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In a last five decades, Magnetic Resonance Imaging (MRI) has become one of the most utilized imaging techniques in medical diagnosis. MRI’s success results from its remarkable spatial resolution and capability to discriminate soft tissues depending on the longitudinal (T1) and transversal (T2) proton relaxation times of the solvent protons (mainly water protons). In order to reduce the time of the image acquisition and to better discriminate the healthy and diseased regions contrast agents are generally used in the clinical practice. Among the authorized contrast agents, paramagnetic metal complexes (mainly Gd(III) complexes) are frequently used in the MRI examinations.
Currently applied Gd(III)-based MRI contrast agents (GBCAs) are metal complexes mainly formed with macrocyclic amino-polycarboxylate ligands like DOTA and its derivatives (DOTA: 1,4,7,10-tetrazacyclododecane- 1,4,7,10-tetraacetic acid, Figure 1). Efficiency of the Gd(III) complexes is characterized by their relaxivity (r1 = the increase in the longitudinal relaxation rate of water protons by a 1 mM GBCA solution).
It was shown that the Gd(III)-complexes with the labile proton/s on the coordinated functions can significantly enhance the relaxation of the bulk water protons (r1) via proton exchange processes.1  Moreover, the proton exchange contribution of the Gd(III)-complexes is directly proportional to the number of mobile protons on the coordinated functional group/s. Among the possible functionalities, the phosphonate group in DOTP ligand (Figure 1) has very basic protonation site, which might carry the proton/s to the proximity of the Gd(III) ion in the resulting [Gd(DOTP)]5- complex. According to the detailed thermodynamic and structural studies of Gd(III)- and Ln(III)-complex with DOTP ligand, the Ln(III)-ion is coordinated by 4 amino N and 4 phosphonate O- donor atoms,  whereas the non-coordinated basic phosphonate-O- donor atoms can be protonated (-P-OH) and acts as a source of protons for the exchange with the solvent water protons.2 The structural studies of [Ln(DOTP)]5- complexes reveal the lack of the inner-sphere water molecule allowing the investigation and the development of the pure proton-exchange based relaxation agent.3,4 
Surprisingly, the relaxivity values of the [Gd(DOTP)]5- in the presence of N-Methyl-D-glucamine show maximum curve as a function of pH (maximum r1 value is reached in the pH range 8 – 9).3 The unusual relaxation enhancement of the bulk water protons is explained by the adduct formation in the [Gd(DOTP)] - N-Methyl-D-glucamine system.3,4 To get inside into the reasons of the extraordinary relaxation enhancement, the physico-chemical properties of the [Gd(DOTP)]5- - N-Methyl-D-glucamine, [Gd(DOTP)]5- – N,N-Dimethyl-D-glucamine and [Gd(DOTP)]5- - D-glucamine systems have been investigated in detail. 


Figure 1. Structures of DOTA and its derivate ligands

The acid-base and complexation properties of [Gd(DOTP)]⁵⁻ were studied by pH-potentiometry, revealing stepwise protonation of the non-coordinating -P-O- donor atoms (logKGdHL=6.88,  logKGdH2L=6.02, logKGdH3L=5.17, logKGdH4L=4.42, 0.15 M NaCl, 25C). Relaxivity values (r1, 21 MHz, 298 K) of [Gd(DOTP)]5- increase with the pH (Δr1= 1.49 mM⁻¹s⁻¹) via the deprotonation of [Gd(HₓL)] x= 0 – 4 species in the pH range 3 – 12 due to the higher  outer- (r1os) and second-sphere (r1ss) contributions of the negatively charged species. r1 – pH profiles of [Gd(DOTP)]⁵⁻ in the presence of N,N-Dimethyl-D-glucamine, D-Glucamine and N-Methyl-D-glucamine show the maximum relaxivity values at pH=6, 8 and 9 in the presence of 50 mM polyols (r1= 5.14, 7.45 and 9.51 mM⁻¹s⁻¹ for [Gd(DOTP)]⁵⁻ - N,N-Dimethyl-D-glucamine, [Gd(DOTP)]⁵⁻ - D-Glucamine and [Gd(DOTP)]⁵⁻ - N-Methyl-D-glucamine systems). Since the increase of the r1 values for the [Gd(DOTP)]⁵⁻ - N,N-Dimethyl-D-glucamine, [Gd(DOTP)]⁵⁻ - D-Glucamine and [Gd(DOTP)]⁵⁻ - N-Methyl-D-glucamine systems takes place homogenously in the frequency range 0.01 – 80 MHz (NMRD), it can be assumed that proton exchange processes between the [Gd(DOTP)]⁵⁻ and polyol molecules might also contribute to the extraordinary relaxation enhancement of the [Gd(DOTP)]⁵⁻ - polyol systems.  The relaxation enhancement of [Gd(DOTP)]⁵⁻ - polyol systems in the pH range 5 − 10 is consistent with the deprotonation of the [Gd(DOTP)]5- and the deprotonate [Gd(DOTP)]5- catalyzed exchange of the -NHx+ protons of the polyol molecules which is kinetically coupled with the paramagnetic relaxation process. To quantify the contribution of the proton exchange processes to the relaxation enhancement of the [Gd(DOTP)]⁵⁻ - polyol systems, the exchange processes between the -NHx+ protons of the polyol molecules and bulk water in the presence and absence of [Y(DOTP)]5- have been investigate by selective magnetization transfer experiments with the DANTE pulse train (Y3+ is the closest diamagnetic analogue of the Gd3+ ion). In the absence of [Y(DOTP)]5- the exchange between the -NHx+ protons of the polyol molecules and bulk water protons takes place by the assistance of H2O (as Bronsted base) and OH⁻-ion via the formation of H-bonded adduct between the proton donor and acceptor. OH- assisted exchange between the -NHx+ protons of the polyol molecules and bulk water take place by diffusion control due to the large difference between the basicity of the amino-N and OH- ion (kOH=1109 M-1s-1 at pH=7.4 and 25C). Surprisingly, the OH- catalyzed proton exchange process of NHx+ group of the polyol molecules is characterized by relatively high H‡ and S‡ and relatively low ΔG‡298 resulted in a fast OH- catalyzed proton exchange process. 
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