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Abstract:  

In the last 20 years, the research in the field of MRI (magnetic resonance imaging) contrast 

agents (CA) has been intensified again related to the appearance of a disease called nephrogenic 

systemic fibrosis (NSF). NSF was linked to the in vivo dissociation of certain Gd(III)-based 

compounds applied in MRI as CAs. To prevent the dechelation of the probes after the 

intravenous injection, the improvement of their in vivo stability is highly desired. The inertness 

of the Gd(III) chelates can be increased due to the rigidification of the ligand structure. One of 

the potential ligands is the (2,2',2'',2'''-(([2,2'-bipyridine]-6,6'-

diylbis(methylene))bis(azanetriyl))tetraacetic acid) ( ) successfully used as fluorescent probe 

for lanthanides, however, it has never been considered as potential chelator for Gd(III) ion.  
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In this paper, we report the thermodynamic, kinetic and structural features of the complex 

formed between Gd(III) and DIPTA. Since, the solubility of the [Gd(DIPTA)]– chelate is very 

low in acidic condition hampering the thermodynamic characterization, we can only assume 

that its stability is close to the one determined for the structurally analogue [Gd(FENTA)]– ( : 

(1,10-phenanthroline-2,9-diyl)bis(methyliminodiacetic acid)) which is similar to that 

determined for the agent [Gd(DTPA)]2– routinely used in the clinical practice. 

Unfortunately, the inertness of the [Gd(DIPTA)]– is significantly lower ( /2=1.34 h), than that 

was obtained for the [Gd(EGTA)]– and [Gd(DTPA)]2– as a result of the spontaneous 

dissociation pathway in its dechelation. The relaxivity values of [Gd(DIPTA)]– are comparable 

with those of the [Gd(FENTA)]– and somewhat higher than the values characterizing the 

[Gd(DTPA)]2–. The luminescence lifetime measurements indicate the presence of one water 

molecule (q=1) in the inner sphere of the complex with a relatively high water exchange rate 

(=43(5)× s–1). The DFT calculations suggest a rigid distorted tricapped trigonal prism 

polyhedron for the Gd(III) complex. On the basis of these results, we can conclude that the 

bipyridine backbone is not favourable with respect to the inertness of the chelate. 

 

Introduction 

Research to develop safe Magnetic Resonance Imaging (MRI) contrast agents (CAs) 

has ,2 since the mid-2000s, when the potentially fatal Nephrogenic Systemic Fibrosis (NSF) 

was associated with the in vivo dechelation of these Gd(III)-based drugs .3–5 NSF, which causes 

fibrotic proliferations triggered by gadolinium(III) deposition in the skin and other organs, has 

been observed mainly in patients with renal faliure.6,7 As the majority of contrast agents are 

excreted through kidneys with a half-life of ~1.6 hours, the reduced kidney function results in 

prolonged residence time in the body, which offers a possibility for the dissociation of Gd(III) 

complexes through metal or ligand exchange reactions.8 
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In response to the fact that the most NSF cases were observed with open-chain Gd(III) 

chelates, the complexes of the linear DTPA (diethylenetriaminepentaacetic acid) ligand and its 

derivatives, their clinical applications have been strictly regulated or prohibited in patients with 

certain diseases. Obviously, , the simplest way to avoid the toxic effect of Gd(III) is to prevent 

the use of Gd(III)-based CAs. However, contrast enhancement is often required to observe 

certain lesions and thus reach an accurate diagnosis. However, the replacement of the Gd(III) 

with other paramagnetic metal ions such as Mn(II) or Fe(III), which are expected to be less 

toxic than Gd(III) due to their biogenic character, is not a trivial task because of substantial 

differences in their coordination chemistry.9–11 Moreover, many research efforts have to be 

devoted to design and synthesize ligands suitable for the adequate complexation of those metal 

ions.2,12 On the other hand, a satisfactory solution to the NSF problem13,14 can also be provided 

if the in vivo dechelation of the Gd(III) complexes is prevented by increasing the inertness of 

the chelates. 

 As it was demonstrated in several studies, rigidification of the chelators can be achieved 

by incorporating aliphatic or aromatic rings into the ligand skeleton. This provides a rigid 

coordination cavity with extremely limited internal motion, hindering the dissociation of the 

Gd(III) complex.11,15–17 In our recent work we revealed that the phenanthroline backbone 

incorporated into an aminopolycarboxylate chelate increases significantly the inertness of the 

Gd(III) chelate, since the [Gd(FENTA)]– complex (FENTA: 1,10-phenanthroline-2,9-

diyl)bis(methyliminodiacetic acid, Scheme 1) dissociates 4 times slower than [Gd(DTPA)]–, 

which is still frequently used in clinical practice.18 

 In this work, we report the results of a detailed thermodynamic, kinetic, relaxation, and 

structural study of the Gd(III) complex of the  ligand (2,2',2'',2'''-(([2,2'-bipyridine]-6,6'-

diylbis(methylene))bis(azanetriyl))tetraacetic acid). The ligand was firstly synthesized by 

Mukkala and coworkers19 for exploiting the luminescence properties of lanthanides, however, 
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it has not been investigated as a CA candidate so far. The structure of Gd(III) complex was 

studied by DFT calculations, further aided by luminescence measurements and NMR studies 

with an aim of rationalizing the obtained physico-chemical data. The results were compared to 

those obtained for the Gd(III) complexes of ligands ,  (ethylene glycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic acid) and  (diethylenetriaminepentaacetic acid). Even though the 

aromatic N donors of the  possess higher basicity than the oxygens of , the position and the 

number of donor atoms provide an opportunity to compare the coordination chemistry features 

of the two ligands.20–22 In addition, studies related to Ln(III) complexation of rigidified  

derivatives were also reported.23–26 

 

Scheme 1. Schematic structure of , ,  and  ligands. 

Results and discussion 

Synthesis. The synthesis of the  ligand was carried out by the reaction between 6,6′-

bis(chloromethyl)-2,2′-bipyridine (CAS: 74065-64-8) and diethyl iminodiacetate (CAS: 6290-

05-7) followed by the saponification of the ethyl ester in basic conditions. The  ligand was then 

precipitated from an acidified solution due to the low solubility of the fully protonated ligand. 
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For more details in reference to the synthesis and characterization of the ligand see the 1H, 13C, 

HMBC and NOESY NMR spectra, the HPLC chromatogram as well as the ESI-MS spectrum 

provided in the ESI (Figures S1-S9). 

Thermodynamic and kinetic studies. The protonation constants of the  ligand were 

determined by pH-potentiometric titrations in the presence of NaCl (I=0.15 M, at 25 °C) to 

mimic the physiological electrolytic background. Only three protonation constants could be 

determined for the ligand, since below pH~4 the ligand precipitated from the solution at the ~2 

mM concentration required for these studies. This is most probably due to the low solubility of 

the neutral form of the ligand . Unfortunately, the same phenomenon was observed for the 

Gd(III) complex, which does not allow the determination of the stability constant of the 

complex. However, based on the results gained for the [Gd(FENTA)]–, the same stability for 

the [Gd(DIPTA)]– can be envisioned due to the high similarity in their structures. Furthermore, 

the NMR and relaxometric studies also confirmed the formation of the [Gd(DIPTA)]– complex. 

 The PSEQUAD program27 was used to fit the V(ml)-pH data pairs recorded in the ligand 

titration. The protonation constants of the  were defined by Equation 1 (the square brackets in 

the equations refer to the equilibrium concentrations of the species). 

Ki
H= [HiL]

�H+�[Hi-1L]
 i=1-3      (1) 

 

The calculated constants are summarized in Table 1, along with the corresponding values 

reported for ,  and  ligands. Based on the protonation constant published by Hancock and 

coworkers for 2,2’-bipyridine ( =4.58, 0.5 M , 25 °C),28 it can be stated that the first two  values 

of DIPTA4– are related to the protonation of the nitrogen atoms of the iminodiacetic acid 

moieties (similarly to those of FENTA4–). The remaining protonation constant can characterize 

either the protonation of an aromatic nitrogen atom or an acetate pendant arm. 
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Table 1. The protonation constants ( ) of the ,  and  ligands.a 

 
    

 
8.81(6) 8.30 9.43 9.93 

 
8.43(4) 7.41 8.82 8.37 

 
4.01(6) 3.52 2.77 4.18 

 
– 2.98 2.06 2.71 

 
– 2.07 1.88 2.00 

Σ ,2 17.24 15.71 18.25 18.30 
a 3σ standard deviations are indicated in parenthesis. I = 0.15 M NaCl, T = 298 K. b Ref.18, c 

Ref.20, d Ref.29 

The basicity of different ligands is frequently compared by the sum of the  values 

characterizing the basicity of the amine N atoms of the ligand backbone, since these 

protonations have essential impact on the complex formation. Therefore, only the first two  of 

the ligands (Σ ,2) were considered in the calculations. Based on this value, the basicity of the 

ligand backbone of DIPTA4– is close to that of FENTA4–. However, Σ ,2
 of the two aliphatic 

ligands EGTA4- and DTPA5- are ca. 2 orders of magnitude higher than that of DIPTA4–. 

Interestingly, the lack of the central aromatic part of the phenanthroline unit does not affect 

significantly the basicity of the ligand, but has a dramatic effect on the kinetics of dissociation 

of the Gd(III) complex (vide infra). 

 In order to characterize the decomplexation of [Gd(DIPTA)]–, metal exchange reactions 

were carried out with 20-fold excess of Lu(III) used as a scavenger for the ligand (under these 

conditions the displacement is 100%). The exchange reactions were followed by 1H 

relaxometry in the pH range between 3.3 to 5.5 (precipitation was not observed in the 

investigated pH range). The high excess of the Lu(III) ion ensures pseudo-first order conditions, 
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thus the  values obtained are pseudo-first order rate constants and expressed as follows 

(Equation 2):  

- d[Gd(DIPTA)–]t
dt

=kobs[Gd(DIPTA)]t           (2) 

 

where [Gd(DIPTA)]t is the total concentration of the complex. 

The Ln(III) complexes of polyamino polycarboxylate ligands mainly dissociate through 

proton-assisted pathways but in certain cases the spontaneous dechelation and/or the metal-

assisted routes can also operate. For the efficient attack of an exchanging metal ion on the 

chelate, a dinuclear intermediate with sufficiently high stability must be formed, as it was 

previously described also for the Gd(III) complex of the linear DTPA5– ligand.30 In order to 

explore the impact of this pathway on the rate of dissociation for [Gd(DIPTA)]–, exchange 

reactions were also carried out in the presence of 40-fold excess of Lu(III) at 3 different pH 

values (Figure 1). 
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Figure 1. Dependence of the pseudo-first-order rate constants ( ) on [H+] for the [Gd(DIPTA)]– 

complex at 20- (•) and 40-fold (■) excess of Lu(III). The lines correspond to the best fit of the 

 values. 

 

As it is highlighted in Figure 1, the  values recorded at different initial Lu(III) concentration 

do not differ within the experimental error limits. The rate constants increase by increasing the 

H+ concentration with a non-negligible intercept on the y-axis indicating the presence of the 

spontaneous dissociation pathway in the exchange reactions. Furthermore, the  values have a 

second-order dependence on [H+], which can be defined as follows (Equation 3): 

 =  + [H+] + [H+]2     (3) 

The rate constants of the different pathways are presented in Table 2, where the corresponding 

values determined for complexes [Gd(FENTA)]–, [Gd(EGTA)]– and [Gd(DTPA)]2– are also 

shown. 

 

Table 2. Rate constants for the dissociation reactions of [Gd(DIPTA)]–, [Gd(FENTA)]–, 

[Gd(EGTA)]– and [Gd(DTPA)]2–and their half-lives calculated at pH=7.4 (25 °C) 

 [Gd(DIPTA)]– [Gd(FENTA)]–a [Gd(EGTA)]–b [Gd(DTPA)]2–c 

 (s–1) (1.44±0.08)×10–4 – – – 

 (M–1s–1) 0.40(8) 0.23 60 0.58 

 (M–2s–1) (8.6±0.4)×103 250 – 9.7×104 

/2 (days)d 0.06 (1.34 h) 872 3.4 202 
a Ref.18; bRef.23, c Ref.30; d /2=ln2/ , pH=7.4 
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By analyzing the results, it is clear that the proton-assisted dissociation of [Gd(DIPTA)]– 

occurs slower than that of the [Gd(DTPA)]–, while it is somewhat faster than that observed for 

[Gd(FENTA)]–. Obviously, the incorporation of the bypiridine moiety into the ligand backbone 

provides a more rigid coordination cavity for the DIPTA4– complex than for the DTPA5– 

analogue, but its rigidity is lower than that of FENTA4–. Furthermore, the free rotation of the 

two pyridine moieties around the bond at positions 6,6', seemingly divides the structure of the 

ligand in two parts, which could facilitate the simultaneous decoordination of the donor atoms 

leading to spontaneous dissociation. For a better comparison of the inertness of the three 

chelates, the half-lives ( /2) of their dissociation reactions were calculated for physiological pH 

(Table 2). Unfortunately, the presence of the spontaneous dissociation in the dechelation 

process of [Gd(DIPTA)]– decreases its inertness more than 3 orders of magnitude compared to 

the FENTA4– and DTPA5– complexes, while it is dissociating 56 times faster than [Gd(EGTA)]–

, which is obviously unfavorable for the in vivo application. 
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Figure 2. Excitation, absorption and emission spectra recorded for 10-5 M solutions of 

[Eu(DIPTA)]– (top, λex = 318 nm, λem = 613 nm) and [Tb(DIPTA)]– (bottom, λex = 315 nm, 

λem = 545 nm) at pH = 7.4 (0.1 M Tris buffer). 

Photophysical properties. The emission spectra of the [Eu(DIPTA)]– and [Tb(DIPTA)]– 

complexes were recorded in buffered aqueous solutions (pH 7.4, Tris buffer) under excitation 

through the ligand bands at ~315 nm. The emission spectra display the characteristic  →  (J = 

0 – 4) and  →  (J = 6 – 3) transitions of Eu(III) and Tb(III), respectively (Figure 2).31 In both 

cases the absorption and excitation spectra are virtually superimposable, confirming indirect 

excitation of the metal ion by energy transfer from ligand-centered excited states. The 

absorption spectra display maxima at 300 nm typical of the bipyridil chromophore.32–34 The 

emission of the [Eu(DIPTA)]– complex is dominated by the  →  transition. This, together with 

the sizeable intensity of the  →  transition, suggests a low symmetry of the crystal field 

generated by the coordination of the ligand to the metal ion.35 
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 The lifetimes of the excited  and  levels of Eu(III) and Tb(III) were mesured in  and  

solutions to estimate the number of water molecules coordinated to the metal ion using the 

method proposed by Horrocks36 and refined by Beeby.37 The emission decays are 

monoexponential, affording lifetimes of τH2O = 0.598 and τD2O = 2.17 ms for Eu(III) and τH2O 

= 1.03 and τD2O = 1.46 ms for Tb(III) (Figures S11-S12, ESI). The lifetime in  measured for 

[Eu(DIPTA)]– is very similar to that reported by Mukkala,19 and is typical of Eu(III) complexes 

containing a coordinated water molecule. However, the τH2O value reported for [Tb(DIPTA)]– 

by Mukkala (1.22 ms) is somewhat longer than the value determined in this study. The emission 

lifetimes afford q values of 1.0 and 1.15 for the Eu(III) complex using the expressions proposed 

by Horrocks36,38 and Beeby,37 respectively. For the Tb(III) analogue, the expression proposed 

by Beeby yields q= 1.15. Thus, these studies unambiguously confirm the presence of a water 

molecule coordinated to the Ln(III) ion in aqueous solution. The emission quantum yields 

determined for [Eu(DIPTA)]– (Φ = 8%) and [Tb(DIPTA)]– (Φ = 35%) are similar to those 

determined previously for the FENTA analogues. 

1H and 13C NMR studies. 

The complex formation of DIPTA with Gd(III) was further confirmed by NMR studies, 

using the Eu(III) and Lu(III) DIPTA4- analogues. The 1H NMR spectra of [Eu(DIPTA)]– and 

[Lu(DIPTA)]– are shown in Figure 3, where they are compared with that of the free  ligand. It 

is clearly visible that in the case of Lu(III) the 1H signals of the aliphatic protons (3-4.5 ppm) 

are broadened, and the  signal of the iminodiacetate pendants are somewhat split. These changes 

in the spectrum reveal that the amino-carboxylate pendants take part in the complex formation, 

as confirmed by the extremely broad aliphatic proton signals (2-4.5 ppm) in the spectrum of 

[Eu(DIPTA)]–. Here the paramagnetism of Eu(III) results in the paramagnetic shift of all signals 

(Figure 3, S6 and S10), more notably that of the aromatic protons closest to the amino-
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carboxylate pendants (See the ESI for more details). We note that the 1H NMR signals observed 

for the Eu(III) complex experience small paramagnetic shifts, a situation that was observed 

previously for certain non-macrocyclic Eu(III) complexes, and was related to a small magnetic 

anisotropy resulting in small pseudocontact shifts.39Small paramagnetic shifts in fluxional 

Ln(III) complexes were also attributed to different conformations present in solution in fast 

exchange.40 

Variable temperature NMR experiments evidence remarkable changes in the NMR 

signals of aliphatic protons of both the Eu(III) and Lu(III) complexes, in the temperature range 

283-308 K (Figure S6, ESI). The changes in the linewidths of these resonances reflect dynamic 

interconversion processes taking place in solution, which can be ascribed to the 

interconversions between the in-plane and out-of-plane acetate groups, as demonstrated 

previously for structurally related complexes.20,41 
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Figure 3. 1H NMR spectra of the  ligand (pH = 9.2), [Lu(DIPTA)]– (pH = 10) and 

[Eu(DIPTA)]– (pH = 6.5) complexes ( , T=298 K). 

 

 The self-diffusion coefficients were measured for the ligand and both complexes at 298 

K. In the case of [Eu(DIPTA)]– only the aromatic proton signals could be used for the 

determination of the diffusion coefficient. The diffusion coefficient of the ligand was found to 

be D = 3.5×10-10 m2/s, while values of 4.11×10-10 m2/s and 3.92×10-10 m2/s were obtained for 

[Lu(DIPTA)]– and [Eu(DIPTA)]–, respectively. The higher D values determined for the 
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complexes are related to their smaller hydrodynamic size as the ligand wraps around the metal 

ion.  

DFT calculations. The structure of the [Gd(DIPTA)]– complex was calculated by using DFT 

methods. The calculations utilized two explicit second-sphere water molecules, while the effect 

of bulk solvent water molecules was considered by the use of the polarized continuum model 

(PCM). This approach provided a high degree of accuracy in the prediction of Gd-  distances, 

and the spin density localized at the O nuclei of the water molecule.18,42,43 Moreover, the 

dispersion corrections were added to our DFT calculations for a more accurate prediction of 

inter- and intramolecular interactions. Details are provided in the Experimental section.  

The calculated structure of the [Gd(DIPTA)]– complex is shown in Figure 4 and the 

corresponding Cartesian coordinates are available in the SI (Table S1). 

 

Figure 4. Calculated structure of [Gd(DIPTA)]– complex. 

DFT calculations provided a distorted tricapped trigonal prism coordination polyhedron for 

Gd(III). The ligand binds the metal ion with (4O,4N) donor sets and the coordinated water 

molecules complete the coordination sphere of Gd(III). This water molecule is stabilized by the 

explicit water molecules through a strong hydrogen-bond network. Moreover, the acetate 

pendant arms further stabilize these water molecules. The calculated bond lengths between 

Gd(III) and nitrogen donor atoms or coordinated water molecule are similar to those obtained 

for the [Gd(FENTA)]– complex (Table 3.)  
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Table 3. Calculated bond distances of the [Gd(DIPTA)]– and [Gd(FENTA)]– complexes. 

Distance (Å) Gd(III) – 

 

Gd(III) – 

 

Gd(III) – 

 

Gd(III) – 

 

Gd(III) – 

 
[Gd(DIPTA)]– 2.65 2.66 2.67 2.69 2.55 

[Gd(FENTA)] – a 2.64 2.67 2.67 2.73 2.45 

 a Data are taken from Ref.18  

 

The calculated bond lengths and angles are very similar for the two complexes, thus, it is 

reasonable to assume that the two complexes possess similar stability. However, the calculated 

bond length between Gd(III) and the water molecule is longer for [Gd(DIPTA)]– than that of 

[Gd(FENTA)]– complex.  Since this distance falls into the range of first coordination sphere, 

we expect somewhat lower relaxivity for the [Gd(DIPTA)]– complex. This assumption is 

confirmed experimentally in the subsequent part of the paper. 

Relaxivity and 17O NMR measurements. Since the rate of the relaxation enhancement effect 

is a key parameter of MRI CA candidates, the longitudinal ( ) water proton relaxivities were 

determined for [Gd(DIPTA)]– using 1H relaxometry at magnetic field strengths of 0.49 and 1.41 

T. To maintain the physiologically relevant pH, HEPES buffer was used in 50 mM 

concentration (  = 7.4, I = 0.15 M NaCl). The measurements were carried out either at 25 and 

37 °C and at 3 different concentrations of the complex. The recorded relaxation rates (1/ ) were 

then plotted versus the Gd(III) concentrations and the  values were evaluated (data are shown 

in ESI, Figures S13 and S14). The results are presented in Table 4 along with the  values 

determined for [Gd(FENTA)]– and [Gd(DTPA)]2–. Furthermore, to get better insight into the in 
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vivo relaxivity of the complex, the  values were also measured in human serum for 

[Gd(DIPTA)]– at both field strengths (37 °C). 

 

Table 4. The  values (mM–1s–1) determined for the Gd(III) complexes of DIPTA4–, FENTA4– 

and DTPA5– ligands at pH=7.4 and 25/37 °C. 

  [Gd(DIPTA)]– [Gd(FENTA)]–a [Gd(DTPA)]2– 

0.47 T 

25 °C 5.06 5.56 4.69b 

37 °C 4.98 4.42 3.8c 

37 °C 
plasma/serum 6.12d 7.79d 3.8e 

1.41 T 

25 °C 4.96 5.36 4.24b,f 

37 °C 3.71 4.03 3.4c 

37 °C 
plasma/serum 5.62d 6.95d 4.1e 

a Ref.18, b Ref.44; c Ref.45; d SeronormTM (serum), e Ref.46 (plasma), f 50 MHz = 1.17 T,  

 

The  relaxivity values of [Gd(DIPTA)]– are generally lower than those found for 

[Gd(FENTA)]– at both magnetic field strengths and temperatures studied, but slightly higher 

than those of [Gd(DTPA)]2–. The only exception arises from the  value measured at 37 ºC, 

which is higher for [Gd(DIPTA)]– than for [Gd(FENTA)]– (Table 1) Furthermore, the  value 

measured at 0.47 T 37 ºC is only slightly lower than that recorded at 25 ºC. A detailed 

investigation of the relaxivity at variable magnetic fields would be required to assess the origin 

of this unusual feature. The relaxivity values decrease with increasing of temperature at both 

magnetic fields (at 20 MHz a slight decrease was observed), indicating that the relaxivity is 

controlled by fast rotation of the complex, which is typical for low molecular weight Gd(III) 

complexes.47 The 10-20% increase in the relaxivity values measured in the presence of human 
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serum indicates a small increase of the rotational-correlation time (τR) related to the formation 

of low stability adduct, which improves slightly the relaxation enhancement effect. 

The combination of the effect of numerous microscopic parameters regulates the 

relaxivity of the Gd(III) complexes. One of the most important factors is the exchange rate of 

the inner sphere water molecule, , which ensures the ”transfer” of the paramagnetic effect to 

the bulk water. In order to obtain information on the water exchange rate of [Gd(DIPTA)]–, 

variable temperature 17O NMR measurements were performed (at 400 MHz, 9.4 T). For the 

calculation of the rate of water exchange, the reduced transverse 17O relaxation rates (1/ ) as 

well as chemical shifts (∆ωr) were recorded, and the hyperfine coupling constant (A/ħ) and the 

electronic longitudinal relaxation rates (1/ ) were used as fitting parameters  according to the 

Swift-Connick theory (more details in the ESI), assuming a simple exponential behavior with 

temperature for electron spin relaxation.48,49 The activation energy of the electron spin 

relaxation was set to 1 kJ/mol, furthermore based on the  value (5.06 mM–1s–1) and the q values 

determined by luminescence measurements, the number of coordinated water molecules was 

set to 1. The temperature dependence of 1/  basically depends on two factors,50 the transverse 

relaxation time of the bound water molecule ( ) and the mean residence time of that water 

molecule (τm) in the inner sphere of the complex (1/ ~1/( +τm)). Given that  increases, while τm 

decreases with increasing temperature, it is obvious that the 1/  values of [Gd(DIPTA)]– are in 

the fast water exchange regime (Figure 5), where ≫τm. 

Since water exchange is fast for [Gd(DIPTA)]–, the 1/  values increase steadily without 

reaching a maximum at low temperatures, the fitting procedure did not deliver acceptable 

results when , ∆Hǂ, A/ħ and 1/  were fitted simultaneously. In order to get acceptable results, 

the activation enthalpy of the water exchange was set to 29.3 kJ/mol, the value which was 

determined for the [Gd(FENTA)]– complex. Based on the similar structure of the two ligands, 

this assumption appears to be reasonable. The parameters afforded by the fitting procedure are 
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listed in Table 5 along with the corresponding values determined for the [Gd(FENTA)]– and 

[Gd(DTPA)]2–. The contribution of the water exchange to the overall correlation time (1/τ = +1/ ) 

was calculated and found to be increasing from 46 to 95% in the temperature range 273-348 K, 

which ensures an accurate determination of . 

 The value of  obtained for [Gd(DIPTA)]– is higher by circa 30% than those were 

determined for [Gd(FENTA)]– and [Gd(EGTA)]– but more than an order of magnitude higher 

than that was obtained for [Gd(DTPA)]2–.51 Interestingly, the electronic relaxation and the 

hyperfine coupling constant characterizing the hyperfine interaction between the electron spin 

of the Gd(III) and the spin of the 17O nucleus of water molecule, are almost identical for the 

DIPTA and FENTA complexes, which can be explained by the similar structure of the two 

chelates. However, the slight increase of the exchange rate can be the result of a higher steric 

compression around the water binding site, as it was reported for the [Gd(DOTA)]– and 

[Gd(DODPA)]+ complexes.52–54 The longer Gd-  distance calculated for [Gd(DIPTA)]– 

compared with [Gd(FENTA)]– supports this hypothesis, as a weak Gd- interactions is expected 

to facilitate water exchange following a dissociative mechanism. 
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Figure 5. Reduced transverse 17O relaxation rates (■) and 17O chemical shifts (▲) observed for 

[Gd(FENTA)]– solution at 9.4 T and pH=7.4 ( =19.84 mM). 

 

Table 5. Best-fit parameters obtained from the analysis of the reduced relaxation 17O NMR 

rates of [Gd(DIPTA)]– recorded at 9.4 T together with the corresponding values of 

[Gd(FENTA)]– and [Gd(DTPA)]2–. 

 [Gd(DIPTA)]– [Gd(FENTA)]–b [Gd(EGTA)]–c [Gd(DTPA)]2–d 

 / 106 s–1 43(5) 29 31 3.3 

∆Hǂ / kJ mol–1 29a 29 11 51.6 

A/ħ / 106 rad s–1 -2.8(2) -2.77 -3.2 -3.8 

1/  / 107 s–1 1.5(3) 1.5 – – 
a fixed during the fitting procedure, b Ref.18, c Ref.22, d Ref.44 

 

The hyperfine coupling constant (A/ħ = –2.8(2)×106 rad s–1) of [Gd(DIPTA)]– is much lower 

than the average value reported for Gd(III) complexes (–3.9±0.3×106 rad s–1),55 which could 

indicate the lower value of q. Nonetheless, the high relaxivity found for [Gd(DIPTA)]–, =5.06 
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mM–1s–1 at 0.47 T and 25 °C, suggests the opposite. The good agreement between the estimated 

and DFT calculated hyperfine coupling constant (A/ħ = –2.6×106 rad s–1) further corroborates 

the presence of a coordinated water molecule. Furthermore, similarly low A/ħ values were 

reported for the [Gd(OCTAPA)]– (-2.31×106 rad s–1),14 [Gd(CHXOCTAPA)]– (-3.06×106 rad 

s–1)72 and [Gd(DODPA)]+ (-2.2×106 rad s–1)16 complexes, which contain aromatic groups in 

their structures. This phenomenon suggests that the aromatic moieties may have an effect on 

the hyperfine coupling constants, probably due to the efficient delocalization of spin density.  

Conclusions 

In this work, the physico-chemical properties of a 2,2'-bipyridine-based acyclic DIPTA ligand 

and its lanthanide complexes have been studied in detail. Unfortunately, the determination of 

the thermodynamic stability of the Gd(III) complex was hindered by the low solubility of the 

protonated Gd(III) complex in acidic condition. However, based on the results obtained for the 

structurally similar [Gd(FENTA)]–, comparable stability with that of [Gd(DIPTA)]– is assumed. 

Interestingly, the inertness of [Gd(DIPTA)]–, despite its more rigid structure, is lower than that 

was observed for the [Gd(EGTA)]–, which phenomenon can be explained by the appearance of 

the spontaneous dissociation pathway in the dechelation of that. The relaxation enhancement 

effect determined for [Gd(DIPTA)]– does not differ significantly from that of [Gd(FENTA)]– 

but somewhat higher than that of [Gd(DTPA)]2– complex. The [Gd(DIPTA)]– possesses higher 

exchange rate for the inner sphere water molecule than [Gd(FENTA)]– complex due to the more 

flexible structure of the ligand. DFT calculations suggested a distorted tricapped trigonal prism 

polyhedron for the Gd(III) chelate with one inner sphere water molecule (q=1) which result was 

confirmed by the luminescence emission lifetime measurements carried out with the 

[Eu(DIPTA)]– and [Tb(DIPTA)]– complexes. Overall, we can conclude that the replacement of 

the phenantroline with bipyridine unit in the ligand backbone does not have large effect on the 

thermodynamic and relaxation properties of the Gd(III) complex, yet the inertness decreases by 
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orders of magnitude which is unfavourable for the in vivo application of the complexes. Thus, 

we propose the incorporation of phenanthroline backbone instead of bipyridine in further design 

of platform of CAs. 

 

Experimental section 

The  ligand was synthetized in our laboratory, while the other materials used in the 

different experiments were purchased from commercial sources and used without further 

purification (the purity of  salt is 99.9%). The concentration of the  solutions was determined 

with known concentrated  solution (0.01 M) in the presence of xylenol orange as indicator. The 

[Ln(DIPTA)]– complexes were prepared by mixing the solution of the ligand and Ln(III) ion of 

known concentrations to reach 1:1 stoichiometric ratio, followed by pH adjustment. 

Equilibrium studies. The protonation constant of the  ligand were determined by pH-

potentiometric titrations. The concentration of the ligand stock solution was calculated from the 

titration curves. For the pH-potentiometric titrations, a Metrohm 888 Titrando titration 

workstation and a Metrohm-6.0233.100 combined electrode were used. KH-phthalate 

(pH=4.005) and borax (pH=9.177) buffers were used to calibrate the electrode. To avoid the 

effect of  the titrations were carried out under inert atmosphere( ) in 6.0 mL samples at 25 °C. 

The samples were stirred during the titration. 0.15 M NaCl ionic strength was used to mimic 

the in vivo circumstances. 0.2 M NaOH was used to titrate the samples containing the ligand in 

2 mM concentration. 150-200 mL–pH data pairs were recorded in the pH range of 1.8-12.0. In 

order to characterize the electrode answer for the pH change, the Irving factor was determined 

in a HCl-NaOH titration, from which the ion product of water ( ) was also calculated.56 The 

equilibrium constants were evaluated by using the PSEQUAD program.27 
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 Kinetic measurements. The rate of the exchange reactions between the [Gd(DIPTA)]– 

and the Lu(III) was investigated at 25 °C and 0.15 M NaCl ionic strength by a Bruker Minispec 

MQ-60 NMR Analyzer measuring the 1/  relaxation rates. The reactions were carried out in the 

pH range between 3.3 – 5.5. The concentration of [Gd(DIPTA)]– was 1 mM while 20-fold 

excess of Lu(III) was applied. The pH was maintained by a mixture of non-coordinating buffers, 

1-methylpiperazine ( =4.9, 50 mM) and 1,4-dimethylpiperazine ( =4.2, 50 mM). In order to 

exclude the presence of the metal-assisted dissociation pathway, the rate of the dissociation was 

also studied with 40-fold excess of Lu(III) at 3 different pH values. The high excess of 

exchanging metal ion ensures the pseudo-first order conditions. The fitting of the data was 

carried out with the program Micromath Scientist (Salt Lake City, UT, USA) using a least-

squares fitting approach. The pseudo-first-order rate constants ( ) were obtained by fitting the 

1/  values measured at different times on the basis of Equation 4. 

 

Rt = (R0 - Re)e-kobst + Re     (4) 

 

where , , and  are the relaxivity values measured at the start, at time t, and at equilibrium, 

respectively. 

 Luminescence measurements. Absorption UV−vis spectra were recorded on a 

JENWAY 6850 UV−vis spectrometer with 4 mm quartz cells. Steady-state excitation and 

emission spectra were recorded with a Horiba FluoroMax Plus-P spectrofluorometer equipped 

with a continuous 150 W xenon arc lamp (ozone-free), an R928P photon counting emission 

detector, and a photodiode reference detector for monitoring lamp output. Luminescence 

lifetimes were determined with the time-correlated single-photon counting method using a 

xenon flash lamp. Quantum yields were measured using the Eu(III) and Tb(III) tris-picolinates 
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as standards.57,58 The errors in emission lifetimes are estimated to be + 10% and in quantum 

yields + 15%. 

DFT calculations. Ground state geometry of the Gd(III) complex was computed 

through the Gaussian 16 software package (AM64L-G16 RevB.01) at the DFT level of theory.59 

The calculations utilized the DFT dispersion correction with Becke–Johnson damping (DFT-

D3(BJ))60 to accurately describe the inter- and intramolecular interactions. The TPSSh61,62 

exchange-correlation functional was used with the quasi-relativistic effective core potential 

including 53 electrons in the core (ECP53MWB) with the corresponding (7s6p5d)/[5s4p3d] 

basis sets for Gd.63,64 All other atoms (C, H, N, O) were treated with the 6-311G(d,p) basis set. 

The effect of the solvent was taken into account by the polarizable continuum model (PCM).65 

Single-point frequency calculations were also carried out for the ground state geometry at the 

same level of theory, which represented a true energy minimum on the potential energy surface.  

17O hyperfine coupling constant was computed through the ORCA software (version 5.0.3)66 

with the TPSSh functional. In this calculation, the atom-pairwise dispersion correction with the 

Becke-Johnson damping scheme (D3BJ) was utilized. The SARC2-DKH-QZVP67 basis set was 

used for Gd, while the other atoms were treated with the DKH-def2-TZVP according to the 

protocol reported earlier.68,69 The resolution of identity and chain of spheres exchange 

(RIJCOSX) approximation was used to accelerate the calculations with the SARC2-DKH-

QZVP/JK auxiliary basis set for Gd, while the auxiliary basis set of the other atoms were 

generated through the AutoAux procedure.70–72 The calculation included the polarizable 

continuum model to consider the effect of the solvent. In these calculations, tight SCF 

convergence criteria were employed. 

 Relaxivity measurements. The 1H longitudinal relaxation times were measured by 

using Bruker Minispec MQ 20 and MQ-60 NMR Analyzers (0.47 and 1.41 T) at 25.0(±0.2) or 
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37.0(±0.2) °C. Inversion−recovery method (180°−τ−90°) was used to determine  values 

averaging 4−6 data points obtained at 10 different τ delay values. The relaxivity values were 

obtained from the slopes of plots 1/  versus (III) for 3 concentrations. HEPES buffer (0.05 M) 

was used to maintain the pH (7.4) of the samples. The  values of the [Gd(DIPTA)]– in human 

serum were determined by using Seronorm solution (SeronormTM SERO = lyophilized human 

blood serum with no preservatives or stabilizers added). One bottle of lyophilized serum was 

dissolved in 4 ml of water. After the complete dissolution, 1 ml of a 5.0 mM complex solution 

was added and pH was adjusted to 7.4. 

 17O NMR measurement. The longitudinal () and transverse () relaxation times of the 

17O nuclei and its chemical shifts were measured on an aqueous solution of the Gd(III) complex 

(pH = 7.4, at 19.84 mM concentration) and on a diamagnetic reference (  acidified water, pH = 

3.3) in the temperature range 273–348 K using a Bruker Avance 400 (9.4 T, 54.2 MHz) 

spectrometer. The temperature was determined according to well-established calibration 

routines using ethylene glycol as standard.73  and  values were determined by the 

inversion−recovery and the CPMG techniques, respectively.74,75 To avoid susceptibility 

corrections of the chemical shifts, a glass sphere fitted into a 10 mm NMR tube was used during 

the measurements. To increase the sensitivity of 17O NMR measurements, 17O enriched water 

(10% , NUKEM) was added to the solutions to reach a 2% enrichment. The data fit was carried 

out with the program Micromath Scientist using least squares fitting procedure. The ln(1/ ) and 

ωr values were fitted to the Swift-Connick equations48,49 assuming simple exponential behavior 

of the electron spin relaxation (Figure 5). The  values showed negligible difference between 

the Gd(III) complex and the reference, thus were not included in the calculations. 

NMR measurements. 1H, 13C, NOESY (nuclear overhauser enhancement 

spectroscopy), HMBC (heteronuclear multiple bond correlation) and DOSY (diffusion-ordered 

spectroscopy) NMR experiments were performed with a 360 Bruker Avance I NMR 
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spectrometer and a 400 MHz Bruker Avance II instrument equipped with a gradient probe head, 

at 298 K, using the standard pulse sequences. The samples were dissolved in  (VWR, 99.96% 

D). The mixing time for the NOESY experiment was set to 1 s. Diffusion properties of the 

ligand and the Eu[DIPTA] and Lu[DIPTA] complexes were determined with pulse gradient 

spin echo (PGSE) pulse sequence using bipolar gradient pulses (BIPLED). To reach the proper 

exponential intensity decrease, the diffusion time (Δ) was set between 30-50 ms, while the 

gradient pulse length (δ) was changed between 4-6 ms. The gradient strength (G) was increased 

in 32-64 square distant steps. MestReNova 9.0 was used for processing the spectra. Diffusion 

coefficients ( ) were calculated according to Equation 5.76 

 

𝐼𝐼 =   𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒( − 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝛾𝛾2𝛿𝛿2𝐺𝐺2(𝛥𝛥 − 𝛿𝛿/3)    (5) 

where I and  are the measured and initial signal integrals respectively, γ is the gyromagnetic 

ration of 1H nuclei. The exponential curves were fitted by the nonlinear least-squares method, 

while the obtained diffusion coefficients were calibrated for HDO in .77  
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