartorius analytical balance (with 

0.01 mg precision). 

All measurement were performed in 0.1 M NaClO4 ionic strength, that was chosen instead of 

1.0 M NaClO4 ionic strength in order to increase the solubility of investigated ligands and it’s 

complexes. We are aware that some measurements were performed in very acidic pH (<1) where ionic 



25 

 

strength 0.1 M is not enough to keep stable ionic activity, but due to decomposition of hydroxamate 

ligands in strong acids,43,51 all measurements performed below pH 1 were assumed to be endowed with 

a large error and (i) were not taken into account during data evaluation or (ii) precluded from the 

discussion.    

 

Electrospray ionization mass spectrometry (ESI–MS)  

ESI–MS data were recorded on a Bruker Q-FTMS spectrometer. The instrumental parameters 

were: scan range, m/z 200−1600; dry gas, nitrogen; temperature, 170 °C; capillary voltage, 4500 V; ion 

energy, 5 eV. The capillary voltage was optimized to the highest signal-to-noise ratio. The spectra were 

recorded in the positive mode. The compound was dissolved in methanol MeOH:H2O solution (80:20 

by weight); the same solvent mixture was used to dilute the matrix solutions to the concentration range 

0.01 mM. The Fe(III), Ga(III) and Zr(IV) and stock solutions were prepared as described previously and 

added to ligand’s solutions in 1:1, 2:1 and 1:3 for Fe(III) and Ga(III); 1:1 and 1:3 for Zr(IV), all at pH 3 

(pH was adjusted by using acetic acid). The free hydrogen ions concentration was measured with the 

combined glass electrode Metler Tolledo InLab Semi-Micro filed with NaCl in MeOH:H2O (80:20 by 

weight). Potential differences were given by a Beckman ф72 pH meter, standardized according to the 

classical methods with buffers prepared according to published procedures in MeOH:H2O solvent (80:20 

by weight).71,72 

 

Potentiometric titrations  

The potentiometric titrations of ligands and their complexes were carried out using an automatic 

titrator system Titrando 905 (Methrom), equipped with a combined glass electrode (Mettler Toledo, 

InLab Semi-Micro, with XEROLYT® EXTRA Polymer filling) and a dosing system 800 Dosino, 

equipped with a 2 mL micro burette. The ionic strength was fixed at I = 0.1 M with NaClO4. The 

electrode was daily calibrated in terms of hydrogen ion concentration using HClO4 (0.1 M) with CO2-

free NaOH solutions (0.1 M).73  A stream of high purity grade argon, pre-saturated with water vapour, 

passed over the surface of the solution cell, filled with 50 mL of studied solution and thermostated at 

25.0 ± 0.2 °C. At least three titrations were performed for each system, with a starting concentration of 

the ligand of 1 mM and 1:1 metal-to-ligand molar ratio with the 10% of ligands excess in the pH range 

2–11. The purity and exact concentration of the ligand’s solutions was determined using the Gran 

method.74 Special care was taken to ensure that complete equilibration was attained. The titrations curves 

were checked carefully, and did not display any pH fluctuations which often accompany precipitation 

of metal hydroxides. The potentiometric data were refined with the SUPERQUAD75 or HYPERQUAD76 

programs, which use nonlinear least-square methods. The successive protonation constants of the ligand 

were calculated from the cumulative constants determined with the program and defined by Eqs. (1) and 

(2) (charges are omitted for clarity). 
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𝐻𝑛−1𝐿 + 𝐻 ⇆ 𝐻𝑛𝐿      (1) 

𝐾𝑛
𝐻 =

[𝐻𝑛𝐿]

[𝐻𝑛−1𝐿][𝐻]
           (2)   

The stability constants calculated for metal complexes are defined by Eqs. (3) and (4): 

𝑚𝑀 + ℎ𝐻 + 𝑙𝐿 ⇆ 𝑀𝑚𝐻ℎ𝐿𝑙      (3) 

𝛽𝑀𝑝𝐻𝑞 𝐿𝑟
=

[𝑀𝑝𝐻𝑞𝐿𝑟]

[𝑀]𝑝[𝐻]𝑞[𝐿]𝑟   (4)   

The uncertainties in the logK values correspond to the added standard deviations in the cumulative 

constants.  

 

pH-dependent UV–Vis titrations 

The pH-dependent UV–Vis spectrophotometric experiments for Fe(III)-H3L1, Fe(III)-H4L2, 

Ga(III)-H3L1, Ga(III)-H4L2, Ga(III)-H3L4, Zr(IV)-H3L1, Zr(IV)-H4L2, Zr(IV)-H3L3 and Zr(IV)-

H3L4 systems were carried out as a function of concentration with a Varian Cary 300 Bio 

spectrophotometer in the 300–700 nm range for iron complexes, and 200-300 nm for gallium and 

zirconium solutions using Hellma quartz optical cells with 1 cm path length. Spectrophotometric 

titrations were performed in the presence of 0.1 M NaClO4 at 25.0 ± 0.1 °C. To calculate  the stability 

constants for investigated systems two sets of pH-dependent UV-Vis titrations were carried out: (i) in 

the pH range 0.1-2, and (ii) 2-11. In the (i) series, the experiments were performed by making twenty 

samples, differing by 0.1 pH unit, with constant total volume of 0.7 mL and concentration of metal ion 

~0.05-0.1 mM and metal-to-ligand molar ratio 1:1; for all samples, ionic strength was adjusted to 0.1 M 

with addition of NaClO4, and pH (range 0.1–2.0) was controlled by the concentration of the HClO4. 

After preparation, each solution was allowed to equilibrate for about 1 hour, and then its UV-Vis 

spectrum was recorded. This was necessary to minimize the effects of hydroxamate ligands hydrolysis, 

which occurs in strong acid.43,51  In the (ii) set of experiments,  3 mL of solution containing a 1:1 molar 

ratio of Fe(III):ligand, where ferric concentration was around 0.20 mM, were introduced into a cell and 

the pH was adjusted by adding proper microvolume of HClO4 allowed to equilibrate (up to 30 min) and 

checked with a Mettler Toledo Super Easy pH meter with accuracy of ± 0.01 and then spectra was 

recorded.  

 

Metal competition batch UV–Vis titrations 

 In order to calculate the stability constants of the investigated complexes several competition 

titrations were performed.  All of them were carried out as a function of concentration with a Varian 

Cary 300 Bio spectrophotometer in the 300-650 nm (with 1 nm precision) using a Hellma quartz optical 

cells with 1 cm path length. Spectrophotometric titrations were performed on samples with 

concentration of ligand at around ~0.05-0.1 mM, I = 0.1M (completed by adding  NaClO4), at 25.0 ± 

0.1 °C, pH 1.5 or 2.0 was adjusted by adding proper volume of HClO4. In general, the stock solution of 

starting complex (Fe(III)-L, Ga(III)-L or Zr(IV)-L, respectively) was divided into several aliquots to 
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which an excess of titrant (Ga(III), Fe(III) or Zr(IV)-NTA, respectively) was added. After preparation, 

each solution was allowed to equilibrate for about 1 hour, and then its UV–Vis spectrum was recorded. 

The vials were kept in the dark and absorbance was measured again after 24, 48 and 120 hours. The 

changes were observed only between the spectra collected after 1 hour and 24 hours, indicating that the 

equilibrium was attained.  

In order to determine the logβ of [GaHL]+ for H3L1 and H3L4, and [GaH2L2]+, the competition 

experiments at pH 1.5 (i) Fe(III)-H3L + Ga(III) and (ii) Ga(III)-L + Fe(III) were performed. For (i) 

fifteen samples with a constant concentration of Fe(III) ions and L (1:1) were titrated by up to 600 equiv. 

of Ga(III) ions; for Ga(III)-L + Fe(III), eighteen samples with a constant concentration of Ga(III) ions 

and H3L (1:1) were titrated by up to 4 equiv. of Fe(III) ions. 

In order to determine the logβ of [ZrL]+ for H3L1, H4L2, H3L3, H3L4, and DFOE,  and 

[ZrHL2]+, the competition experiments at pH 1.5 or 2, Fe(III)-L + Zr(IV)-NTA, were performed. In 

each experiment eighteen samples with a constant concentration of Fe(III) ions and ligands were titrated 

by up to 50 equiv. of Zr(IV)-NTA solution with the metal-to-ligand molar ratio 1:3, starting from 0 

equiv..   

 

Data treatment 

In the calculations of complexes stability constants, the protonation constants of free ligands 

(Table 1) and the constants related to hydrolytic Ga(III)60: Ga(OH)2+ log𝛽𝐺𝑎𝐻−1
= –3.11, Ga(OH)2

+ 

log𝛽𝐺𝑎𝐻−2
= –7.66, Ga(OH)3 log𝛽𝐺𝑎𝐻−3

= –11.94, Ga(OH)4
- log𝛽𝐺𝑎𝐻−4

= –15.66; Fe(III)77: Fe(OH)2+ 

log𝛽𝐹𝑒𝐻−1
= –2.56, Fe(OH)2

+ log𝛽𝐹𝑒𝐻−2
= –6.2, Fe(OH)3 log𝛽𝐹𝑒𝐻−3

= –11.44, Fe(OH)4
- log𝛽𝐹𝑒𝐻−4

= –

21.88, Fe(OH)5
2- log𝛽𝐹𝑒𝐻−5

 = –2.74, Fe(OH)6
3- and Zr(IV)60: Zr(OH)3+ log𝛽𝑍𝑟𝐻−1  = –0.56,  Zr(OH)2

2+ 

log𝛽𝑍𝑟𝐻−2
= –1.44, Zr(OH)4 log𝛽𝑍𝑟𝐻−4  = –8.85, Zr(OH)6

2- log𝛽𝑍𝑟𝐻−6
= –30.6, Zr3(OH)4

8+ log𝛽𝑍𝑟3𝐻−4
 = –

6.96, Zr4(OH)8
8+ log𝛽𝑍𝑟4𝐻−8

= 6.52, Zr3(OH)9
3+ log𝛽𝑍𝑟3𝐻−9

= 12.19, species were taken into account. The 

Zr(IV) hydrolysis constants for the species Zr(OH)3+, Zr(OH)2
2+, Zr(OH)4, and Zr3(OH)4

8+ were 

calculated for 0.1 M NaClO4 ionic strength according to the literature,60 while the constants for the 

hydrolytic species Zr(OH)6
2-, Zr4(OH)8

8+, Zr3(OH)9
3+ are taken from the literature60 for the 0 M ionic 

strength. To the best of our knowledge there is lack of ion interaction parameters for Zr(OH)6
2, 

Zr4(OH)8
8+, Zr3(OH)9

3+ complex forms, that’s why these hydrolysis constants were not calculated for 

0.1 M NaClO4 ionic strength. Of importance, we investigated the effect of inclusion/exclusion of 

Zr(OH)6
2-, Zr4(OH)8

8+, Zr3(OH)9
3+  hydrolysis constants in the speciation model of our system, and the 

calculations performed in both ways indicated no difference in the resulting values. The pKw used in the 

calculation in the 0.1 M NaClO4 ionic strength was –13.77.78  

The UV-Vis data were refined to obtain the overall binding constant using SPECFIT/32 

software 79-81 that adjusts the absorptivity and the stability constants of the species formed at equilibrium. 

Specfit uses factor analysis to reduce the absorbance matrix and to extract the eigenvalues prior to the 
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multiwavelength fit of the reduced data set according to the Marquardt algorithm.79-81 Uncertainties in 

logβ were calculated from the standard deviation.  

The competition data were refined to obtain the overall binding constant using SPECFIT/32 

software.79-81 The protonation constants of ligands and formation constants for iron complexes (Table 1, 

literature25) were used as fixed parameters during data analysis. The concentration of iron complexes 

were calculated from the absorbance spectra (collected in 300-700 nm range). Hydrolytic forms of ferric 

ion at studied pH range are characterized by absorption band with max below 300 nm, and therefore 

they are beyond the experimental wavelength window. However, the spectrum of Fe(III) in solution at 

pH of the experiment was fixed in the calculations.82,83 The stability constants of the Fe(III)-NTA48 and 

Zr(IV)-NTA28 complexes were taken from the literature and were used as a fixed during evaluation of 

the stability constants of the zirconium complexes.   

The competition equilibrium is described by Eqs. (1) and (2): 

 

𝐹𝑒𝐿 + 𝑍𝑟𝑁𝑇𝐴 ⇄ 𝑍𝑟𝐿 + 𝐹𝑒𝑁𝑇𝐴   (1) 

 

𝐾 =
[𝐹𝑒𝐿][𝑍𝑟𝑁𝑇𝐴]

[𝐹𝑒𝑁𝑇𝐴][𝑍𝑟𝐿]
   (2) 

The molecular charges are omitted for clarity. The data were processed using Origin 7.0. The 

species distribution diagrams were computed with the HYSS program.76  

The complexes are written in order [metal-hydrogen(a)-ligand-hydrogen(b)] where the 

hydrogen(a) is coming from the ligand, while hydrogen (b) is coming from hydrolysed water of metal 

ion coordination sphere.  
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Abstract  

89Zr(IV) is a rising star in nuclear imaging, emerging in response to the need for a longer half-

life positron emitter to match the growth in availability of positron emission tomography (PET) scanners 

in the last decade. In order to be used it should be bind via chelator to targeting molecule. 

Desferrioxamine B (DFOB) is an excellent 89Zr chelator, however some decomposition can be observed 

over time in vivo as 89Zr slowly accumulates in bone. This presents a new challenge for inorganic 

chemists: new chelators are required, which will be able to bind Zr(IV) in a tight stable, kinetically inert 

coordination complex.  A deep investigation on the thermodynamic stability of such complexes is 

critical to predict the in vivo behaviour of the corresponding radiopharmaceutical. Although only few 

solution equilibria studies on Zr(IV) complexes have been reported till now. 

Here we present a series of novel 89Zr(IV) chelators: three tetrahydroxamate ligands diffent by 

size, charge, symmetry and additional functional groups (H4L1, H4L2 and H4L3). The results obtained 

clearly shown that ligands symmetry as well as sufficient flexibility is critically important for strong 

bind. The H4L1 shows the superior complex stability (log𝛽[𝑍𝑟𝐿1] =  43.4(3)) together with the pM value 

in the rage of cyclic tetrahydroxamate ligands 37.0.  Additionally we investigate the thermodynamic 

stability of H6L4 ligand an excellent Fe(III) chelator,  already known as DFOCAMC. The Zr(IV)-H6L4 

complex is characterized by one of the highest formation constants reported up to now for a zirconium 

chelate (logβ = 51.3, pZr = 39.4).  

 

Introduction 

 

Positron emission tomography (PET) is one of the molecular imaging techniques which allows 

to noninvasively recognise the disease on the early stage, as well as to monitor patient’s response to 

treatment. PET requires a radiopharmaceutical to be injected into the body. The radiopharmaceutical is 

the highly stable biocompatible chelator-radioisotope system attached to a targeting vector, in order to 

provide complex specificity.  

89Zr isotope is a rising star in the field of PET. Its half-life of 78.4 h matches well with the long 

circulation and biological half-life of antibodies. In addition, the low energy positron decay not affected 

by its γ-emission at 909 keV, allow recording the good resolution PET imaging, with a high target to 

background ratios.  Of importance, 89Zr  decays (E+
max = 22.3% β+, 76.6% EC) lead to the formation of 
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89mY, which decays very fast via gamma emission (920 keV, t1/2 = 15.7 s) to the stable 89Y isotope [1, 2] 

and does not interfere with the PET imaging process. Because of its favourable characteristics, 89Zr is 

rapidly gaining interest as a valuable radionuclide for PET imaging [3, 4]. 

The chelator has to conform to a few of general criteria, among them, it must form a kinetically and 

thermodynamically stable complex with 89Zr in very high yield, preferably under mild conditions and at 

very low concentrations of the radioisotope (typically around 0.001 mM). Currently the most used, 

clinically approved 89Zr chelator is desferrioxamine B (DFOB). The recent papers show that 89Zr-DFOB-

trastuzumab and 89Zr-DFOB-pertuzumab can be very helpful in a diagnostic of breast cancer, based on 

the HER2 status [5, 6]. However, it should be mentioned that numerous in vivo studies reveal that a 

fraction of 89Zr is released from DFOB and accumulate in mineral bone [7-9]. This can lead to the 

confusion of the detection of bone metastases, along with an undesired radiation dose to bone marrow, 

and overestimation of the radiation dose when therapy planning. The inefficient stability of the 89Zr-

DFOB complex is the result of suboptimal complexation when octacoordinating Zr(IV) is bound by only 

hexacoordinate DFOB, with two water molecules or hydroxyl groups completing the coordination 

sphere [10, 11]. 

To overcome the limited stability of the 89Zr-DFO complex, alternative chelators have been 

developed [3, 4, 12], i.e. linear and cyclic DFOB  derivatives such as DFO* [13, 14], DFOcyclo* [15] 

or DFO-O3 analogues [16], DFO squaramide ester [17] or DFO2 [18], as well as some macrocyclic 

compounds possessing three or four hydroxamic acid groups [19, 20]. Additionally, some ligands with 

alternative binding groups like hydroxypyridinone, terephthalamide or catecholate have been tested as 

chelating agents for 89Zr [21-29].  However, even when an improvement of complex stability with 

alternative ligands have been noticed in vivo, DFOB still remains the most useful 89Zr PET chelator, and 

therefore there seems to be the room for more efficient 89Zr chelators. 

In a quest for a more stable 89Zr(IV) chelate, we present here three tetrahydroxamate ligands 

and one hydroxamate-catecholate ligand, in conjunction with the determination of a thermodynamic 

stability of their Zr(IV) complexes. Solution equilibrium chemistry studies of Zr(IV) complexes rather 

rarely appear in literature, most probably due to several difficulties, i.e. (i) strong tendency of Zr(IV) to 

form hydroxo species (occurring over almost entire pH range), (ii) the formation of extremely stable 

complexes, formed already at very acidic pH, and (iii) spectroscopic blindness of Zr(IV)-hydroxamate 

species.  Nevertheless, our laboratory has just recently reported the thermodynamic stability of Zr(IV)-

DFOB complexes, with the results being in line with the in vivo studies [8, 9, 30] and DFT calculations 

[31].  Encouraged by that fact, we have designed further tri- and tetra-hydroxamic cyclic analogues to 

understand how an introduction of fourth chelating unit increases the stability of Zr(IV) complexes [32]. 

We have investigated the stability of all chelate systems presented herein by using a combination of 

potentiometric and UV-Vis spectroscopy techniques, along with the metal-metal competition titrations.  

Here we provide three new ligands (H4L1, H4L2 and H4L3, Scheme 1) possessing four hydroxamic 

groups in linear arrangement; the flexibility of the structures was modified by an introduction of amine, 
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amide or ether groups. Additionally, we’ve investigated the thermodynamic stability of Zr(IV) 

complexes with H6L4, originally named DFOCAMC [33].  At first, DFOCAMC was developed by 

Raymond et al. for actinides, and the ligand basically consists of DFOB molecule elongated by 

catecholate binding unit, allowing therefore to completely saturate the coordination sphere of Zr(IV). 

Both catecholate and hydroxamate binding groups have been found in siderophores and are known 

strong chelators for hard metal ions [34]. Kinetic studies have shown that addition of a single catecholate 

moiety to DFO increases the rate of iron removal from transferrin more than 100 times [35]. Besides, in 

vivo assays have shown that the ligand is extremely effective in complexing and removing plutonium 

from mammalian tissues [36, 37]. Taking into account the similarity of Fe(III), Pu(IV) and Zr(IV) 

cations as hard Lewis acids, herein we have investigated the stability of Zr(IV)-DFOCAMC complexes. 

The comparison of the thermodynamic data and solution chemistry of hydroxamate and mixed 

catecholate-hydroxamate ligands may further help to choose the best strategy of improvement of  89Zr 

chelators.  

 

Experimental part  

General 

Unless otherwise stated, all commercially available reagents and solvents were of analytical 

grade, purchased from commercial suppliers (Sigma-Aldrich, Titripur, Merck, Fisher Scientific, Fluka) 

and were used as received without further purification. Ligands were synthesized commercially by 

TriMen Chemicals S.A. and used as received without further purification. The ligand H6L4 was 

synthesized by TriMen Chemicals S.A. according to procedure published before [33]. 

All solutions were prepared in doubly distilled water. A  stock solution of Fe(III) was prepared 

immediately before use from Fe(ClO4)3ˑXH2O in 0.01 M HClO4 and standardized by inductively 

coupled plasma - optical emission spectrometer (ICP–OES) (iCAP 7400 Duo ICP-OES) along with 

spectrophotometric determination, based on molar extinction coefficient ε = 4160 M-1cm-1 at 240 nm 

[38, 39]. Stock solutions of Zr(IV) were prepared immediately before use from ZrCl4 anhydrous in 0.1 

M HClO4 to prevent hydrolysis, and standardized by ICP–OES (iCAP 7400 Duo ICP-OES) along with 

direct titration with ethylenediaminetetraacetic acid (EDTA) [40]. The HClO4 solutions were titrated by 

standardized NaOH (0.1 N). Carbonate-free NaOH solution was standardized by titration with 

potassium hydrogen phthalate (KHP). All stock solutions were prepared using a R200D Sartorius 

analytical balance (with 0.01 mg precision). 

The free hydrogen ions concentration of MeOH/H2O (80:20 by weight) solutions was measured 

with the combined glass electrode Metler Tolledo InLab Semi-Micro filed with NaCl in MeOH/H2O. 

Potential differences were given by a Beckman ф72 pH meter, standardized according to the classical 

methods with buffers prepared according to published procedures in MeOH/H2O solvent (80:20 by 

weight) [41, 42]. The pH of water solutions was measure with Mettler Toledo Super Easy pH meter with 

accuracy of ± 0.01. 
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The spectroscopic experiments were carried out with a Varian Cary 300 Bio spectrophotometer 

in the 200–800 nm range using Hellma quartz optical cells with 1 cm path length. 

All measurement were performed in 0.1 M ionic strength (NaClO4) that was chosen instead of 

1.0 M in order to increase the solubility of investigated ligands and their complexes. We are aware that 

some measurements were performed in very acidic pH (<1) where ionic strength 0.1 M is not enough to 

keep stable ionic activity, but due to decomposition of hydroxamate ligands in strong acids [43, 44], all 

measurements performed below pH 1 were assumed to be endowed with a large errors and (i) were not 

taken into account during data evaluation or (ii) precluded from the discussion. The same method was 

already used by us in our previous work [32]. 

 

Electrospray ionization mass spectrometry (ESI–MS)  

ESI–MS data were recorded on a Bruker Q-FTMS spectrometer. The instrumental parameters 

were: scan range, m/z 200−1600; dry gas, nitrogen; temperature, 170 °C; capillary voltage, 4500 V; ion 

energy, 5 eV. The capillary voltage was optimized to the highest signal-to-noise ratio. The spectra were 

recorded in the positive mode. The compound was dissolved in methanol MeOH/H2O solution (80:20 

by weight); the same solvent mixture was used to dilute the matrix solutions to the concentration range 

0.01 mM. The Fe(III), and Zr(IV) stock solutions were prepared as described previously and added to 

ligand’s solutions in 1:1, 2:1 and 1:3 for Fe(III); 1:1 and 1:3 for Zr(IV) metal-to-ligand molar ratios, all 

at pH 3 (pH was adjusted by using acetic acid).  

 

Potentiometric titrations  

The potentiometric titrations of ligands and their complexes were carried out using an automatic 

titration system Titrando 905 (Methrom), equipped with a combined glass electrode (Mettler Toledo, 

InLab Semi-Micro, with XEROLYT® EXTRA Polymer filling) and a dosing system 800 Dosino, 

equipped with a 2 mL micro burette. The ionic strength was fixed at I = 0.1 M with NaClO4. The 

electrode was daily calibrated in terms of hydrogen ion concentration using HClO4 (0.1 M) with CO2-

free NaOH solutions (0.1 M) [45].  A stream of high purity grade argon, pre-saturated with water vapour, 

passed over the surface of the solution cell, filled with 100 mL of studied solution and thermostated at 

25.0 ± 0.2 °C. At least three titrations were performed for each system at pH range 2–11 with a starting 

ligand concentration of 1 mM and 1:1 and 1:2 (only for ferric complexes of H4L1, H4L2 and H4L3)  

metal-to-ligand molar ratio (with the 10% of ligands excess) . The purity and exact concentration of the 

ligand’s solutions was determined using the Gran method [46]. Special care was taken to ensure that 

complete equilibration was attained. The titration curves were checked carefully, and did not display 

any pH fluctuations which often accompany precipitation of metal hydroxides. The potentiometric data 

were refined with the SUPERQUAD [47] or HYPERQUAD [48] programs, which use nonlinear least-

square methods. The successive protonation constants of the ligand were calculated from the cumulative 

constants determined with the program and defined by Eqs. (1) and (2) (charges are omitted for clarity). 
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𝐻𝑛−1𝐿 + 𝐻 ⇆ 𝐻𝑛𝐿      (1) 

𝐾𝑛
𝐻 =

[𝐻𝑛𝐿]

[𝐻𝑛−1𝐿][𝐻]
           (2)   

The stability constants calculated for metal complexes are defined by Eqs. (3) and (4): 

𝑚𝑀 + ℎ𝐻 + 𝑙𝐿 ⇆ 𝑀𝑚𝐻ℎ𝐿𝑙      (3) 

𝛽𝑀𝑝𝐻𝑞 𝐿𝑟
=

[𝑀𝑝𝐻𝑞𝐿𝑟]

[𝑀]𝑝[𝐻]𝑞[𝐿]𝑟   (4)   

The uncertainties in the logK values correspond to the added standard deviations in the 

cumulative constants.  

 

pH-dependent UV–Vis titrations 

The pH-dependent UV–Vis spectrophotometric experiments for ligands and their metal 

complexes  were carried out as a function of concentration.  All solutions were maintained at a constant 

ionic strength and at a constant temperature (25.0 ± 0.2 °C). 

The pH-depended UV-Vis titrations of each ligand  were carried out in the pH range 2.0-11.0 

with the ligand concentration of ~0.04 mM. The pH was adjusted by adding proper microvolume of 

HClO4, allowed to equilibrate (up to 10 min), checked with a pH meter and then the spectrum was 

recorded. 

The pH-dependent UV-Vis titrations for each investigated complex were carried out in two sets: 

(i) in the pH range 1.0-2.0, and (ii) 2.0-11.0. In the (i) series, the experiments were performed by making 

twenty samples, differing by 0.1 pH unit, with constant total volume of 0.7 mL and concentration of 

metal ion ~0.05-0.1 mM and metal-to-ligand molar ratio 1:1 (with 10% of ligand excess) or 2:1; for all 

samples, ionic strength was adjusted to 0.1 M with addition of NaClO4, and pH was controlled by the 

concentration of the HClO4. After preparation, each solution was allowed to equilibrate for about 1 hour, 

and then its UV-Vis spectrum was recorded. This was necessary to minimize the effects of hydroxamate 

ligands hydrolysis, which occurs in strong acid [43, 44].  In the (ii) set of experiments,  3 mL of solution 

containing a 1:1 (with 10% of ligand excess) or 2:1 metal-to-ligand molar ratio, where ferric 

concentration was ~0.1 mM, were introduced into a cell and the pH was adjusted by adding proper 

microvolume of NaOH, allowed to equilibrate (up to 30 min), checked with a pH meter and then 

spectrum was recorded. In the case of H6L4-Zr(IV) pH- depended UV-Vis titration the addition of a 

competitive ligand (with 10 times excess): EDTA or nitrilotriacetic acid (NTA) (both Sigma Aldrich) 

was required.  

 

Metal competition batch UV–Vis titrations 

 In order to calculate the stability constants of the investigated complexes several competition 

titrations were performed.  Spectrophotometric titrations were performed on samples with concentration 

of ligand at ~0.05-0.1 mM, I = 0.1M (completed by adding NaClO4), at 25.0 ± 0.2 °C, pH 2.0 was 

adjusted by adding proper volume of HClO4. In general, the stock solution of starting complex Fe(III)-
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L (cFe(III) = cL = 0.06-0.08 mM) was divided into eighteen aliquots to which an excess of titrant Zr(IV)-

NTA was added starting from 0 equiv. up to 50 equiv.. The Zr(IV)-NTA solution was prepared in the 

1:3 metal-to-ligand molar ratio. After preparation, each solution was allowed to equilibrate for about 1 

hour, and then its UV–Vis spectrum was recorded. The vials were kept in the dark and absorbance was 

measured again after 24, 48 and 120 hours. The changes were observed only between the spectra 

collected after 1 hour and 24 hours, indicating that the equilibrium was attained.  

 

Data treatment 

In the calculations of complexes stability constants, the protonation constants of free ligands 

(Table 1) and the constants related to hydrolytic Fe(III) [49]: Fe(OH)2+ log𝛽𝐹𝑒𝐻−1
= –2.56, Fe(OH)2

+ 

log𝛽𝐹𝑒𝐻−2
= –6.2, Fe(OH)3 log𝛽𝐹𝑒𝐻−3

= –11.44, Fe(OH)4
- log𝛽𝐹𝑒𝐻−4

= –21.88, Fe(OH)5
2- log𝛽𝐹𝑒𝐻−5

 = –

2.74, Fe(OH)6
3- and Zr(IV) [50]: Zr(OH)3+ log𝛽𝑍𝑟𝐻−1  = –0.56,  Zr(OH)2

2+ log𝛽𝑍𝑟𝐻−2
= –1.44, Zr(OH)4 

log𝛽𝑍𝑟𝐻−4  = –8.85, Zr(OH)6
2- log𝛽𝑍𝑟𝐻−6

= –30.6, Zr3(OH)4
8+ log𝛽𝑍𝑟3𝐻−4

 = –6.96, Zr4(OH)8
8+ log𝛽𝑍𝑟4𝐻−8

= 

6.52, Zr3(OH)9
3+ log𝛽𝑍𝑟𝐻−3

= 12.19, species were taken into account. The Zr(IV) hydrolysis constants 

for the species Zr(OH)3+, Zr(OH)2
2+, Zr(OH)4, and Zr3(OH)4

8+ were calculated for 0.1 M NaClO4 ionic 

strength according to the literature [50], while the constants for the hydrolytic species Zr(OH)6
2-, 

Zr4(OH)8
8+, Zr3(OH)9

3+ are taken from the literature [50] for the 0 M ionic strength. We already used 

this batch of hydrolysis constants in our previous work [32]. The pKw used in the calculation in the 0.1 

M NaClO4 ionic strength was –13.77 [51].  

The UV-Vis data were refined to obtain the overall binding constant using SPECFIT/32 

software [52-54] that adjusts the absorptivity and the stability constants of the species formed at 

equilibrium. Specfit uses factor analysis to reduce the absorbance matrix and to extract the eigenvalues 

prior to the multiwavelength fit of the reduced data set according to the Marquardt algorithm [52-54]. 

Uncertainties in logβ were calculated from the standard deviation.  

The competition data were refined to obtain the overall binding constant using SPECFIT/32 

software [52-54]. The protonation constants of ligands and formation constants for iron complexes 

(Table 1) were used as fixed parameters during data analysis. The concentration of iron complexes were 

calculated from the absorbance spectra (collected in 300-700 nm range). Hydrolytic forms of ferric ion 

at studied pH range are characterized by absorption band with max below 300 nm, and therefore they 

are beyond the experimental wavelength window. However, the spectrum of Fe(III) in solution at pH of 

the experiment was fixed in the calculations [55, 56]. The protonation constants of EDTA [57] and NTA 

[57] stability constants of the Fe(III)-NTA [58], Zr(IV)-EDTA [59] and Zr(IV)-NTA [59] complexes 

were taken from the literature and were fixed during evaluation of the stability constants of the zirconium 

complexes.   

The competition equilibrium is described by Eqs. (1) and (2): 
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𝐹𝑒𝐿 + 𝑍𝑟𝑁𝑇𝐴 ⇄ 𝑍𝑟𝐿 + 𝐹𝑒𝑁𝑇𝐴   (1) 

 

𝐾 =
[𝐹𝑒𝐿][𝑍𝑟𝑁𝑇𝐴]

[𝐹𝑒𝑁𝑇𝐴][𝑍𝑟𝐿]
   (2) 

The molecular charges are omitted for clarity. The data were processed using Origin 7.0. The 

species distribution diagrams were computed with the HYSS program [48].  

Results 

Ligands’ protonation constants  

To be used as a radiopharmaceutical, the ligand - radiometal chelate needs to possess high 

thermodynamic stability and kinetic inertness. In order to quantify the thermodynamic stability of the 

Zr-(HnL1-4) complexes, first the acid−base behaviour of ligands was studied and protonation constants 

were determined by potentiometric titrations. Additionally, the protonation constants of H6L4 were 

determined by pH-depended spectrophotometric UV-Vis titrations.   
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Scheme 1. Structures of compounds studied in this work. 

 

The deprotonation constants of H4L1-L3 ligand were calculated from the potentiometric 

titrations and assigned by comparing them to the data previously published in the literature for DFOB 

[60, 61] and DFOE [44]. For each of these ligands, only four pKa values were calculated and assigned 

to the deprotonations of the hydroxamic groups (Table 1), considering they are almost identical to the 

deprotonation constants of DFOB [43, 60], as well as DFOE [62]. However,  here we have to emphasise 

that in the complexation studies we omitted the deprotonation constants of two tertiary amine groups of 

H4L1 (pKa1 = 4.06 and pKa2 = 2.31, the values assigned by comparison with the THPN ligand [23]). The 

reason is that we couldn’t calculate the deprotonation constants of these groups in Fe(III) or Zr(IV) 

complexes, since under the conditions of potentiometric experiments (cM = cL ~ 1 mM) they precipitate 

above pH  3.  The other analytical methods, like  (UV-Vis or NMR spectroscopies are not helpful since 

they require light absorption (and therefore the presence of a chromophore in the investigated molecules) 

or, at least, milimolar concentrations, respectively.   Likewise, the amino group of H4L2 was neither 

included in the calculations; we assumed that the pKa value is higher than pKa values of hydroxamic 

units, as in the case of DFOB, and it deprotonates at pH > 11, where potentiometry is not accurate. We 

H
4
L1 

H
4
L2 

H
4
L3 H

4
L4 
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are aware, that the deprotonation processes of hydroxamic and amino groups could overlap, and the pKa 

values are impossible to distinguish by potentiometry [63, 64]. The data presented in Table 1 for H4L2 

are only presumably attributed to hydroxamic groups and for exact determination of the micro-constants 

1H NMR in some organic solvent should be done. As such a detailed analysis is not needed for the 

determination of Zr(IV) and Fe(III) complexes stability, it was not performed.  

Additionally, in the case of complexes with hard metal ions, the binding ability of amino groups 

is much lower than hydroxamate groups [65].  Consequently, we assume that amino groups are not 

involved in the coordination process. 

The ligand H6L4 possesses six functional groups that can be involved in the deprotonation 

equilibria: one carboxylic, three hydroxamic and one catechol, and is therefore heptaprotic. Analysis of 

the potentiometric and spectrophotometric pH-dependent UV-Vis titrations of the H6L4 allowed us to 

determine six protonation steps (Table 1), which are in agreement with the literature data [33];  the data 

are discussed in details in SI.  

 

Table 1. The logβ and logK values for all ligands investigated in this work.a  

Ligand 

formb 

H4L1 H4L2 H4L3 H6L4 H6L4c 

logβ  pKa logβ  pKa logβ  pKa logβ  pKa logβ  pKa 

HL 10.06(1) 10.06 10.07(1) 10.07 10.54(1) 10.54 - - 13.4(1) 13.4 

H2L 19.47(1) 9.41 19.33(1) 9.26 20.26(1) 9.72 10.18(2) 10.18 23.36(7) 9.96 

H3L 28.34(1) 8.87 27.98(1) 8.65 29.37(1) 9.11 19.42(3) 9.24 - 9.17 

H4L 36.31(1) 7.97 35.57(1) 7.59 37.42(1) 8.05 28.26(3) 8.84 41.7(1) 9.17 

H5L - - - - - - 36.25(3) 7.99 49.7(1) 8.0 

H6L - - - - - - 39.96(4) 3.71 52.6(1) 2.9 
a All measurements performed at I = 0.1 M (NaClO4), T = 25.0 ± 0.2 °C, values in parentheses are 

standard deviations; b charges omitted for clarity; c data calculated from pH-dependent UV-Vis titrations, 

otherwise from potentiometry.  

 

Determination of Zr(IV) complexes stoichiometry  

The ESI-MS method is frequently used as the first step for the determination of metal complexes 

stoichiometry [32, 66, 67]. The spectra were collected for M-L solutions in metal-to-ligand molar ratios 

of 1:1 and 2:1, all at  pH ~ 5. The spectra collected for the same system in various metal-to-ligand molar 

ratio were only slightly different in intensity; therefore, only one spectrum is shown for each system 

(Fig. S5).   

The formation of Zr(IV) complexes of H4L1 and H4L2 was confirmed by ESI-MS. Complexes 

were observed as protonated molecules {[ZrL1] + H+}+  and {[ZrL2] + H+}+, at m/z values of 793.24 

and 749.24, respectively.  The ESI-MS spectra, as well as isotopic pattern of both complexes are 

presented in Fig. S2 and Table S2. Zr(IV)-H4L3 system have not revealed any ESI-MS signal,  most 

probably due to the formation of a neutral complex difficult to charge. Signals corresponding to Zr(IV)-

H6L4 complexes were observed in positive and negative modes, at m/z of  827.24 corresponding to 

{[H2L4Zr] + H+}+ and 825.23 to {[HL4Zr]-}- (Fig. S5, Table S5).  
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Determination of Zr(IV) complexes stoichiometry and stability 

 

The evaluation of the thermodynamic stability of Zr(IV) complexes requires a comprehensive 

approach, because of the extraordinary strength of the complexes formed already at very acidic pH, lack 

of spectral information and strong tendency of Zr(IV) ions to hydrolyse.  Therefore, first, the solution 

chemistry of ferric complexes of investigated ligands was characterised and then indirect metal−metal 

competition UV−Vis titrations were performed in order to determine the stability of Zr(IV) complexes. 

Of importance, in order to get accurate results the competition experiment of two metal ions for 

a ligand has two requirements to be fulfilled.  (i) One of the metal chelates should have a strong 

absorption band either in the visible or ultraviolet region of the spectrum, with an extinction coefficient 

much different from that of the free metal ion; the second metal complex should not possess the 

absorption band in the same region of the spectrum; (ii) the equilibrium constant for the competition 

reaction must not be too small or too large. Although, in the case of Fe(III) - Zr(IV) competition, the 

difference between the stability constants of Fe(III) and Zr(IV) complexes were too high, thus an 

additional competitor ligand – nitrilotriacetic acid (NTA) was used in the titrations.   

NTA is one of the most widely investigated and often used chelating agents.48,49 It was selected 

for the current studies, as both Zr(IV)-NTA and Fe(III)-NTA complexes remain stable until pH 4, even 

at metal-to-ligand molar ratio 1:1.28,48 Moreover, as an additional competing agent, NTA prevents the 

hydrolysis of the metal ions present in solution.   

This protocol have been used by us for previous occasions [32, 61]. 

The procedure of the evaluation of Zr(IV)-H4L1, Zr(IV)-H4L2 and Zr(IV)-H4L3 complexes 

stability, as well as their spectral behaviour were very similar, so they will be discussed together.  

The evaluations of thermodynamic stability constants of Zr(IV) complexes started from pH 

dependent UV–Vis spectrophotometric titrations in the pH range 1-11 (Fig. 1). The spectral changes in 

the 200-300 nm range (corresponding to the hydroxamate groups protonation state  [44]) and in the 300-

400 nm range (corresponding to the catecholate group protonations state) were monitored [68]. The 

appearance of the band with max at 225-230 nm with pH rising was observed and associated with 

complex formation. 

The pH dependent UV-Vis titrations of the Zr(IV)-H4L1 and Zr(IV)-H4L2 look almost identical 

(Fig. 1a-d). The rise of the 230 nm band between pH 1 and ~ 4, allowed to calculate one deprotonation 

step (pKa of 1.4(3) and 2.9(3) for H4L1 and H4L2, respectively) suggesting the formation of [ZrHL] and 

[ZrL] complex forms.   Next, up to pH 9 the spectra remained stable, when after the 230 nm band was 

raising up very rapidly suggesting the complex dissociation, and, consequently, free ligand and 

[Zr(OH)n]4-n formation [43]. Some differences were observed in the spectra of Zr(IV)-H4L3 (Fig. 1e-f) 

system titration. As in the previous two systems, the Zr(IV)-H4L3 complex starts to form at very acidic 

pH, with the pKa1 of 1.2(1). Next, following the pH raising the blue shift up to 215 nm was observed, 
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suggesting the formation of fully coordinated complex form  - [ZrL3], with the pKa2 calculated 3.2(1). 

This shift could be caused probably by the presence in the structure of four ether oxygens, which could 

absorb the light in the UV region (the λmax of diethyl ether is 210 nm) [32]. Than complex remains stable 

up to pH 9, when its dissociation started. The spectral behaviour of Zr(IV)-H4L1, Zr(IV)-H4L2 and 

Zr(IV)-H4L3 suggests that complexes are fully formed at pH ~ 4, and then remain stable up to pH ~ 9.   
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Fig. 1. The pH-depended UV-Vis titration of the Zr(IV) - H4L1, cZr(IV) = 0.045, cL1 = 0.050 

(a); Zr(IV) - H4L2, cZr(IV) = 0.055, cL2 = 0.060 (c); Zr(IV) - H4L3, cZr(IV) = 0.045, cL3 = 0.050 (e) systems 

;  together with the calculated electronic spectra for  Zr(IV) - H4L1 (b), Zr(IV) - H4L2 (d), Zr(IV) - 

H4L3 (f). All measurements were performed at I =  0.1 M (NaClO4), T = 25.0 ± 0.2 °C, exact pH 

ranges are written at each spectra. 

 

Additionally, in order to determine the stability constants of the Zr(IV)-H6L4, the pH-dependent 

UV−Vis spectrophotometric competition titrations have been performed. Since the Zr(IV)-H6L4 

complex possess high stability and has solubility issues almost in all pH range, the formation constant 

could not be measured directly, although, in the presence of a large excess of a competing ligand (here 

EDTA and NTA), the Zr(IV)-EDTA and Zr(IV)-NTA complexes form at low pH and ligand exchange 

occurs upon addition of a base so that Zr(IV)-H6L4 complexes are gradually formed. This method was 

previously proven suitable for the study of extraordinarily stable complexes [29, 68, 70] and herein. 

 In the case of the hydroxamate ligands, the pH-dependent UV-Vis titrations with the 

competitive ligands could not be used, because of the lack of chromophores, which absorb in Vis region.  

Only the transition band of hydroxamate ligands (λmax = 230 nm) appears where the hydroxamate groups 

are deprotonated. At the same spectral range the competitive ligands like EDTA and NTA absorb light 

[32] and in the case of using huge excess of competitive ligand, the shoulders of Zr(IV)-hydroxamate 

ligands are impossible to see and distinguish.  

The procedure for the UV-Vis pH-dependent competition titrations of Zr(IV) - H6L4 using 

EDTA or NTA as a competitive ligand were very similar and will be discussed together. The UV-Vis 

spectra collected during the pH-dependent UV-Vis titration of the Zr(IV)/H6L4/EDTA complexes are 

shown in Fig. 3 (the spectra of the Zr(IV)/H6L4/NTA are presented in Fig. S4). The analysis of the pH-

dependent UV-Vis titration of Zr(IV)-H6L4 with an addition of competitive ligand was performed by 

comparison of the spectral changes with the parameters of free ligand H6L4 (Table S2). The titration 

started at pH 2 from uncomplexed H6L4, (ɛ330 = 2.6⸱103 M-1cm-1, Table S1), since the Zr(IV) was bound 

by EDTA or NTA. As pH was raised up, the transition band at 330 nm shifted up to 360 nm (ɛ360 = 

5.0⸱103 M-1cm-1); additionally the shoulder at 230 nm started to increase, suggesting the formation of 
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[ZrL1]2- complex. The analysis of the collected data for Zr(IV)/H6L4/EDTA titration reveal log𝛽[𝑍𝑟𝐻𝐿4]− 

= 59.02(7),  and log𝛽[𝑍𝑟𝐿4]2− = 51.3(10), with the pKa = 7.07, while for  Zr(IV)/H6L4/NTA titration the 

data are log𝛽[𝑍𝑟𝐻𝐿4]− = 57.78(6),  and log𝛽[𝑍𝑟𝐿4]2− = 50.70(10), with the pKa = 7.08.  The obtained data 

are in line with the metal-metal competition results, log𝛽[𝑍𝑟𝐻𝐿4]− = 58.1(1) (Table 3). 
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Fig 2. Competition spectrophotometric titration of Zr(IV)- H6L4 solution in the presence of excess 

EDTA at pH rage 2.0 - 11.0: cZr(IV) = 0.019 mM, 𝑐H6L4 = 0.02 mM; cEDTA = 0.2 mM (a) and NTA at  

pH range 2.0 - 11.0; cZr(IV) = 0.019 mM, 𝑐H6L4 = 0.02 mM; cNTA = 0.2 mM, at I =  0.1 M (NaClO4), T 

= 25.0 ± 0.2 °C. 

 

The metal – metal competition experiments were performed at pH 2.0 for all systems, starting 

from Fe(III) complex and adding step by step a proper amount of Zr(IV)-NTA solution. Similar method 

was used for the determination of coordination mode of other hydroxamate complexes [43, 61, 68, 69]. 

The competition experiments for investigated systems are presented in Fig. S6 and Fig 3. Upon the 

addition of up to 50 equiv. of Zr(IV)-NTA solution  to a solution  

of Fe(III) complexs, the LMCT band centred at 465-470 nm, characteristic of dihydroxamate species, 

decreased gradually, suggesting the formation of Zr(IV)-H4L1, Zr(IV)-H4L2, Zr(IV)-H4L3 and Zr(IV)-

H6L4 complexes.  The refinement of the titration data, using the H4L1, H4L2, H4L3 and H6L4 

protonation constants (Table 1), Fe(III)-H4L1, Fe(III)-H4L2, Fe(III)-H4L3 and Fe(III)-H6L4 stability 

constants (Table 2),  Fe(III)-NTA [58] and Zr(IV)-NTA [59] stability constants, together with the Fe(III) 

[49] and Zr(IV) [50] hydrolysis constants, yielded with the log𝛽[𝑍𝑟𝐻𝐿]+ values (Table 3).  
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Fig. 3. The metal-metal competition titration of Fe(III)- H4L1, cFe(III) = cL1 = 0.080 mM (a); Fe(III)- 

H4L2 cFe(III) = cL2 = 0.06 mM (b); Fe(III)- H4L3 cFe(III) = cL3 = 0.070 mM (c),  and of Fe(III)-H6L4 

cFe(III) = 0.08 mM, cL4 = 0.095 by Zr(IV)-NTA solution (molar ratio 1:3), all measurements were 

performed at pH = 2.0, I = 0.1 M (NaClO4), T = 25.0 ± 0.2 °.  

 

The potentiometric titration was performed only for Zr(IV)-H4L2 system, for other systems 

the precipitation of unidentified species appeared. Probable reason of precipitation could be the 

formation of the uncharged complex form, while the amino group of H4L2 (do not included in the 

calculation) keeps the complex form charged almost in entire pH range. The data obtained for 

potentiometric titrations of the Zr(IV)-H4L2 system revealed log𝛽[𝑍𝑟𝐿2] = 40.8(1) which is in excellent 

agreement with UV-Vis data (Table 3).  

 

Table 3. The logβ and logK values for zirconium complexes of investigated ligandsa 

Complex 

formb 

Zr(IV)-L1 Zr(IV)-L2 Zr(IV)-L3 Zr(IV)-L4 

logβ pKa logβ pKa logβ pKa logβ pKa 

[ZrH2L] - - - - 46.7(2)d - - - 

[ZrHL] 44.8(3)c -  43.6(1)c - 45.5(7)c 1.2(2)d 57.78(6)f 

59.02(7)g 

58.05(1)c 

7.08a 
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[ZrL] 43.4(3)d 1.4 (3)d 40.7(3)d 

40.8(1)e 

2.9(3)d 

2.9e 

42.3(3)d 3.2(2)d 50.7(1)f 

51.3(1)g 

7.07f 

7.08g 
a All measurements performed in I = 0.1M (NaClO4), T = 25.0 ± 0.2 °C; values in parentheses are 

standard deviations on the last significant figure; b charges are omitted for clarity;  c value calculated 

from metal-metal competition titration; d value calculated from pH-dependent UV-Vis titration; e 

value calculated from potentiometry; f value calculated from pH-dependent UV-Vis titration with 

NTA as a competitor ligand; g value calculated from pH-dependent UV-Vis titration with EDTA as a 

competitor ligand.  

 

Discussion  

 

As emphasized before, a general interest of this study is to provide a comparative assessment 

of the ability of hydroxamate ligands to chelate the zirconium ion. The thermodynamic stability (logβ), 

as well as the complex form speciation, are among the critical parameters that determine metal ion 

selectivity, bonding strength and potential applications. The understanding of coordination chemistry of 

radioactive 89Zr(IV) in an aqueous environment is very important when developing positron-emitting 

radiotracers for PET. Many authors emphasize the importance of knowledge of thermodynamic stability 

of radiotracers, as well as note that solution study of Zr(IV) complexes is rather challenging [31, 71], 

because of the exceptional strength of such complexes, strong tendency of Zr(IV) cations to form 

hydroxo-species even under very acidic pH, and finally lack of spectral information, caused by d0 

electron configuration of Zr(IV). As an alternative to calculate the thermodynamic stability, a density 

functional theory was used, and the data published just recently by Holland [31] shows good agreement 

between theoretical and experimental data. Nevertheless the author points out that some assumption 

should be done in order to predict the thermodynamically stability, like water clusters simulation 

together with the ligand conformation isomer choosing [31]. Therefore, investigation of solution 

chemistry of metal complexes becomes so important not only for their potential application but also for 

the development of other alternative methods of analysis.  

Up to now, the most useful radiotracer for 89Zr is DFOB, but in vivo tests, as well as our study 

about thermodynamic stability of Zr(IV)-DFOB complex published just recently [61], are in agreement, 

that DFOB is not the best 89Zr-tracer for PET [7, 8, 61, 72, 73]. The brief look into the list of Zr(IV) 

chelators [4, 74], allow to understand the importance of novel structures, which will able to coordinate 

the Zr(IV) ion in highly stable way; evaluation and comparison of their sequestering ability toward 

zirconium, allowed us to understand better the coordination chemistry of Zr(IV).  

The comparison of the results obtained for H4L1, H4L2 and H4L3 clearly shows the importance 

of the ligand flexibility as well as its high symmetry in order to improve the complex stability. The 

thermodynamic stability of [ZrHL1] seems to be higher than for [ZrHL2], the values of log𝛽[𝑍𝑟𝐻𝐿]
 are 

44.8(2) and 43.6(1) respectively. The ligands are structurally very closed, although, H4L1 possess two 

tertiary amine groups and four amide bond, while H4L2 a primary amine and only three amide bonds, 

thus the two ligands possess different symmetry and, consequently, flexibility, which could and results 
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in differences in thermodynamic stability. The log𝛽[𝑍𝑟𝐿3] is two orders of magnitude higher than the 

log𝛽[𝑍𝑟𝐿2] (Table 3), which could be explained by introduction of ether groups into the ligand structure. 

R. Codd et al. [16] was the first who modified the DFOB structure by simply changing the −(CH2)5− 

units to −(CH2)2O(CH2)2− groups forming the DFO-O3 ligand [16], thus increasing the stability of the 

complex Zr(IV)-DFO-O3 in comparison to Zr(IV)-DFOB  by two orders of magnitude [31]. However, 

a simple comparison of the logβ values is not sufficient, because of the difference in ligand protonation 

constants, density of the ligands and coordination model. In order to include all this parameters in the 

calculation, the pM value is often used. The pM parameter was originally introduced by Raymond for 

the comparison of iron-siderophore systems [75].   The pM values is defined as pM = - log[M], for cM 

= 1 μM, cL = 10 μM, pH = 7.4 [75], where [M], in the particular case of Zr(IV), represents the 

concentration of the free aqueous zirconium cation. The pM values calculated for zirconium complexes 

investigated in this paper, along with some literature data are presented in Table 4. The pM values for 

Zr(IV) complexes with H4L1, H4L2 and H4L3 clearly indicates that H4L1 is the best Zr(IV) chelator 

from this series. The pM of Zr(IV)-H4L1 complex’ is almost five order of magnitude higher than the 

value calculated for trihydroxamate chelators, reflecting significantly higher affinity of 

tetrahydroxamate H4L1 for Zr(IV), which is certainly a result of an addition of the fourth hydroxamate 

coordinating group in the ligand moiety. Additionally, the pM value of Zr(IV)- H4L1 is comparable to 

the cyclic tetra-hydroxamate ligand (pM = 37.0), investigated by us in our previous  

work [32].  This data comfits the conclusion already made by us, that compound cyclization does not 

yeild any increase in complex stability in relation to its linear analogue [32].  

The H6L4 is the catecholate DFOB derivative, originally synthesised as an actinide chelator 

by Raymond et al. [33], has been investigated herein to determine it’s thermodynamic stability towards 

Zr(IV) . In comparison to the Fe(III) complexes, the log𝛽[𝑀𝐿4] increased almost 16 orders of magnitude 

(log𝛽[𝑍𝑟𝐿4] =  51.3(1) , log𝛽[𝐹𝑒𝐿4] =  36.34(8) , see Table 2 and Table 3), such a large difference have 

been also noted for hydroxypyridinonate TAT ligand (almost 18 orders), possessing four HOPO units 

fully occupying the coordination sphere of Zr(IV) [29]. It is worth to notice that log𝛽[𝑍𝑟𝐿4] is also much 

higher than calculated or approximated for other tetravalent cations as Th(IV) and Pu(IV), 37.2 and 40.4, 

respectively [68]. The similar behaviour was noticed for another catecholate ligand 3,4,3-LI(CAM), 

where logβ for Zr(IV) and Th(IV) complexes was calculated as 57.26 and 47.26, respectively [76]. The 

complex stability decrease over the series Zr(IV) > Pu(IV) > Th(IV) along with the ionic radius of the 

metal cations, the smallest ionic radius of Zr(IV) together with the large cation charge are probably 

responsible for the exceptional strength of [ZrL4] complexes. The DFT calculation performed for other 

mixed-binding groups ligand like DFO-HOPO [77] also shows exception strength of its Zr(IV) 

complexes logβ = 53.51 [31]. 
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Table 4. pM valuesa with various synthetic and biological chelators. 

Ligand pM  Coordination mode Literature 

H4L1 37.5 O8 (4 hydroxamate groups) – linear  This work 

H4L2 35.3 O8 (4 hydroxamate groups) – linear  This work 

H4L3 35.3 O8 (4 hydroxamate groups) – linear  This work 

H6L4 39.4 O8 (3 hydroxamates and 1 catecholate groups) – 

linear  

This work  

H3L1 31.5 O6 (3 hydroxamate groups) – cyclic  [32] 

H4L2 37.0 O8 (4 hydroxamate groups) – cyclic  [32] 

H3L3 31.5 O6 (3 hydroxamate groups) – cyclic  [32] 

H3L4 32.6 O6 (3 hydroxamate groups) – linear  [32] 

DFOE 31.0 O6 (3 hydroxamate groups) – cyclic [32] 

DFOB 32.2 O6 (3 hydroxamate groups) – linear  [61] 

THPN 42.8 O8 (4 3-hydroxy-4-pyridinone groups) – linear  [23] 

TAT 42.9 O8 (Met-3,2-hydroxypyridinone groups) – linear  [29] 

3,4,3-Li(HOPO) 44.0 O8 (4 1-hydroxy-2-pyridinonone groups) – linear  [28, 78] 

DTPA 33.9 N3O5 (4 carboxylates, 3 amino groups) – linear  [28, 65, 79] 

EDTA 28.5 N2O5 (4 carboxylates, 2 amino groups) – linear  [57, 59, 65] 

3,4,3-LI(CAM) 40.6 O8 (4 catecholate groups) – linear  [76] 
a Values calculated at pH = 7.4 with cZr(IV) = 1 μM and cL = 10 μM, based on the constants given in 

Table S1 and S6; hydrolysis constants of cations set to the values found in literature [50] . 

 

Conclusions 

Here we present the three new tetrahydroxamate chelating agents for the complete saturation 

of Zr(IV) complexes. The ligands are different by dimensions, and additional functional groups (amine, 

amide, ether). The thermodynamic stability data clearly show the influence of ligand structure on the 

complex stability, which is in line with the already published results. The higher stability has been 

obtained for Zr(IV)-H4L1 complexes log𝛽[𝑍𝑟𝐿1] =  43.4(3) , the symmetrical arrangement of the four 

hydroxamic binding groups allow to occupy the coordination sphere of Zr(IV) as well as  an addition of  

amine and amide ensured the flexibility in order to minimize the energy of the complex. The 

DFOCAMC is already known as a Fe(III) chelator, here we present the thermodynamic stability data 

for its Zr(IV) complexes. The data reveal that DFOCAMC is among the best Zr(IV) chelators ever 

developed, with the log𝛽[𝑍𝑟𝐿4] =  51.3(1). 
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