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ABSTRACT 

The discovery of the nephrogenic systemic fibrosis (NSF) and its link with the in vivo dissociation 

of certain Gd(III)-based contrast agents (CAs) applied in the magnetic resonance imaging (MRI), 

induced a still growing research to replace the compromised agents with safer alternatives. In the 

recent years several ligands were designed to exploit the luminescence properties of the 

lanthanides, containing structurally constrained aromatic moieties, which may form rigid Gd(III) 

complexes. One of these ligands is (1,10-phenanthroline-2,9-diyl)bis(methyliminodiacetic acid) 

(H4FENTA) designed and synthesized for to sensitize Eu(III) and Tb(III) luminescence. Our 

results show that the conditional stability of the [Gd(FENTA)]– chelate calculated for 

physiological pH (pGd=19.7) is similar to those determined for  [Gd(DTPA)]2– (pGd=19.4) and 

[Gd(DOTA)]– (pGd=20.1), routinely used in the clinical practice. The [Gd(FENTA)]– complex is 

remarkably inert with respect to its dissociation (t1/2=872 d at pH = 7 and 25 °C), furthermore its 

relaxivity values determined at different field strengths and temperatures (e. g. r1p=4.3 mM–1s–1at 

60 MHz and 37 °C) are ca. one unit higher than those of [Gd(DTPA)]2– (r1p=3.4 mM–1s–1) and 

[Gd(DOTA)]– (r1p=3.1 mM–1s–1) under the same conditions. Moreover, significant improvement 

on the relaxivity was observed in the presence of serum proteins (r1p=6.9 mM–1s–1 at 60 MHz and 

37 °C). The luminescence lifetimes recorded in H2O and D2O solutions indicate the presence of a 

water molecule (q=1) in the inner sphere of the complex directly coordinated to the metal ion, 

possessing a relatively high water exchange rate (kex
298=29(2)×106 s–1). The acceleration of the 

water exchange can be explained by the steric compression around the water binding site due to 

the rigid structure of the complex, which was supported by DFT calculations. On the basis of these 

results, ligands containing a phenanthroline platform have great potential in the design of safer 

Gd(III) agents for MRI. 
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Introduction 

The non-invasive, high-precision diagnostic methods have become an essential part of modern 

medicine since the X-rays were first used under clinical conditions in 1896.1 Over the last 100 

years, the tools of medical diagnostics have been enriched by techniques such as magnetic 

resonance imaging (MRI), positron emission tomography (PET), single photon emission computed 

tomography (SPECT) or computed tomography (CT), and their combined versions.2,3 From these 

techniques, MRI unambiguously provides some of the most detailed anatomical images even 

without the application of the so-called contrast agents (CAs), which are administered 

intravenously. However, in several cases the use of these agents is essential in order to visualize 

certain lesions.4 Since MRI is based on the phenomenon of nuclear magnetic resonance (NMR), 

paramagnetic compounds are used as relaxation agents for 1H nuclei (mostly water protons) 

located in different tissues of the human body.3,5 Nowadays, the CAs used in clinical practice are 

the complexes of paramagnetic Gd(III) ion formed with polyamino-polycarboxylate ligands such 

as the derivatives of H5DTPA (diethylenetriaminepentaacetic acid) and H4DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid).3 Furthermore, new alternatives such as 

Gadopiclenol (2,2',2”-(3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-3,6,9-triyl)tris(5-((2,3-dihyd-

roxypropyl)amino)-5-oxopentanoic acid)), which contains a pyclen platform (3,6,9,15-

tetraazabicyclo(9.3.1)pentadeca-1(15),11,13-triene) (Scheme S1), show promise in MRI 

investigations due to its higher relaxivity (r1, the relaxation enhancement effect of the 

paramagnetic compound at 1.0 mM concentration), which allows to reduce the quantity of the CA 

required for a beneficial diagnosis.6 

The in vivo application of the toxic Gd(III) ion (LD50 = 0.1-0.3 mmol/kg) ion was facilitated 

by the formation of thermodynamically stable and inert complexes which were considered to be 
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safe for years until the appearance of nephrogenic systemic fibrosis (NSF).7,8 This potentially 

lethal disease was mostly reported for patients having severe renal failure when the urine excretion 

is slower or stopped, thereby increasing the in vivo life-time of the CAs increases significantly.9,10 

In this condition, the injected agent can be efficiently attacked by the endogenous metal ions and/or 

bioligands promoting its dechelation, which leads to the liberation and accumulation of the free 

Gd(III) in different tissues/organs. 

Due to the “NSF-problem”, concerns have been raised over the safety of contrast-enhanced 

MRI investigations, which prompted researchers to find alternatives for the compromised CAs.11 

A straight forward solution to this problem is to prevent the in vivo dechelation of the Gd(III) 

complexes by increasing their inertness through rigidification of the ligand skeleton.12–14 On the 

other hand, paramagnetic metal ions that are essential for living systems, such as Mn(II) or Fe(III), 

offer a possibility of development so called biocompatible CAs reducing the risk of serious 

intoxication.15–18 Albeit, whichever path is taken, many research efforts need to be devoted to 

design and synthesize of new paramagnetic metal complexes possessing substantial differences in 

their coordination-chemical properties for potential clinical use.5  

It has been shown in the literature that rigidification of the chelators is the incorporation of 

aliphatic or aromatic rings into their structure, providing a rigid coordination cavity in which 

internal motion is extremely limited, hindering decomplexation of the chelate.12,19–21 A remarkable 

example of this approach is the Gd(III) complex of the H4CDTA (trans-1,2-diaminocyclohexane-

N,N,N′,N′-tetraacetic acid) ligand, the cyclohexyl derivative of H4EDTA 

(ethylenediaminetetraacetic acid), whose k1 rate constant characterizing the proton-assisted 

dissociation is nearly 60 times smaller than that obtained for the parent chelate.22,23 Similar results 

were reported recently for the Mn(II) complexes of H4EDTA, H4CDTA and H4PhDTA (o-
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phenylenediamine-N,N,N’,N’-tetraacetic acid, Scheme S1) as evidenced by the increase of their 

dissociation half-lives (t1/2) calculated for physiological pH and 25 °C, are 0.076, 12.3 and 19.1 h, 

respectively.24 

Interestingly, the utilization of another important feature of the lanthanides, i.e. their 

luminescence, promoted the design and synthesis of several structurally rigid chelators by 

incorporating aromatic sensitizing moieties into the ligand structure.25 A representative example 

is H4FENTA or BBCAP (1,10-phenanthroline-2,9-diyl)bis(methyliminodiacetic acid, Scheme 1) 

first synthesized by Mukkala and coworkers26 for exploiting the luminescence properties of Eu(III) 

and Tb(III). Furthermore, the [Tb(FENTA)]– complex was also studied by Lin and coworkers for 

the same reason.27 In spite of the promising features of the luminescent [Ln(FENTA)]– complexes, 

to the best of our knowledge the Gd(III) complex of the H4FENTA ligand was never explored as 

potential candidate for its application as MRI CA. Since this phenanthroline derivative provides a 

rigid and planar backbone, it is reasonable to assume that its Gd(III) complex may exhibit 

advantageous physico-chemical features for potential application as CAs in clinical practice. The 

H4FENTA ligand can be envisioned as a rigidified derivative of H4EGTA, (ethylene glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid), which was investigated extensively for 

lanthanide(III) complexation.28–31 Rigidified H4EGTA derivatives incorporating aromatic spacers 

and ether donor atoms have been reported.32–35 However, since the ether oxygen donors of 

H4EGTA are replaced by the nitrogen atoms of phenanthroline in H4FENTA, the similarity 

between the two ligands is limited to the position and the number of the donor atoms. Even if the 

basicity of the aromatic nitrogen atoms are lower (pK1=4.94 and pK2=1.69 in 0.3 M NaCl)36 than 

that of the tertiary amines of H5DTPA or H4DOTA, yet they can form a much stronger coordination 

bonds than the ether oxygen donors.  
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In this paper, we present the results of the thermodynamic, kinetic, relaxation, and 

structural study performed on the Gd(III) complex of the H4FENTA ligand and the results were 

compared to those obtained for the Gd(III) complexes of H4EGTA, H5DTPA and H4DOTA 

ligands. The structure of [Gd(FENTA)]– was accessed by DFT calculations with an aim of 

rationalizing the obtained physico-chemical data. The structural study was further aided by 

luminescence measurements performed on the Eu(III) and Tb(III) complexes and NMR studies on 

the Y(III) and Yb(III) analogues.  
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Scheme 1. Schematic structure of H4FENTA and other ligands discussed in this work. 

Results and discussion 

Synthesis. The synthesis of the H4FENTA ligand was performed according to the method 

published by Lin and coworkers.27 The 1H, 13C, COSY and NOESY NMR spectra, the HPLC 
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chromatogram as well as the ESI-MS spectrum of the ligand confirmed the identity and purity of 

the chelator (Supporting Information, Figures S1-S5). 

Thermodynamic and kinetic studies. First, the solution equilibria of the H4FENTA ligand were 

studied with pH-potentiometric titration in the presence of NaCl (I=0.15 M, at 25 °C) to mimic the 

ionic strength present in vivo. The protonation constants of the ligand as well as the stability and 

protonation constants of its Gd(III) complex were determined by direct pH-potentiometric 

titrations. The fitting of the V(ml)-pH data pairs showed that the complexation of the Gd(III) is 

almost 100% at pH=2, therefore pH-potentiometry was further supported by pH-dependent 

relaxometric measurements. The primary data collected by the two methods were fitted together 

to evaluate the equilibrium constants by using the designated computational program 

PSEQUAD.37 Since, the formation of the [Gd(FENTA)]– complex occurs in the acid concentration 

range 0.01-0.1 M, 6 batch samples containing the complex in 1 mM concentration were prepared 

and the 1/T1 and 1/T2 relaxation rates of the samples were measured at 60 MHz after 1 day 

equilibration time. The protonation and stability constants of the H4FENTA ligand and its Gd(III) 

chelate were defined by Equations 1-3 (the square brackets in the equations related to the 

equilibrium concentrations of the species). 

Ki
H= [HiL]

�H+�[Hi-1L]
 i=1-5      (1) 

 

KGd(FENTA)=
[Gd(FENTA)]–

[Gd(III)][FENTA]4–     (2) 

 

KGd(FENTA)
H = [Gd(HFENTA]

[Gd(FENTA)–][H+]
     (3) 
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 The calculated constants are summarized in Table 1, along with the corresponding values 

reported for H5DTPA and H4DOTA complexes. Five protonation constants can be estimated for 

the FENTA4– ligand in agreement with the expected number of acid-base processes. Based on the 

study performed by Ryo and coworkers38 on the protonation equilibrium of 2,9-dimethyl-1,10-

phenanthroline (pK1=5.82, pK2=2.17, 0.3 M NaCl, 25 °C), it is reasonable to assume that the first 

two pKa values of FENTA4– are due to the protonation of the nitrogen atom in iminodiacetic acid 

moieties, because of the low basicity of the aromatic N donor atoms is expected to be lower. The 

remaining protonation constants are related to the protonation of either the aromatic nitrogen atoms 

or to the acetate pendant arms. 

Table 1. The protonation constants (logKi) of the H4FENTA ligand and protonation (logKGd
H) and 

stability constants (logKGd) of its Gd(III) complex.a 

 H4FENTA H4EGTAb H5DTPAc H4DOTAd 

logK1 8.30(3) 9.43 9.93 11.08 

logK2 7.41(2) 8.82 8.37 9.23 

logK3 3.52(4) 2.77 4.18 4.24 

logK4 2.98(3) 2.06 2.71 4.18 

logK5 2.07(4) 1.88 2.00 1.88 

ΣlogK2 15.71 18.25 18.30 20.31 

logKGd 19.94(6) 17.66 22.03 24.7e 

logKGd
H 2.74(1) 1.89 1.96 – 

pGde 19.7 15.1 19.4 20.1 
a 3σ standard deviations are indicated in parenthesis. I = 0.15 M NaCl, T = 298 K. b Ref. 39 0.1 M 

KCl, c Ref.40, d Ref.41 logK6
H=1.71 (1.0 M NaCl), e Ref.42 0.1 M NaCl, e Ref.43 pGd = –

log[Gd3+
free] at cL = 10 µM, cGd = 1 µM and pH 7.4. 
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The basicity of the ligands is usually estimated as the sum of the pKa values characterizing the 

protonation of the donor atoms located at the ligand backbone, which have essential effect on the 

formation of the inner sphere complex. However, this is not always obvious, as for instance the 

third protonation of DTPA5– occurs at the central N atom forming a hydrogen bond with the central 

carboxylate group on the basis of the results published by Manning and Gravely.44 On the contrary, 

the third protonation of the DOTA4– is attributed to one of the acetate moieties due to the 

electrostatic repulsion of the two protonated ring nitrogen atoms.41 Therefore, only the first two 

pKas of the ligands (Σlog K2) were considered to compare the basicity of the FENTA ligand with 

further Gd(III) chelators. The basicity of the H4FENTA ligand estimated from the ΣlogK2 values 

is more than 2 orders of magnitude lower than those of the reference chelators considered here. 

 

Figure 1. Concentration distribution of the complexes formed between Gd(III) and FENTA4–, 

along with the 1/T1 relaxivity values determined by using the batch samples (cGd(III)=1.041 mM, 

cFENTA=1.145 mM, I=0.15 M NaCl, T = 25 °C, 1.41 T). 
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The stability constant of the Gd(III) complex was determined using the relaxometric 

method, which involves the recording of longitudinal relaxation times of the bulk water signal at 

different pH values. Complex dissociation causes an increase in the relaxation rate (R1).45 In the 

fitting process, the standard deviation for the constants and the fitting parameter decreased 

significantly when the formation of a protonated species ([Gd(HFENTA)]) was considered. (The 

relaxivity values for the Gd(III) ion (r1p=11.1 mM–1s–1 and r2p=12.6 mM–1s–1) and for the 

[Gd(FENTA)]– complex (r1p=5.56 mM–1s–1 and r2p=6.60 mM–1s–1) were fixed while the 

longitudinal and transverse relaxivity of the [Gd(HFENTA)] species were calculated (r1p=6.11 

mM–1s–1 and r2p=6.80 mM–1s–1) in the fitting procedure.) For this reason, the equilibrium data 

collected in the pH-potentiometric and relaxometric measurements were fitted simultaneously by 

assuming the existence of [Gd(HFENTA)]. The estimated equilibrium constants were used to 

calculate the concentration distribution diagram for the Gd(III)-H4FENTA system that is shown in 

Figure 1. This equilibrium model confirms that the complex formation is almost complete near 

pH=2. The stability constant determined for [Gd(FENTA)]– (logK[Gd(FENTA)]–=19.94(6)) is roughly 

two log K units higher than that determined for the complex formed with the flexible H4EGTA 

ligand, though ∼ two log K units lower than that of [Gd(DTPA)]2–. Thus, the combined effect of 

the replacement of ether oxygen atoms in H4EGTA with the (stronger) N donor atoms of 

phenanthroline and of the rigidity of the tricyclic aromatic system appear to have a beneficial effect 

on the thermodynamic stability of the corresponding Gd(III) complex. An empirical correlation 

developed recently to predict the stability of Gd(III) complexes (using structural descriptors)46 

yields estimated logK values of 18.3, 17.9 and 22.3 for the complexes of FENTA4–, EGTA4– and 

DTPA5–, respectively. The values estimated for [Gd(EGTA)]– and [Gd(DTPA)]2– are in excellent 

agreement with those determined experimentally, while the experimental stability constant 
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obtained for the complex with [Gd(FENTA)]– is 1.6 log K units higher than that predicted by the 

empirical correlation. This likely reflects a certain ligand pre-organization associated with the 

presence of a rigid phenantroline unit, which contributes to an increased complex stability. DFT 

studies were further corroborated this statement (vide infra). 

 It needs to be emphasized that the direct comparison of the stability constants of Gd(III) 

complexes formed with different ligands can lead easily to misleading conclusions since the 

deviation in ligand basicity results in different conditional stabilities close to physiological pH. 

Therefore, pGd values (can be handled as conditional stability) have been calculated for the 

complexes by using the conditions proposed by Raymond and coworkers,43 and listed in Table 1. 

These values clearly show that the stability of [Gd(FENTA)]– close to physiological pH does not 

differ significantly from that of [Gd(DTPA)]2– and [Gd(DOTA)]– but displays a considerable 

increase (by far more than 4 orders of magnitude) when compared to [Gd(EGTA)]–. Consequently, 

the FENTA4– ligand exhibits excellent Gd(III) binding ability with respect to thermodynamic 

point. 

 To study the inertness of the [Gd(FENTA)]– complex, metal exchange reactions were 

carried out in the pH range between 2.4 to 4 in the presence of 20-fold Lu(III) excess applied as a 

scavenger for the ligand (under these conditions the displacement of the Gd(III) is quantitative). 

The progress of the exchange reactions was followed by 1H relaxometry. Due to the high excess 

of the Lu(III) ion, the exchange reactions were studied under pseudo-first order conditions, thus 

the kobs values characterizing the rate of the exchange reactions are pseudo-first order rate constants 

expressed as follows (Equation 4):  

- d[Gd(FENTA)–]t
dt

=kobs[Gd(FENTA)]t           (4) 
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where [Gd(FENTA)]t is the total concentration of the complex. 

The dissociation of the Gd(III) complexes may occur not only through a proton-assisted 

pathway but the dissociation of certain chelates (especially those formed by linear/open-chain 

ligands) can be enhanced by the efficient attack of exchanging metal ion via the formation of a 

dinuclear intermediate (as it was evidenced for [Gd(DTPA)]2–).47 For this reason, exchange 

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

(Figure 2). 

 

 

Figure 2. Dependence of the pseudo-first-order rate constants (kobs) on [H+] for the [Gd(FENTA)]– 

complex at 10- (•) and 40-fold (■) excess of Lu(III). The lines correspond to the best fit of the kobs 

values. 

As it shown in Figure 2, the pseudo-first order rate constants increase by increasing the H+ 

concentration. However, kobs values obtained at different Lu(III) concentrations do not differ 
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within the experimental error limits. This indicates that the rate of the exchange reaction does not 

depend on the concentration of Lu(III), at least it does not have significant effect on the 

dissociation under these experimental conditions. Furthermore, the kobs values exhibit a second-

order dependence on [H+], which can be expressed as follows (Equation 5): 

kobs = k0 + k1[H+] + k2[H+]2     (5) 

However, Equation 5 was further simplified in the fitting process since the data could be 

satisfactorily fitted by using k1 and k2 rate constants only (the value of k0 was negative value with 

large uncertainty). This indicates that the spontaneous dissociation (k0) plays a negligible role in 

the dissociation of the complex under these experimental conditions applied. The rate constants of 

the proton-assisted pathways are presented in Table 2, where some data are also shown for the 

similar exchange reactions of [Gd(DTPA)]2–, [Gd(EGTA)]– and [Gd(DOTA)]–. 

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

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

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

k1 (M–1s–1) 0.23(2) 60 0.58 8.4×10−6 

k2 (M–2s–1) 250(28) – 9.7×104 – 

t1/2 (d)c 872 3.4 202 2.4×107 
a Ref.47; b Ref.48; c t1/2=ln2/kcalc, pH=7.4 

The values of the rate constants presented in Table 2 allow us to conclude that the proton-assisted 

dissociation of the linear Gd(III) complexes is much faster than that of [Gd(DOTA)]–. This 

phenomenon originates from the more rigid coordination cavity of the macrocyclic H4DOTA 

ligand. The proton-assisted dissociation occurs through the formation of a protonated intermediate 

complex, in which the proton has to be transferred from the oxygen donor atom of the pendant arm 
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to a nitrogen atom of the ligand backbone as the first step of the dissociation. This process is 

obviously faster when the structure of the coordination cavity is less rigid. This difference is also 

reflected in the half-life (t1/2) values of dechelation calculated at physiological pH (Table 2). 

Furthermore, it is clear that the inertness of the [Gd(FENTA)]– complex is higher than that of 

[Gd(DTPA)]2–, and particularly [Gd(EGTA)]–, due to the rigid phenanthroline backbone, thereby 

making it as a favorable platform for the design of new CA candidates. 

Photophysical properties. Luminescence lifetime measurements were recorded in solutions of 

the Eu(III) and Tb(III) complexes of H4FENTA in H2O and D2O to determine the number of water 

molecules coordinated to the metal ions.49 The two complexes can be efficiently sensitized by 

excitation in the absorption band of the phenanthroline unit at 278 nm (Figure 3, S6 and S7).50 The 

very good match between absorption spectra and the excitation spectra recorded upon metal 

centered emission confirm a rather efficient ligand-to-metal energy transfer in the two complexes. 

The emission profile of the Eu(III) complex displays the expected 5D0→7FJ transitions, among 

which the 5D0→7F2 transition shows the highest relative intensity (52% of the overall emission 

intensity). This feature, together with the presence of a relatively intense 5D0→7F0 transition, is 

compatible with a low symmetry of the metal coordination environment.51 The lifetime of the 5D0 

excited state of Eu(III) recorded in buffered aqueous solution (0.1 M TRIS, pH 7.4) (577 µs, Table 

3) is typical of monohydrated Eu(III) complexes.52–54 The emission lifetimes recorded in H2O and 

D2O solutions afford hydration numbers of 1.2 and 1.1 using the expressions proposed by Beeby55 

and Horrocks,49 which points to the presence of a water molecule in the first coordination sphere 

of the metal ion. 
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The emission spectrum of the Tb(III) complex displays the expected 5D4→7FJ transitions (Figure 

3). The lifetimes of the 5D4 excited state provide a q value of 1.3,55 confirming the results obtained 

for Eu(III). The quantum yields of the Eu(III) and Tb(III)-centered emission were determined 

using the corresponding tris(dipicolinate) complexes as standards (Table 3).56 The quantum yield 

of the Eu(III) complex was found to be modest (7%), which in part is related to the quenching 

effect caused by the presence of a coordinated water molecule. The Tb(III) complex however 

presents a rather high quantum yield (32%), though quantum yields > 60% were reported for some 

Tb(III) derivatives.57,58 The quenching effect of the coordinated water molecule in the 

[Ln(FENTA)]– complexes is likely limiting the efficiency of luminescence emission. The 

luminescence measurements on the [Ln(FENTA)]– (Ln = Eu or Tb) complexes confirmed the 

presence of coordinated water molecule in the first coordination sphere of the metal ions, thus the 

similar scenario is expected for the [Gd(FENTA)]– complex. 

Table 3. Photophysical properties of the [Ln(FENTA)]– complexes (Ln = Eu or Tb) (0.1 M TRIS, 

25 °C). 

 Eu(III) Tb 

λ / nm (ε / M–1 cm–1) 279 (12 300) 278 (12 300) 

τ H2O / ms 0.577 0.916 

τ D2O / ms 2.218 1.306 

q 1.2a / 1.1b 1.3a 

φ / % 7.0 32 
a Ref.55, b Ref.49 
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Figure 3. Absorption, excitation (λem = 613 and 545 nm for Eu(III) and Tb(III), respectively) 

and emission (λex = 279 nm, excitation and emission slits 1 nm, 1×10-5 M, pH 7.0, 0.1 M TRIS 

buffer). 

DFT calculations. In order to gain insight into the structure of [Gd(FENTA)]– complex in 

solution, DFT calculations were carried out. On the basis of previous literature studies,59,60 the 

geometry of the complex was optimized by considering two explicit second-sphere water 

molecules, while the effects of the bulk solvent were introduced by use of the polarized continuum 

model (PCM). Details on the calculations are summarized in the Experimental section. The 

calculated structure is shown in Figure 4 and the corresponding Cartesian coordinates are reported 

in the Supporting Information (Table S1). DFT calculations predicted a distorted tricapped trigonal 

prism coordination polyhedron for Gd(III). The ligand binds the metal center in an octadentate 

coordination manner, with an inner-sphere water molecule completing coordination number nine. 

DFT predicted similar Gd-Nphenanthroline distances (2.64 and 2.67 Å) and bite-angle of the 

phenanthroline moiety (61.2°) than those reported for the bis(phenanthroline)-gadolinium(III) 

complex (2.60 and 2.57 Å and 63.5°).61 The Gd-Namine distances are calculated to be 2.67 and 2.73 
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Å, which are shorter than those of highly rigid open-chain gadolinium(III) complexes possessing 

cyclobutene ring in the ligand backbone.62 Thus, it is reasonable to assume that the rigid 

phenanthroline backbone pre-organizes the coordination cavity, and as a result enhances the 

inertness of the complex.  

The distance between the Gd3+ and coordinated water molecule is 2.45 Å, which falls into the 

range of first coordination shell of water.63 This water molecule is stabilized by two explicit water 

molecules through hydrogen bond network that further involves the acetate pendant arms of the 

ligand. This region of the complex exhibits more hydrophilic character, while obviously, the 

phenanthroline backbone defines a more hydrophobic region, as it is shown in the electrostatic 

potential surface (Figure S8). Finally, DFT calculations supported the results of luminescence 

measurements and predicted the presence of coordinated water molecule in the first coordination 

sphere of the Gd(III)ion.  

 

Figure 4. DFT calculated structure of the [Gd(FENTA)(H2O)]– complex. 

 Relaxivity and 17O NMR measurements. The relaxivity of a paramagnetic complex is 

one of the most important features that determines the efficacy of MRI CAs. For this reason, the 
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longitudinal (r1p) water proton relaxation rates were estimated for [Gd(FENTA)]– using the 

relaxometric technique at 0.49 T and 1.41 T field strengths, in the presence of HEPES buffer (pKa 

= 7.4, cHEPES = 50 mM, I = 0.15M NaCl) to maintain pH 7, at 25 and 37 °C. The relaxivity values 

were obtained from the slopes of plots of 1/T1 versus cGd(III) for 3 different concentrations (data are 

shown in Supporting Information, Figures S9 and S10). The results are presented in Table 4 along 

with the r1p values obtained for [Gd(DTPA)]2– and [Gd(DOTA)]–. 

Table 4. The r1p values (mM–1s–1) determined for the Gd(III) complexes of FENTA4-, DTPA4- and 

DOTA4- ligands at pH=7.4 and 25/37 °C. 

  [Gd(FENTA)]– [Gd(DTPA)]2– [Gd(DOTA)]– 

0.47 T 

25 °C 5.56 4.69a 4.74a 

37 °C 4.42 3.8b 3.5b 

37 °C 
plasma/serum 7.79c 3.8d 4.3d 

1.41 T 

25 °C 5.36 4.24a,e 4.25a,e 

37 °C 4.03 3.4b 3.1b 

37 °C 
plasma/serum 6.95c 4.1d 3.6d 

a Ref.64; b Ref.65; c SeronormTM (serum), d Ref.66 (plasma), e 50 MHz = 1.17 T, The r1p values 

of the [Gd(FENTA)]– complex in serum were found to be 9.40 and 8.51 mM–1s–1 for the 0.47 

and 1.41 T field strength at 25 °C, respectively. 

The relaxivity of [Gd(FENTA)]– at both magnetic field strengths studied are higher than those 

reported for the Gd(III) complexes formed with DTPA5– and DOTA4– ligands used here for 

comparative benchmarks. These r1p values are higher than those usually reported for 

monohydrated Gd(III) complexes. However, they agree well with the relaxivity of the rigid, 

monohydrated [Gd(CBDDADPA)(H2O)]– complex, r1p = 5.6 mM–1s–1 (Scheme S1).62 The r1p 
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values of [Gd(FENTA)]– decrease by increasing the temperature from 25 to 37 °C at both magnetic 

fields, indicating that the relaxivity is controlled by fast rotation, as it has earlier been reported for 

several low molecular weight Gd(III) complexes.3 In order to get information on the relaxivity of 

the [Gd(FENTA)]– complex in human serum, we performed measurements for both field strengths 

at 25 and 37 °C. The ∼50% increase in the relaxivity values indicates an interaction between the 

complex and the high-molar-mass proteins present in human serum. The adduct formation 

increases the rotational-correlation time (τR) of [Gd(FENTA)]–, which improves significantly its 

relaxation enhancement effect. 

 The relaxivity of the Gd(III) complexes is governed by numerous microscopic parameters, 

one of the most important being the exchange rate of the inner sphere water molecule, kex
298. To 

gain information on the value of kex
298, variable temperature 17O NMR measurements were 

performed. The obtained reduced transverse 17O relaxation rates (1/T2r) as well as chemical shifts 

(∆ωr) were used to evaluate the rate of water exchange, its activation enthalpy (∆Hǂ), the hyperfine 

coupling constant (A/ħ) and the electronic longitudinal relaxation rates (1/T1e) according to the 

Swift-Connick equations (for further details in Supporting Information), assuming a simple 

exponential behavior of the electron spin relaxation.67,68 In the fitting process, the activation energy 

of the electron spin relaxation was kept fixed to 1 kJ/mol and the number of coordinated water 

molecules was set to be 1 on the basis of the relaxivity value measured at 0.49 T (r1p=5.56 mM–

1s–1) and luminescence lifetime measurements (see above). As it was demonstrated by Merbach 

and coworkers,69 the temperature dependence of reduced transverse relaxation rates is actually 

determined by two factors, the transverse relaxation time of the bound water molecule (T2m) and 

the mean residence time of that (τm) in the inner coordination sphere of Gd(III) (1/T2r~1/(T2m+τm)). 

The value of T2m increases with increasing temperature, while τm shows opposite behavior. For 
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[Gd(FENTA)]–, the 1/T2r values are decreasing by increasing the temperature (Figure 5), which is 

typical for the fast water exchange regime where T2m≫τm. 

The best-fit parameters afforded by the fitting procedure are listed in Table 5 along with 

the corresponding parameters determined for the Gd(III) complexes formed with the EGTA4–, 

DTPA5– and DOTA4– ligands. The contribution of the electronic relaxation to the overall 

correlation time (1/τc=kex+1/T1e) was also calculated in the investigated temperature range. On the 

basis of the calculations, the contribution of the water exchange is increasing from 37% to 93% in 

the temperature range 273-348 K, which ensures a rather accurate determination of kex. 

 The water exchange rate obtained for [Gd(FENTA)]– is relatively fast in comparison with 

those determined for DOTA4– and DTPA5– complexes,70 but similar to that determined for the 

EGTA4– derivative.30 Similarly, differences can be observed between the electronic relaxation of 

[Gd(FENTA)]– (1.5(2)×107 s–1) and [Gd(DOTA)]– (0.25×107 s–1), which indicates that the 

different coordination environments of Gd(III) have a great impact on the electron spin relaxation. 

Furthermore, the acceleration of the water exchange in the case of structurally similar complexes, 

like [Gd(DOTA)]– and [Gd(DODPA)]+, was explained by the steric compression around the water 

binding site.71–73 
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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 (cGdL=20 mM). 

 

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

of [Gd(FENTA)]– recorded at 9.4 T together with the corresponding values of [Gd(DTPA)]2– and 

[Gd(DOTA)]–. 

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

kex
298 / 106 s–1 29(2) 31 3.3 4.1 

∆Hǂ / kJ mol–1 29(1) 11 51.6 49.8 

A/ħ / 106 rad s–1 -2.77(8) -3.2 -3.8 -3.7 

1/T1e / 107 s–1 1.5(2) – – 0.25b 
a Ref. 30, b Ref.64;  

 The hyperfine coupling constant (A/ħ = –2.77(8)×106 rad s–1), characterizing the hyperfine 

interaction between the electron spin of the paramagnetic metal ion and the spin of the water 17O 

nucleus in the inner sphere of the complex, falls slightly out from range reported for Gd(III) 
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complexes (–3.9±0.3×106 rad s–1).59 Since A/ħ is proportional to the number of the coordinated 

water molecule(s) (q), if the water exchange is fast enough on the NMR time scale, its lower value 

can indicate a q which is lower than 1 due to a possible hydration equilibrium in solution. However, 

this assumption is contradicted with the high relaxivity found for [Gd(FENTA)]–, r1p=5.56 mM–

1s–1 at 0.47 T and 25 °C, and the hydration numbers obtained from luminescence measurements 

for the Eu(III) and Tb(III) analogues. Similarly low A/ħ values were observed for the Gd(III) 

complex of the linear OCTAPA4– ligand (-2.31×106 rad s–1)14 and for [Gd(DODPA)]+ (-2.2×106 

rad s–1),72 which contain picolinate pendants in their structure. This observation suggests that the 

aromatic moieties in the ligand backbone may have an influence on the hyperfine coupling 

constants, likely by providing an efficient path for delocalization of spin density. Moreover, the 

calculated hyperfine coupling constant calculated with DFT (A/ħ, –3.3×106 rad s–1) is in reasonable 

agreement with the experimental value and further confirmed the hydration number of the 

complex. 

 1H and 13C NMR studies. In order to confirm the complex formation and support the DFT 

calculations in regard to the compact structure found for the Gd(III) complex, 1D and 2D NMR 

measurements were carried out on aqueous solutions of the ligand and the Eu(III), Yb(III) and 

Y(III) complexes (Figure 6-7 and Figure S11-S13). These metal ions are often used to study the 

binding mode in gadolinium(III) complexes because Gd(III) cannot be applied in NMR 

spectroscopy due to its extreme line broadening effect. The comparison of the 1H NMR spectra of 

the H4FENTA ligand and [Eu(FENTA)]– complex is shown in Figure 6. The paramagnetism of 

the metal ion induces significant paramagnetic shifts for the aromatic proton nuclei, especially 

those being close to the amino-carboxylate pendants. The signals corresponding to the aliphatic 

protons in the region 2-4 ppm are extremely broad, suggesting the presence of dynamic processes 
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in solution. The DFT structure obtained for this complex evidence that two acetate arms are lying 

close to the plane defined by the phenanthroline moiety (in-plane), while the other two are situated 

above and below that plane (out-of-plane). Thus, most likely the dynamic process responsible for 

the line-broadening of the CH2 protons involves the exchange between in-plane and out-of-plane 

acetate groups, as observed previously for complexes containing an aromatic tridentate unit 

functionalized with iminodiacetate groups moiety.74 

The dynamics of the complexes of H4FENTA were also investigated using the diamagnetic 

Y(III) analogue. The 13C NMR spectrum recorded in D2O at high temperature shows six aromatic 

signals in the range 157.5 – 122.8 ppm, two well-resolved aliphatic signals at 64.1 and 63.8 ppm, 

and a single carbonyl signal at 179.5 ppm. This spectral pattern is consistent with a fast 

interconversion of the in-plane and out-of-plane acetate groups. The 13C NMR signals of the 

carbonyl and CH2 groups broaden below 55 ºC, while the aromatic carbon signals remain sharp 

(Figure S11). The carbonyl and CH2 signals are very broad at 5 ºC, but unfortunately, the slow 

exchange regime could not be attained above the freezing point of the solvent. 
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Figure 6. 1H NMR spectra of H4FENTA ligand (pH=8.9) and [Eu(FENTA)]– complex (pH=7.7) 

(D2O, T = 298 K). The arrows highlight the coordination induced changes in the spectra. 

 

The 1H NMR spectrum of the Yb(III) analogue is better resolved, displaying nine 

paramagnetically shifted signals in the range ∼26 to -23 ppm, which is in line with an effective C2 

symmetry of the complex in solution. The in-plane and out-of-plane acetate groups give two sets 

of signals, as evidenced by the presence of six signals due to CH2 protons, indicating slow 

interconversion in the NMR time scale (Figure 7). We also notice the presence of a second group 

of paramagnetically-shifted signals that evidences the formation of a second complex species.  
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Figure 7. 1H NMR spectra of [Yb(FENTA)]– recorded in D2O (400 MHz, 25 ºC, pH 7.4) 

 

Since the aromatic protons of the phenanthroline backbone are relatively far from the 

coordination cavity,75 the paramagnetic effect of the Eu(III) does not cause extensive line-

broadening, providing the possibility to measure the self-diffusion of the complex. The diffusion 

coefficient of the ligand (D = 3.45×10-10 m2/s) slightly increases (D = 3.69×10-10 m2/s) for 

[Eu(FENTA)]–, which indicates that the hydrodynamic radius of the complex is decreased upon 

the coordination of the iminodiacetate arms to the metal ion, i.e. the formation of a more compact 

structure.76 Similar diffusion coefficients were obtained in D2O solution for small mononuclear 

lanthanide(III) complexes.77,78 These diffusion coefficients rule out that the dynamic process 

evidenced by 1H NMR spectra are related to intermolecular interactions (aggregation), but rather 
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to an intramolecular exchange process. The 2D DOSY spectra are presented in the Supporting 

Information (Figure S13). 

Conclusions 

In this work we have investigated the coordination properties towards Gd(III) and other lanthanide 

ions of the non-macrocyclic ligand H4FENTA, which contains a rigid phenanthroline unit. We 

have shown that the rigidity imparted by the aromatic unit increases significantly the 

thermodynamic stability of the complex and its inertness with respect to dissociation, as evidenced 

by the comparison with H4EGTA. The Gd(III) complex also displays a 1H relaxivity that is 

somewhat higher than those of the H5DTPA and H4DOTA complexes. The coordinated water 

molecule is involved in a rather fast exchange with bulk water, as demonstrated by 17O NMR 

measurements. 1H and 13C NMR spectra performed on the Eu(III) and Y(III) complexes evidence 

a certain fluxionality of the complexes in solution, which is associated to a flip of the acetate 

groups from in-plane to out-of-plane positions. Thus, even when the rigid phenanthroline unit 

improves the properties of the ligand for stable and inert Gd(III) complexation, further structural 

modifications leading to enhanced rigidity may be envisaged to obtain improved systems. 

Experimental section 

The metal salts and other materials used in the experiments were purchased from commercial 

sources and used without further purification (the purity of LnCl3 salt is 99.9%). Standardized 

Na2H2EDTA was used to determine the concentration of the LnCl3 solutions by complexometric 

titration in the presence of xylenol orange as indicator. The [Ln(FENTA)]– complexes were 

prepared by mixing  solutions of the ligand and metal ion of known concentrations to reach a 1:1 

stoichiometric ratio, followed by pH adjustment. 
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Equilibrium studies. The protonation constant of the H4FENTA ligand and the protonation and 

stability constants of its Gd(III) complex were studied by pH-potentiometric titrations supported 

by relaxometric measurements. The exact ligand concentration was calculated from the 

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

workstation and a Metrohm-6.0233.100 combined electrode were used. The electrode was 

calibrated by using KH-phthalate (pH=4.005) and borax (pH=9.177) buffers. The titrated samples 

(6.0 mL) were thermostated (25 °C) and stirred under inert (N2) atmosphere to avoid the effect of 

CO2 and O2. The ionic strength of the samples was set to 0.15 with NaCl. The titrations were 

carried out by means of 0.2 M NaOH in solutions containing ligand or ligand and metal ion in 1 

to 1 ratio (cL=cM=2 mM). During the titrations 150-200 mL–pH data pairs were recorded in the 

pH range of 1.8-12.0 for the ligand and 1.6-11.5 for the complex. For the calculation of [H+] from 

the pH values, the Irving factor of the electrode was determined by titrating an acid (0.01 M HCl) 

solution with standardized NaOH.79 The value of the ion product of water (Kw) was determined in 

the same titration. The equilibrium constants were evaluated by using the PSEQUAD program.37 

Because of the high stability of the Gd(III) complex (the complex formation is almost complete 

by pH=2), 6 out-of-cell samples in the acid concentration range 0.01-0.1 M (I=[Na+]+[H+]=0.15 

M) were prepared and their T1 and T2 relaxation times were measured after 1 day equilibration 

time. For the relaxivity measurements Bruker Minispec MQ-60 NMR Analyzer was used (more 

details below).  

 Kinetic measurements. The rate of the metal exchange reaction taking place between the 

[Gd(FENTA)]– complex and the Lu(III) ion was studied at 25 °C and 0.15 M NaCl ionic strength 

by a Bruker Minispec MQ-60 NMR Analyzer measuring the 1/T1 relaxation rates of the samples 

in the pH range between 2.4 – 4.0. The concentration of the complex was 1 mM while the Lu(III) 
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ion was applied in 20-fold excess. The pH was maintained by a mixture of non-coordinating 

buffers, chloroacetic acid (pKa=2.9, 50 mM) and 1,4-dimethylpiperazine (pKa=4.2, 50 mM). In 

order to investigate the effect of the Lu(III) on the dissociation rate of the complex, the exchange 

reactions were carried out in the presence 40-fold excess of that as well at 3 different pH. The high 

excess of Lu(III) ensures the pseudo-first order conditions simplifying the evaluation of the kinetic 

data. The data fit was carried out with the program Micromath Scientist using a least-squares fitting 

approach. The pseudo-first-order rate constants (kobs) were obtained by fitting the 1/T1 values 

measured at different times on the basis of Equation 6. 

Rt = (R0 - Re)e-kobst + Re     (6) 

where R0, Rt, and Re are the absorbance values measured at the start, at time t, and at equilibrium, 

respectively. 

 The 1H longitudinal (T1) relaxation times were measured by using Bruker Minispec MQ-20 

and MQ-60 NMR Analyzers. The temperature of the sample was set to 25.0(±0.2) or 37.0(±0.2) 

°C. The r1p values were measured by using the inversion−recovery method (180°−τ−90°) 

averaging 4−6 data points obtained at 10 different τ delay values. In the equilibrium measurements, 

the 1/T2 values of the batch samples were also recorded at 25.0(±0.2) °C by means of the Carl–

Purcell–Meiboom–Gill (CPMG) spin-echo pulse sequence.80 The relaxivity values were obtained 

from the slopes of plots 1/T1 versus cGd(III) for 3 concentrations. The pH of the samples (0.3−0.4 

ml) samples was set to 7.4 by 0.05 M HEPES buffer. The relaxivity values of the Gd(FENTA)]– 

complex in 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 
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was added and pH was adjusted to 7.4. The relaxivity values were determined by Bruker Minispec 

MQ60 relaxometer at 0.47 T and 1.41 T field strength as well as 25.0±0.2 °C and 37.0±0.2 °C. 

 NMR measurements. In the 17O NMR experiments, the longitudinal (T1) and transverse 

(T2) relaxation times and chemical shifts of the 17O nuclei in an aqueous solution of the Gd(III) 

complex (pH=7.4, at 20 mM concentration) and of a diamagnetic reference (HClO4 acidified 

water, pH=3.0) were recorded in the temperature range 273−348 K by means of a Bruker Avance 

400 (9.4 T, 54.2 MHz) spectrometer. The temperature was calibrated by using ethylene glycol as 

the standard.81 T1 and T2 values were determined by the inversion−recovery and CPMG techniques, 

respectively.80 In order to avoid the susceptibility corrections of the chemical shifts, a glass sphere 

fitted into a 10 mm NMR tube was used during the measurements.82 The samples were enriched 

with 17O to 2% with 10% H2
17O (NUKEM) water. The data fit was carried out with the program 

Micromath Scientist using a least-squares fitting procedure. 17O NMR data have been fitted 

according to the Swift and Connick equations.67,68 The equations in the calculation are presented 

in the ESI. 

For high-resolutionthe NMR experiments the H4FENTA ligand and its Eu(III) complex 

were dissolved in D2O. The 1H, 13C, 2D COSY (correlation spectroscopy) and NOESY (nuclear 

Overhauser effect spectroscopy) NMR measurements were performed with a 360 Bruker Avance 

I NMR spectrometer and a 400 MHz Bruker Avance II instrument equipped with a gradient probe 

head. For the NOESY spectrum the mixing time was set to 800 ms. For all measurements, standard 

pulse sequences were used, and the temperature was kept at 298 K. The self-diffusion of the ligand 

was measured with PGSE (pulse gradient spin echo) pulse sequence using bipolar gradient pulses 

(BIPLED)83 at a 500 MHz Bruker Avance II spectrometer equipped with a TXI probe head. The 

diffusion time (Δ) was set to 40 ms and a 6 ms gradient pulse length (δ) was applied, while the 
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gradient strength (G) was increased in 64 square distant steps. The diffusion coefficient was 

calibrated for HOD.84 The spectra were post-processed with MestReNova 9.0. Diffusion 

coefficients (Dobs) were calculated according to Equation 7,85 

𝐼𝐼 =   𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒( − 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝛾𝛾2𝛿𝛿2𝐺𝐺2(𝛥𝛥 − 𝛿𝛿/3)    (7) 

where I and I0 are the measured and initial signal intensities, respectively, and γ is the 

gyromagnetic ratio of the proton nuclei. The fitting procedure of the exponential decays was 

carried out with the nonlinear least-squares method (by OriginPro 8.6© software) as well as with 

inverse Laplace transformation (Multi-Exponential Relaxation Analysis, MERA),86 while the 2D 

DOSY transform was performed with the "peak fit" method. 

Absorption and emission spectra. UV−vis spectra were recorded on a JENWAY 6850 UV-vis 

spectrometer using 1 and 4 mm quartz cells. Excitation and emission spectra were measured 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 decays were measured with a time-correlated single-

photon counting system and a xenon flash lamp as light source. 

DFT calculations. The ground state geometry of the [Gd(FENTA)(H2O)]– complex was 

computed using the Gaussian 09 software package (ES64L-G09 RevE.01) at the DFT level of 

theory.87 In this calculation, the TPSSh exchange-correlation functional88,89 was used together with 

the quasi-relativistic effective core potential including 53 electrons in the core (ECP53MWB) with 

the corresponding (7s6p5d)/[5s4p3d] basis sets for Gd.90,91 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 using 

the integral equation formalism variant of the polarizable continuum model (IEFPCM).92 Single-
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point frequency calculations at the same level of theory were also carried out for the ground state 

geometry, which represented a true energy minimum (0 imaginary frequencies) on the potential 

energy surface. 17O hyperfine coupling constant was computed through the ORCA software93 

(version 4.0.1.2). In this calculation, the SARC2-DKH-QZVP94 basis set was used for Gd, while 

the other atoms were treated with the DKH-def2-TZVP95,96 according to the protocol reported 

earlier. The resolution of identity and chain of spheres exchange (RIJCOSX) approximation97,98 

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.99 The calculation included the polarizable continuum model to consider the effect of 

the solvent. In these calculations, tight SCF convergence criteria were employed. 
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SYNOPSIS  

 

 

The thermodynamic, kinetic, relaxation and structural features of the Gd(III) complex of a 

phenanthroline-based ligand (H4FENTA) have been investigated in detail and compared to the 

clinically used [Gd(DTPA)]2– and [Gd(DOTA)]–. The results show that the [Gd(FENTA)]– 

possesses similar stability to those of the DTPA and DOTA complexes, dissociates 4 times slower 

than [Gd(DTPA)]2– and its relaxivity values are almost one unit higher than those of the reference 

chelates. 

 


