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I. Introduction 

Over the past forty years, magnetic resonance imaging (MRI) has 

emerged as a highly effective diagnostic technique for soft tissues of 

human anatomy, physiology, and pathophysiology. MRI is a medical 

imaging technique with high spatial resolution and no ionizing 

radiation.1,2 MRI uses the principle of nuclear magnetic resonance 

(NMR), thus radio frequency generates diagnostic images thanks to the 

interaction of that with water protons. Since, circa 60% of our body is 

water, MRI can provide images of various tissue types by measuring the 

T1 (longitudinal) and T2 (transverse) relaxation rates of protons due to 

the different water content in the healthy and diseased tissues.3,4 

When a powerful magnetic field (B0) is applied, the spin 

(magnetic moment) of water protons aligns to be either parallel or anti-

parallel with that, however most protons line up parallel to B0 as this 

provides a lower energy state. When radio waves are pulsed through the 

human body, the hydrogen atoms of the water (and fat) are excited and 

spin out of their original position. As the radiation is turned off, the 

nuclei return to their original alignment and send back signals by 

releasing their energy in a process called relaxation (T1 and T2). These 

signals are converted to a digital format on a screen. The relaxation rate 

of the protons can be enhanced by means of the so-called MRI contrast 

agents (CAs) administered intravenously to the patients, thus improving 

the quality of the MRI images. 

In the U.S., the demand for gadolinium-based contrast agents has 

grown to approximately 30% to 45% of all clinical MRI diagnoses every 

year.5 Most of the MRI contrast agents in the market are gadolinium-
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based contrast agents (GBCAs), even though manganese-based one also 

existed.6 

The general criteria for metal chelates to be MRI contrast agents 

are high relaxivity (relaxation enhancement effect of the complex in 

solution regarding to 1 mM concentration), high thermodynamic 

stability, high inertness, good solubility, low osmolality and so on. 

Obviously, high relaxivity is a key parameter, since with higher 

relaxivity, less complex needs to be administered to achieve the same 

contrast enhancement. Furthermore, the suitable thermodynamic 

stability and high inertness collectively determine the lower toxicity of 

the CAs by preventing the in vivo dissociation of the applied chelates, 

the liberation of the paramagnetic metal ion. The free Gd3+ ion is toxic, 

its LD50 value is around 0.1-0.3 mmol/kg, so that has to be enclosed by 

ligands. 

In order to prevent the liberation of the Gd3+ in the body, that is 

complexed with polyamino-polycarboxylate chelators bearing high 

stability and inertness. Upon the release of the Gd3+, it can interact with 

the small bioligands (carbonate, phosphate, amino acids, etc.), proteins, 

enzymes and interfere with biological processes (signaling paths). Since 

the ionic size of Gd3+, 0.99 Å, is close to that of Ca2+, the Ca2+ can be 

replaced by Gd3+ in essential molecules.7 Furthermore, the Gd3+ ion can 

accumulate in different tissues and organs.8 

Initially, the risk of GBCAs was considered negligible, but in 

2006, the illness known as nephrogenic systemic fibrosis (NSF) was 

recognized as a debilitating and fatal disease and linked to the in vivo 

dissociation of Gd3+ chelates. In September 2010, the US Food and Drug 

Administration (FDA) ordered screening for those who have acute 
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kidney harm or severe renal disease. Finally, they classified the 

clinically approved GBCAs as Group I agents for linear (gadodiamide, 

gadopentetate dimeglumine, gadoversetamide) and Group II agents for 

macrocyclic (gadobenate dimeglumine, gadobutrol, gadoteric acid, 

gadoteridol). Later, the FDA and the European Medicines Agency 

(EMA) decided to partially suspend the linear GBCAs gadodiamide, 

gadopentetic acid, and gadoversetamide.9 

The discovery of NSF induced a still growing research to replace 

the compromised agents with safer alternatives. A solution to this 

problem is to prevent the decomplexation of GBCAs by increasing their 

inertness through developing more rigid chelates.10–12 On the other 

hand, the desired goal of reducing the risk of serious intoxication can be 

achieved by applying essential paramagnetic metal ions, such as Mn(II) 

or Fe(III), to development biocompatible CAs.10,13,14 
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II. Literature review 

II.1. Chemistry of lanthanides and Gd-based Contrast agents 

The lanthanides (Ln) are a series of 15 metallic elements starting 

from lanthanum (Z=57) to lutetium (Z=71) (Figure 1). 

 

Figure 1. The periodic table 

In the lanthanide series the electron configuration changes from 

[Xe]4f0 to [Xe]4f14. The 4f electrons of the lanthanides are shielded from 

the surrounding of the ions by the 5s2 5p6 5d1 6s2 electrons, but, at the 

same time, the latter ones are not shielded from the increasing nuclear 

charge due to the overlap between the subshells, the poor shielding 

coefficient of the f electrons. This behavior results in the so-called 

lanthanide contraction, the decrease of the atomic and ionic size along 

the series. This phenomenon causes the monotonous change in the 

physico-chemical properties of the Lns. Because of the electron 

configuration [Xe]4f0-145d16s2 their oxidation state in compound is 

mostly +3. In the Ln3+-aqua complexes the most common coordination 

numbers (CN) are 8 and 9, which decreases with the decreasing of the 
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ionic radius. The trivalent Ln ions have hard character, so those prefer 

the coordination of hard donor atoms, such as O and F. Ln3+ ions are 

paramagnetic (except La3+ and Lu3+) owing to the unpaired F electrons. 

Their paramagnetism is independent of the coordination environment 

and they have sharp line-like electronic spectra. The f-f transitions are 

forbidden resulting long excited lifetimes and low extinction 

coefficient.15,16 

The ground state electron configuration of gadolinium is 

[Xe]4f75d16s2. The presence of seven unpaired electrons in Gd3+ gives 

it the most paramagnetic nature. The paramagnetic behavior of Gd3+ 

interacts with the magnetic nature of water protons, shortening their 

relaxation times.17 

The linear GBCA named gadolinium diethylenetriamine 

pentaacetic acid [Gd(DTPA) (H2O)]2- was the first contrast agent on the 

market accepted in 1988,18,19 which was followed by the  

[Gd(DOTA)]–.20 GBCAs approved by the FDA are linear and 

macrocyclic chelates composed of polyamino-polycarboxylate ligands 

(PP) containing O and N donors for the coordination. The first CAs were 

negatively charged, so their i.v. injection sometimes caused pain for the 

patients. For this reason, neutral CAs were also developed and marketed, 

such as [Gd(DTPA-BMA)], [Gd(DTPA-BMEA)], [Gd(HP-DO3A)] and 

[Gd(DO3A-B)]. The most CAs applied in the daily routine excrete 

through the kidneys due to their hydrophilic character.21 The hydrophilic 

CAs are not suitable for the investigation of the blood vessels, brain or 

liver, therefore CAs bearing lipophilic moieties were developed. 

The in vivo lifetime of these CAs is longer and their excretion occurs 

mainly through the liver. 
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Table 1. Clinically used contrast agents 

Short name Generic name Trade name Properties 

Gd-DTPA 
Gadopentate 

dimeglumine 
Magnevist ionic-linear 

Gd-DOTA 
Gadoterate 

meglumine 
Dotarem, Artirem 

ionic-

macrocyclic 

Gd-DTPA-BMA 
Gadodiamide 

injection 
Omniscan 

nonionic-

linear 

Gd-HP-DO3A 
Gadoteridol 

injection 
ProHance 

nonionic-

macrocylic 

Gd-DTPA-

BMEA 
Gadoversetamide OptiMARK 

nonionic-

linear 

Gd-DO3A-butrol Gadobutrol Gadovist 
nonionic-

macrocyclic 

Gd-BOPTA 
Gadobenate 

dimeglumine 
MultiHance ionic-linear 

MS-325a Gadofosveset 

AngioMARK, 

Vasovist, 

Ablavar 

ionic-

linear/BPCAs 

Gd-EOB-DTPAb Gadoxetate Primovist, Eovist 
ionic-

linear/liver 

– Gadopiclenol Elucirem 
nonionic-

macrocyclic 

a MS-325 is blood poor contrast agent (BPCAs), b Gd-EOB-DTPA is liver targeted 

contrast agent22 

Macrocyclic GBCAs are more stable and inert compare to linear 

ones. So, those are more resistant against the in vivo dissociation 

triggered by the endogenous metal ions, such as Zn2+ or Cu2+, and the 

bioligands.1 
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Figure 2. Clinically used contrast agents (CAs) based on Gd(III) complexes.4 

II.2. Chemistry of manganese and Mn-based Contrast agents 

The drawback of GBCAs in clinical applications is related to the 

toxicity of the free Gd3+ ion. Currently, researchers are attempting to 

synthesize manganese-based CAs as an effective alternative to Gd3+ 

ones. The Mn2+ ion possesses five unpaired electrons in 3d orbitals 

contributing to its paramagnetic nature, furthermore it possesses slow 

electronic relaxation and relatively fast water exchange, which not limits 
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the relaxivity of its complexes in contrast with that of Gd3+. The 

coordination number of the Mn2+ usually 6 or 7. Manganese is an 

essential metal ion, existing mostly in Mn2+ form in the living systems 

utilized for mitochondrial and cellular activities. The ability of Mn2+ to 

be transported in nerve cells makes it preferable for neuroimaging 

purposes. Its 52Mn isotope exhibits positron emission in its decay, which 

can be utilized for positron emission tomography (PET) imaging, which 

provides opportunity for designing Mn-based contrast agents for 

combined PET/MR imaging.23 The normal concentration of manganese 

in serum is around 0.5-1.2 µg/dL. Its function is to stimulate some 

enzymes, for example manganese superoxide dismutase,24 regulation of 

vitamins and sugar in the blood, and enlargement of the immune and 

nervous system functions (circa 80% of the manganese is in the brain).25  

The liver controls the storage, redistribution, and elimination of 

Mn as it spreads throughout the body. When Mn levels are excessive, it 

can also be removed through the kidneys. Similarly to the Gd3+, the 

Mn2+ has similar ionic radius to Ca2+ and it can replace the Ca2+ in many 

biological processes. The Mn2+ exhibits a strong affinity to proteins19 

and nucleic acids,26 furthermore it can step across the Blood-Brain 

Barrier, which means in high concentration the Mn2+ is neurotoxic 

resulting in the so-called manganism (similar to Parkinson’s disease).27 

In the recent decades a specific field called MEMRI (manganese-

enhanced magnetic resonance imaging) has emerged using free Mn2+ to 

visualize brain function. The main disadvantage of this technique is the 

toxicity of the free Mn2+ which is almost the same as that of the Gd3+.28 

Thus, the Mn2+ ion has to be also encapsulated in the form of complexes 

for the safe applications. However, Mn2+ ions have zero ligand-field 
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stabilization energy (ZFSE, d5 configuration), which makes its 

complexes less stable and labile compared to those of Gd3+ ion. 

Additionally, there is a probability of oxidation from Mn2+ to Mn3+, 

which can decrease its paramagnetic nature due to the loss of one 

unpaired electron.29 

Since, the Mn2+ forms complexes with lower thermodynamic 

stability (due to the lack of the ZFSE) than other transition metals, the 

inertness of the potential Mn-based CAs became the most important 

parameter in the in vivo stability. In general, the linear Mn2+ complexes, 

even those have suitable stability for biological application, possess very 

low inertness.30 However, in the recent years, several macrocyclic 

contrast agents delivering excellent features for MRI applications, have 

been developed and proposed for human imaging.31–35 

Liposome-encapsulated MnCl2 salt (LumenHance®) was the first 

Mn-based MRI CA used in an oral formulation for gastrointestinal 

imaging. However, the aforementioned neurodegenerative disorder, the 

manganism was observed due to an overdose of Mn2+ ions. Now, this 

CA is no longer commercialized.36  

The second Mn-based CA used in the clinic practice was the 

[Mn(DPDP)]6– (mangafodipir) known as Teslascan™ from the GE 

Healthcare approved by the FDA in 1997. Mangafodipir was applicable 

specifically for the liver in the hepatobiliary system.37 The inertness of 

the [Mn(DPDP)]6– is very low, its contrast enhancement effect was 

originated from its fast dissociation in the liver, the liberation of the 

Mn2+ ion. This CA is also not available anymore due to the low demand 

for this type of investigations. 
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Figure 3. [Mn(DPDP)]6–, Teslascan 

In the recent years, several chelators have been synthetized for 

Mn2+ complexation and their complexes proposed for MRI applications, 

but none of those could break the monopoly of GBCAs, so far.38 Beside 

the cyclen-based ligands,13,35,39 the most extensively studied ligands are 

the pyclen and bispyclen derivatives, where the incorporation of 

pyridine ring(s) increases significantly the rigidity of the complexes, 

positively influencing the inertness of those.32,40 

II.3. Stability of the complexes in solution 

II.3.1. Thermodynamic stability 

Thermodynamic stability refers to the equilibrium constant 

(stability constant, KML) of the formation reaction, when thermal 

equilibrium is attained. Assuming that the ligand is not protonated, the 

thermodynamic stability constant can be expressed by equation (1). The 

standard concentration, c0 = 1 M, was omitted from the equations for 

simplicity. 

    KML = 
[ML]

[M][L]
                                          (1) 

 

, where [ML], [M], and [L] are the equilibrium concentrations of the 

complex, the metal ion and deprotonated ligand, respectively (the 
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charges are not assigned for simplicity). Since the ligands usually have 

protonable donor atoms and the complex formation is competitive 

reaction between the protons and the metal ion, the determination of the 

protonation constants (pKas) is also important. The protonation constant 

of the ligand can be expressed as: 

 

Ki
H=

[HiL]

[Hi-l][H
+]

                                         (2)  

 

, where i = 1, 2, . . . , n, and [H+], [Hi-1L], and [HiL] are the equilibrium 

concentrations of H+, Hi-1L, and HiL species, respectively. 

Furthermore, the complex itself can be protonated in lower pH 

range, which can be described by the following equation: 

 

KMHiL
=

[M(HiL)]

[M(Hi-1L)][H+]
                                  (3) 

 

, where i = 1, 2, . . . , n, and [H+], [M(Hi-1L)], and [M(HiL)] are the 

equilibrium concentrations of H+, M(Hi-1L), and M(HiL) species, 

respectively. 

Additionally, the water molecule coordinated in the inner sphere 

of the complex can deprotonate or OH– ion can bound to the metal 

center. These processes can be described by the following equations:  

KM(OH)L=
[ML]

[M(OH)L][H+]
                                    (4) 

KMLOH=
[ML(OH)]

[ML][OH
-
]
                                       (5) 
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Due to the competition occurs between the metal ions and protons 

for the donor atoms of the ligand, the conditional stability of a complex 

at a given pH can be expressed by the conditional stability 

constants, 𝐾𝑀(𝐿)
𝐶 : 

 

KML
C =

[ML]

[M][L]
t

=
[ML]

[M][L]α
H

                                  (6) 

 

, where [L]t = [L] + [HL] + [H2L] + . . . + [HnL]; αH = 1 + K1[H
+] + 

K1K2[H
+]2 + K1K2K3[H

+]3+ . . . + K1K2 . . . Kn [H
+]n and so KML

C  = 

KML αH⁄ . 

In short, if we are in possession of the protonation and stability 

constants as well as the concentration of the components, any 

conditional stability constant and the equilibrium concentrations can be 

calculated. The concentration of the free metal ion ([Mz+]) in 

equilibrium can be used as an indicator for the stability of the complex 

in the given circumstance. The so-called pM value can be gained by 

calculating the −log[Mz+], which is a preferable way of comparison of 

stabilities.41  

The overall basicity (∑pKa) of ligands is the sum of the 

protonation constants of each donor atom of the ligand. Usually, higher 

basicity results higher stability constants during the calculation, 

however the direct comparison of the logKML values can be misleading. 

For Gd3+ complexes, when one carboxylate group of DOTA is replaced 

by alcohol donating group, the stability decreases due to the lower 

basicity of nitrogen atoms (the lack of H-bond between the carboxylic 

O and macrocyclic N donors) and weaker donor ability of the alcohol 
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group.42 For example, the stability of [Gd(DOTA)]– was found to be 2-

4 orders of magnitude higher than that of [Gd(HP-DO3A)] and [Gd(BT-

DO3A)].43 In order to reach high stability, the chelate ring forming with 

the participation of the metal ion and the donor atoms (N–Gd–N and N–

Gd–O) should be at least five-membered to decrease the steric strain. 

The coordination cavity should be of optimum size for the metal ion and 

should be preorganized.44 

II.3.2. Kinetic stability 

The high thermodynamic stability of a complex do not ensure its 

resistance against dissociation in a highly complex system such as 

human blood.45 The presence of endogenous metal ions and bioligands 

in the blood gives real opportunity for exchange reactions, which leads 

to the liberation of the paramagnetic metal ion. A 2009 data analysis of 

FDA showed that the NSF occurrence of different GBCAs is inversely 

related to inertness of the contrast agent.46 This observation led to that 

the inertness of the applied chelates is more important than their 

thermodynamic stability. The main pathways to potential dissociation in 

biological conditions are:  

(i) Acid-catalyzed dechelation of the complex (this is the main 

dissociation pathway for macrocylic complexes).47 

GdL      Gd3+  +  L 

(ii) Transmetallation of the chelate by endogenous metal ions, 

especially Cu2+ and Zn2+.48 

GdL  +  [M]2+      Gd3+  +  [ML]- 
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(iii) Dissociation of Gd3+ chelate induced by endogenous ligands 

(A) like citrate, phosphate or bicarbonate, which is also 

important for non-macrocyclic contrast agents. 

GdL  +  A      GdA  +  L 

The same dissociation pathways are operative in the case of Mn2+ 

chelates as well.  

The role of ligand-ligand exchange is negligible for macrocyclic 

CAs because it has been found no formation of ternary compounds 

(GdLA).49 In other study, the presence of endogenous ligand made the 

rate of dissociation of [Gd(DTPA-BMA)] to be one or two orders of 

magnitude higher than that of [Gd(DTPA)]2-. This can be reasoned by the 

formation and faster dissociation of ternary complexes of low stability.50 

Generally speaking the dissociation of macrocyclic complexes is 

slower than the open-chain ones but some examples have been provided 

for non-linear complexes with poor kinetic inertness.51 The lower 

basicity (ΣlogKi
H) of a ligand can help to increase the inertness of its 

complex just like in the case of DOTA-tetraamide ligands. The lower 

capacity of the DOTA-tetraamide to bind H+ ion decreases the 

competition occurs between H+ and Mz+ for the donor atoms.52 Rigidity 

of the ligand is a key role parameter to reach high inertness. Ln3+ 

complexes of DCTA are kinetically more stable than Ln3+ complexes of 

EDTA, which can be explained by rigidity of DCTA complex due to the 

presence of cyclohexane ring. The free rotation of the ethylene backbone 

of the EDTA is hindered by the cyclohexane ring.53 Although, the ligand 

CyPic3A is heptadentate, so its Gd3+ complex contains two inner sphere 

water molecule, it was found to be kinetically inert and as good as to the 

clinically approved octadentate ligands.54 The Gd3+ complex of the 
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[Gd(HYD)] was found to be 25-fold times inert than the commercial 

available [Gd(DTPA)]2–.55 The [Ln(cb-tedpa)]+, a rigid, cross-bridged 

cyclam derivative possesses exceptionally high kinetic inertness, higher 

than that was determined for the “gold-standard” [Ln(DOTA)]– 

complex.56 The report on the Gd3+ complex of the open-chain ligand 

cddadpa4-, exhibiting exceptional kinetic inertness comparable to 

macrocyclic ligands, serves as evidence that the rigidification of open-

chain ligands plays a significant role in increasing kinetic inertness.10 

Speaking of Mn2+ complexes, some open-chain ligands can also form 

kinetically inert complex with Mn2+, containing rigid backbone like 

DCTA.30 Furthermore, several macrocyclic ligands have been 

synthetized for Mn2+ complexation in recent years, own very high 

inertness.34,57,58  

II.4. Relaxivity 

Longitudinal (spin-lattice) relaxation time. The time it takes for 

Mz (the magnetization along the z-axis) of nucleus to return to its 

equilibrium state after the pulse has been applied, is called the spin-

lattice relaxation time, or T1. This process determines how energy is 

transferred from the spinning nuclei to the surrounding molecules 

(called "lattice"). 

There are three criteria for T1 energy transfer: 

1. The nuclei must gain or lose energy, creating a fluctuating 

magnetic field. 

2. This fluctuating magnetic field must match the Larmor 

frequency, v0. 

3. Only the x and y components of the local magnetic field can 

cause T1 relaxation. 
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The rate of this process is influenced by temperature because 

molecular motion depends on it. At equilibrium, the total magnetization 

(M0) aligns with the applied magnetic field (B0). 

The equation describing how magnetization returns to equilibrium 

during this process is the following:  

 

MZ=M0(1-e-τ T1⁄ )        (7) 

 

, where, Mz, M0 and τ are the longitudinal magnetization, the total 

magnetization at full recovery and the delay time following the 900 RF 

pulse, respectively. 

 

Figure 4. Longitudinal (T1) relaxtion2 

Positive contrast agents are those that shorten T1 (the longitudinal 

relaxation time of the tissue), increasing the intensity of T1-weighted 

MR images. T1 shortening agents are MRI contrast agents based on Gd3+ 

or Mn2+ compounds.4,59 
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Transverse (spin-spin) relaxation time. T2 refers to how fast the 

nuclear spins lose their alignment (get out of phase with one another) in 

the x,y-plane after a 90° pulse. Initially, the spins all move in the same 

direction, but over time, they gradually lose their coherence because of 

non-uniform magnetic field and/or interactions between the spins. This 

process takes place without energy transfer to the surrounding 

molecules (the lattice). However, T2 depends on T1 relaxation because 

any increase in magnetization along the z-axis (T1) causes a decrease in 

magnetization in the x,y-plane back to zero at equilibrium. Interestingly, 

the T2 relaxation time is always shorter than T1. T2 relaxation time 

determines the rate of disappearance of the transverse magnetization 

(Mxy) created by a pulse. 

 

Figure 5. Transverse (T2) relaxation2 

A negative contrast agent in MRI is a substance that reduces signal 

intensity by shortening the transverse relaxation time (T2) of water 

molecules, making the image appear darker. 
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T2-weighted MRI is less commonly used compared to T1-weighted 

MRI. Among others, iron oxide and gadolinium-based nanoparticles can 

be used to create T2-weighted images.60 

The relaxation mechanisms of protons in the presence of 

paramagnetic center were described by Solomon, Bloembergen and 

others.61 The observed relaxation rate of solvent protons, 1/Ti,obs, is the 

sum of both the diamagnetic term 1/Ti,d and paramagnetic term 1/Ti,p. 

 

1

Ti,obs

=
1

Ti,d

+
1

Ti,p

         i=1,2                          (8) 

 

The relaxation rate is directly proportional to the concentration of 

paramagnetic metal: 

 

1

Ti,obs

=
1

Ti,d

+ri[Gd]         i=1,2                       (9) 

 

The source of proton relaxation is from the interaction of dipole-

dipole proton nuclear spin and the magnetic field caused by parallel 

electron spin of paramagnetic agent. The total paramagnetic relaxation 

arise from an inner spheres water molecule coordinated to Mz+ ion and 

outer sphere water molecules which are found in second coordination 

sphere. The outer sphere influence is the result of electron spin metal 

interaction with bulk water molecules that diffuse around the 

paramagnetic agent. 

The overall paramagnetic relaxation rate enhancement due to the 

paramagnetic substance is given as in Eq. (10), or expressed in 

relaxivities as in Eq. (11): 
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(
1

Ti,p

)  = (
1

Ti,p

)

IS

+ (
1

Ti,p

)

OS

                            (10) 

 

ri = ri
IS + ri

OS                                           (11) 

 

, where IS and OS stand for the inner and outer sphere, respectively. 

The following equation (12) shows the paramagnetic relaxation is 

directly proportional to water exchange at Mz+ center and inversely 

proportional to water residence time m.
62,63 

 

(
1

T1

) =   
cq

55.5
 [

1

(T1m+τm)
] = Pmq [

1

(T1m+τm)
]                (12) 

 

, where 1/T1 is the longitudinal relaxation rate, c is molar concentration, 

q is the number of water molecules directly coordinated to Mz+, and Pm 

is the mole fraction of water coordinated to the metal center. 

 

Figure 6. Factors affect the relaxivity of paramagnetic metal ion complexes. 

q 

R 

m 
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Based on Solomon-Bloembergen-Morgan theory the factors that 

must be optimized in designing the ligands to increase relaxivity are 

(Figure 6): 

1. Hydration number of the complex (q): Based on the aforementioned 

reasons, as the q increases, the inner-sphere relaxivity also increases. 

Unfortunately, the number of q is inversely proportional to the 

thermodynamic stability and inertness of the chelates, since to 

increase the coordination sites for water molecules, the number of 

the ligand donor atoms must be reduced. Chemists are conducting 

intensive studies to design MRI contrast agents based on two-water-

coordination systems. For example, HOPO based complexes with 2 

inner sphere water molecules was developed by Raymond and his 

colleagues.1,64,65 The following Gd(III) complexes are systems are 

coordinated with two water molecules in inner sphere with 

promising thermodynamic stability and kinetic inertness. 

2. Residence time of the coordinated water molecule (τm): It is the 

inverse of the water exchange rate between the inner sphere and the 

bulk (kex=1/τm). Water molecules directly coordinated to Mz+ are the 

main contribution to T1 rate improvement. When the bound water 

exchanges fast, the effect can spread quickly to the bulk water. 

However, if the exchange is too fast, the water molecule coordinated 

to the metal center does not have enough time for complete 

relaxation. The water exchange rate should be optimized to 

successfully transmit the paramagnetic nature to the solution.66 

Generally, an increase in water exchange rises when the bond 

between the metal ion and oxygen of water molecule (Mz+-Ow) is 

weakened by any of the factors. 
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Studies have been done to improve the water residence time by 

replacing the donor groups of common polyaminocarboxylate 

ligands with amide and hydroxyl functional groups.1 The 

[Gd(DOTA)]– complex with four carboxylate groups has a mean 

residence time of 244 ns, while tetramethylamide analog (DOTMA) 

with four amide groups exhibits a much longer mean residence time 

(19 μs). The Gd3+ in DOTA complex has a lower positive charge 

density that leads to a higher water exchange rate by weakening the 

bond between the Gd3+ and the OW lone pair.67 

Steric compression around the water-coordinating site can also 

facilitate the water exchange rate. For example, m = 3.7 ns was 

found for the [Gd(TRITA)(H2O)]– when an ethylene bridge in the 

DOTA ligand was substituted by a propylene moiety. Even though 

a small decrease in stability was observed, still that would be 

acceptable for MRI investigations.68–70 

The stereochemistry of cyclen-based ligands affects the water 

exchange rate, as well. The second way of increasing steric 

compression is by regulating the isomeric distribution of the 

chelate. The two diastereomeric conformations of cyclen-based 

chelates are square antiprismatic (SAP) and twisted square 

antiprismatic (TSAP). The twist angle between chelating oxygen 

and chelating nitrogen atoms of SAP and TSAP are ∼40° and ∼25°, 

respectively. The lower twist angle in TSAP isomer provides more 

sterically crowded surroundings around the water coordinating site 

to increase water exchange rate.71 

3. Rotational correlation time (τR): the best way of optimizing τR is 

increasing the size of the MRI contrast agent. Since, large molecules 
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tumble more slowly than smaller ones, their relaxivities are 

increasing significantly, which goal can be achieved by in vivo 

interaction with large molecules like human serum albumin (HSA) 

or self-assembled as well as multimeric structure.72 

4. Electron spin relaxation rates (1/T1,2e): Electron relaxation time 

influences both inner and outer sphere mechanism, even though it 

provides an effective contribution to relaxivity at low fields, which 

are not applicable in clinical practice. At this time research is being 

conducted as an option for high-field scanners using Mn2+-based 

CAs at variable field. For example, the application of fast-field 

cycling MRI using Mn2+-liposomes offers considerable 

improvement in sensitivity and specificity.73–75 
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III. The objectives of this research 

As previously mentioned, kinetic inertness has become of critical 

importance compared to thermodynamic stability for MRI contrast 

agents intended for practical use. The increase in the inertness of the 

complexes can be achieved by increasing the rigidity of the macrocyclic 

ring, for example, by incorporating the donor atoms into rigid structures 

(amine  pyridine), or in order to avoid the fast dechelation, the highly 

basic donor atoms can be replaced with less basic ones (amine  etheric 

oxygen). However, these modifications also come with disadvantages, 

as they cause the loss of the substitutability of the given atom(s), 

resulting in a drop in the denticity of the ligand. Nevertheless, the proper 

denticity can be achieved by incorporating side chain(s) which contains 

more than one donors. Based on previous results, we knew that the O-

pyclen macrocycle has a rigid structure, so it seemed to be a good 

platform for designing ligands suitable for the coordination of both 

Gd(III) and Mn(II) ions using malonate pendants. Furthermore, since 

the coordination number of the Mn(II) ion is lower (its complexes 

typically exhibit a coordination number (CN) of 7) than that of the 

Gd(III) (CN = 9), the H2OPMMA with its 6 donor atoms appeared to be 

suitable for Mn(II) complexation, while the H2OPDMA (8 donors) for 

the chelation of Gd(III). Thus, in both cases, there is also possibility for 

a water molecule to be coordinated in the inner sphere of the complexes. 
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For these reasons, the objectives of this research were: 

(i) To synthesize O-pyclen-based macrocyclic ligands bearing 

malonate pendant arms for Gd3+ and Mn2+ complexation as potential 

MRI agents. 

 

Figure 7. Structure of the investigated ligands. 

(ii) To characterize the relaxation properties of the complexes to 

understand the relations between the structure of the chelates and the 

parameters influencing their relaxivities. 

(iii) To investigate the thermodynamic stability and inertness of the 

complexes, the two factors, which are essential for the safe in vivo 

applications. 
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IV. Materials and Methods 

The commercial reagents/solvents purchased from Sigma-Aldrich 

(St. Louis, MO, USA) and Fluorochem Ltd. (Hadfield, United 

Kingdom) were used without further purification. The metal salts and 

other materials used in the studies were purchased from commercial 

sources and used without further purification (the purity of the 

compounds was higher than metal salts is 99.0%). Standardized 

Na2H2EDTA was used to determine the concentration of the metal ion 

solutions using complexometric titrations in the presence of different 

indicators (Ln3+ - xylenol orange, Cu2+ - murexide). The complexes 

were prepared by mixing known concentrated solutions of the 

components in 1:1 stoichiometric ratio, followed by pH adjustment. 

Deionized Milli-Q water was used for the preparation of all aqueous 

solutions (equilibrium/kinetic/relaxometric studies). 

IV.1. HPLC measurement 

A Waters Alliance 2690 HPLC unit equipped with Waters 996 

PDA detector, and a Phenomenex Luna C18(2) 100Å 150 x 4.6 mm 5 

micron column were used to follow the synthetic reactions. This system 

was also used to confirm the formation of the complexes and to 

investigate the stability of the solutions. The separation and purification 

of the ligands were carried out with a YL9100 HPLC system (Korea) 

equipped YL9101S degasser, YL9110S pump, YL9120S UV/VIS 

detector, Phenomenex Luna Prep C18(2) 100Å 250 × 21.2 mm 5 micron 

00G-4252-P0-AX column and Sigma-Aldrich CHROMASOLV® Plus 

solvents. 
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Table 2. Applied gradient flow of analytical HPLC (Column: Luna C18(2) 

150 mm×4.6 mm, 100 Å, 3 μm) for the purity control of OPMMA diethyl ester and 

OPDMA tetraethyl ester ligands. 

 
Solvent A 

(5 mM TFA solution) 

Solvent B 

(MeCN) 

0.0 min 95% 5% 

15.0 min 5% 95% 

16.0 min 95% 5% 

 

Table 3. Applied gradient flow of analytical HPLC (Column: Luna C18(2)  

150 mm× 4.6 mm, 100 Å, 3 μm) for the purity control of H2OPMMA and 

H4OPDMA ligands. 

 
Solvent A 

(H2O) 

Solvent B 

(MeCN) 

0.0 min 100% 0% 

15.0 min 40% 60% 

16.0 min 100% 0% 

 

Table 4. Applied gradient flow of analytical HPLC (Column: Luna C18(2)  

150 mm× 4.6 mm, 100 Å, 3 μm) for the purity control of [Cu(OPMMA)] and 

[Mn(OPMMA)] complexes. 

 
Solvent A 

(H2O) 

Solvent B 

(MeCN) 

0.0 min 100% 0% 

15.0 min 40% 60% 

16.0 min 100% 0% 
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Table 5. Applied gradient flow of analytical HPLC (Column: Luna C18(2)  

150 mm×4.6 mm, 100 Å, 3 μm) for the purity control of [Gd(OPDMA)]– and 

[Eu(OPDMA)]– complexes. 

 
Solvent A 

(H2O) 

Solvent B 

(MeCN) 

0.0 min 100% 0% 

15.0 min 40% 60% 

16.0 min 100% 0% 

 

IV.2. Mass spectrometry measurement 

Mass spectra were recorded in the Laboratory of Instrumental 

Analysis, Department of Inorganic and Analytical Chemistry, 

University of Debrecen by using a maXis II UHR ESI-QTOF MS 

Bruker instrument. The purity of the final products were higher than 

98.0% determined by reverse-phase HPLC with UV−Vis detection at 

220 and 260 nm. 

IV.3. pH potentiometric studies 

The pH potentiometry is most common technique for describing 

the equilibrium of the metal ion complexes. The H+ concentration of a 

solution containing ligand and metal ion is influenced by the basicity of 

the ligand and the interaction between the protonated ligand species and 

the metal ion. As it was mentioned before, the knowledge of the 

protonation constants of the ligands is necessary for the calculation of 

the stability constants.  

Unfortunately, not all equilibrium systems can be studied by pH 

potentiometry. Direct titrations can be performed only when the 

equilibration is fast, which is generally happens in the case of open-
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chain metal ion complexes, since their formation rate is high even in 

acidic conditions. On the contrary, for example, the formation of Ln-

based macrocyclic chelates frequently takes days or weeks when the so-

called batch (out-of-cell) technique can be used. The batch method 

needs at least 8-10 samples prepared in the desired pH range with known 

metal, ligand and H+ concentrations. The pH of the samples (sometimes 

other parameters as well) is measured after reaching the equilibrium and 

analyzed. 

Another disadvantage of pH potentiometry, is the accuracy of the 

measured pH. The working pH range of pH potentiometry is around 1.5 

– 12.5, since below pH 1.5 the acid error, while above pH 12.5 the 

alkaline error affect the measured pH values. Therefore, to describe the 

electrode answer for the change in the H+ concentration, the difference 

between the measured and calculated pH values are always determined 

with the method proposed by Irving.76 From these strong acid – strong 

base titrations the ion product of water (Kw) can also be evaluated. If the 

equilibrium is out of the range of pH potentiometry, then other 

techniques such as NMR or spectrophotometry are frequently used to 

describe the system.  

Protonation constant of the ligands (H4OPDMA and H2OPMMA) 

and the protonation and stability constants of their metal ion complex 

were determined using pH-potentiometric titrations supported by 

relaxometric measurements in the case of the [Gd(OPDMA)]–. The 

analytical concentration of the ligand stock solutions was calculated 

from the ligand titrations. A Metrohm 888 Titrando workstation 

equipped with a Metrohm-6.0233.100 combined electrode were used for 

the pH-potentiometric titrations. KH-phthalate (pH=4.005) and borax 
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(pH=9.177) buffers were applied for the the electrode calibration. The 

samples were kept under N2 atmosphere during the titrations to avoid 

the effect of CO2. The 6.0 mL samples were at 25 °C and stirred. 0.15 

M NaCl was used to keep the ionic strength constant. The titrations were 

performed by using 0.2 M NaOH (dwell time = 40 s). The concentration 

of the ligand and the metal ions were in the range of 1.5 - 2.0 mM in 1 

to 1 ratio. 130-200 volume–pH data pairs were recorded in the titrations 

in the pH range of 1.7-12.0. The Irving factor of the electrode and the 

Kw were evaluated from acid-base titration in which 0.01 M HCl was 

used.76 PSEQUAD program was used to gain the equilibrium 

constants.77 Since the formation of the [Gd(OPDMA)]– occurs under pH 

2, 11 out-of-cell samples were prepared in the acid concentration range 

0.001-0.08 M (I=[Na+]+[H+]=0.15 M) and their T1 and T2 relaxation 

times were measured after equilibration time (2 hours). In order to avoid 

the misleading information may be originated from the slow complex 

formation in acidic condition, the pre-prepared [Gd(OPDMA)]– 

complex was mixed with HCl solution. To determine the relaxation 

times, Bruker Minispec MQ-60 NMR Analyzer was used (more details 

below). 

IV.4. UV-Vis spectrophotometry 

Since, the absorption spectra of the metal ions and ligands 

containing chromophores change upon complexation the UV-Vis 

spectrophotometry can be used for kinetic and structural investigation 

of metal ion complexes. In our case, spectrophotometry was applied to 

describe the dissociation kinetics of the [Gd(OPDMA)]– and 

[Mn(OPMMA)] complexes. 
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The rate of the transmetallation occurs between the 

[Gd(OPDMA)]– complex and Cu(II) ions was studied at 37 °C in the 

presence of 0.15 M NaCl by monitoring the absorbance change at 260 

nm using a Cary 100 Bio UV-vis spectrophotometer (pH range 2.0 – 

4.0). The concentration of the complex was 0.1 mM, while that of the 

Cu(II) ion was 10-, 20- and 40-times higher to ensure pseudo-first order 

conditions. The pH was maintained by means of chloroacetic acid 

(pKa=2.9) and 1,4-dimethylpiperazine (pKa=4.2) buffers in 50 mM 

concentration. 

Based on preliminary experiments, the dissociation rate of the 

[Mn(OPMMA)] was found to be fast for conventional 

spectrophotometry, therefore stopped-flow technique was used to 

investigate the reaction occurs between the complex and the Cu(II) ion. 

The concentration of the complex and the Cu(II) 0.1 and 2.0 mM, 

respectively. The reactions were carried out at 25 C, in the presence of 

0.15 M NaCl by an Applied Photophysics DX-17MV stopped-flow 

machine. The decomplexation was followed at 280 nm in the pH range 

3.9–5.0 For pH stabilization, N-methylpiperazine (NMP, log K2
H = 

4.90) was used in 20 mM concentration, as a buffer. 

The kobs (pseudo-first-order rate constant) values were evaluated 

by fitting the absorbance-time data pairs to the Equation (13) 

 

              (13) 

 

, where At, A0 and Ae are the absorbance at time t, at the start and at 

equilibrium of the reactions, respectively. The Micromath Scientist 

computer program (version 2.0, Salt Lake City, UT, USA) was used to 

 
ee0t

)( AAAA 
 tkobse
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fit the time-absorbance data pairs by using a standard least-squares 

procedure. 

IV.5. 1H-relaxometry 

The number of the water molecules coordinated to the free 

paramagnetic metal ion or in the inner sphere of a paramagnetic complex 

has a significant influence on the relaxivity of a system. It means that 

the 1H relaxometry can be effectively used to study the formation and 

dissociation reactions of the Gd3+ and Mn2+ complexes. Generally 

speaking, every process, which modify the q can be followed by this 

technique.  

For this reason, the dissociation reaction of the [Gd(OPDMA)]– 

(1.0 mM) in the presence of Eu(III) ion (20 mM) at 37 °C and 0.15 M 

NaCl ionic strength was studied by measuring the 1/T2 relaxation rates 

of the samples on a Bruker Minispec MQ-60 NMR Analyzer (pH range 

2.0 – 4.0). The 1/T2 values of the samples were determined with the 

Carl–Purcell–Meiboom–Gill (CPMG) spin-echo pulse sequence.78 The 

pH was maintained by means of chloroacetic acid (pKa=2.9) and 1,4-

dimethylpiperazine (pKa=4.2) buffers in 50 mM concentration. The 

experimental data were analyzed by the Scientist program calculating 

the kobs values according to equation (13) (using the measured relaxation 

rates instead of absorbances). 

The 1H longitudinal (T1) for [Gd(OPDMA)]– and [Mn(OPMMA)] 

as well as the transverse (T2) relaxation times for [Mn(OPMMA)] 

complex were determined by using Bruker Minispec MQ-20 and MQ-

60 NMR analyzers. The temperature was set to 25 or 37 (±0.2) °C, and 

maintained with a circulating water bath thermostat. For T1 

determination, inversion recovery method (180°–τ–90°; 6–8 data points 
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at 10 different τ delay times) was used, while the T2 relaxation times 

were determined by the aforementioned CPMG method in the presence 

of HEPES buffer (50 mM, pH = 7.4) and 0.15 M NaCl. 

IV.6. NMR measurements 

The NMR spectra were recorded on Bruker Avance II 500 MHz 

spectrometer (Bruker, Billerica, MA, USA) using deuterated solvents 

(chemical shifts are given as δ values with reference to the deuterated 

solvents (D2O, CD3CN) and the coupling constants are reported in Hz). 

IV.7. 1H NMRD and 17O NMR studies 

In order to determine the parameters govern the relaxivity of the 

paramagnetic metal complexes 1H NMRD and 17O NMR measurements 

were carried out. The nuclear magnetic relaxation dispersion (NMRD) 

profiles can deliver information about the interaction mechanisms and 

dynamic processes affecting the relaxivity. In NMRD experiments the 

r1p values are measured in the function of the 1H Larmor frequencies. 

Since several parameters influence the relaxivity, some of those have to 

be determined independently by different techniques such as variable 

temperature 17O NMR, which delivers information about the water 

exchange rate (kex
298), rotational-correlational time (R), the hyperfine 

coupling constant (A/ħ) and q by measuring the differences between the 

chemical shifts (Δωr) of the bulk and bound water molecules, the T1 and 

T2 relaxation times of the 17O nucleus. In addition, given the large 

number of parameters, some of those need to be fixed based on 

reasonable estimates, literature evidences during the calculations. In 

order to get reliable access to these parameters the simultaneous fitting 

of the data obtained by different methods is advised. 
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The equations used for the fitting of 17O NMR and 1H NMRD 

data are the followings: 

17O NMR data have been fitted according to the Swift-Connick 

equations,62,63 the Solomon−Bloembergen−Morgan theory of 

paramagnetic relaxation79,80 for the description of the inner-sphere water 

1H and 17O relaxation and the Freed model for the outer-sphere 

contribution to relaxivity.81 

The reduced transverse 17O relaxation rates, 1/T2r, and reduced 17O 

chemical shifts, r, are calculated from the measured relaxation rates 

and angular frequencies of the paramagnetic solution (1/T2, ) and of 

the diamagnetic reference (1/T2A and A), equations (14) and (15): 

 

    (14) 

 

 

    (15) 

 

, where T2m is the transverse relaxation time of 17O, m is determined 

by the hyperfine or scalar coupling constant, AO/ħ , where B represents 

the magnetic field, S is the electron spin and gL is the isotropic Landé g 

factor (16). 

 

∆ωm=
gL μB

3kBT
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A

ħ
           (16) 

 

The scalar contribution, 1/T2sc, can be given by equation (17). 
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1

T2m
≅ 

1

T2sc
= 

S(S+1)

3
 (
A

ħ
)

2

×(τs1+ 
τs2

1+ τs2
2  ωs

2 
)      (17) 

 

, where si is the correlation time characteristic for scalar (contact) 

mechanism, Tie (T1e and T2e) is the longitudinal or transverse electron 

spin relaxation times of the metal ion, thus s1 and s2 describe the 

correlation time of the longitudinal and transverse relaxations, 

respectively. 

The temperature dependence of the exchange rate (kex; or inverse 

binding time,m) of the inner sphere water molecule can be described by 

the Eyring equation (18):  
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, where S‡ and H‡ are the activation entropy and enthalpy, kex
298 is the 

exchange rate at 298.15 K. 

The electronic relaxation is mainly governed by modulation of the 

transient zero-field splitting. Furthermore, McLachlan has developed 

equations (19-21)82 for describing the electron spin relaxation rates, 

1/T1e and 1/T2e. 
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where 2 is the trace of the square of the transient zero-field-splitting 

(ZFS) tensor, v is the correlation time for the modulation of the ZFS 

with the activation energy Ev, and s is the Larmor frequency of the 

electron spin. 

The proton relaxivities originate from the inner- and outer-sphere 

contributions and the inner-sphere term can be given by the 

aforementioned equations (11 and 12). 

The dipolar contribution of the longitudinal relaxation rate 1/T1m
H 

can be describes by equation (22): 

 

1

T1m
H ≅

1

T1
DD =

2

15
(
μ0

4π
)

2 ℏ
2
γS
2γI

2

rMH
6 S(S+1) [

3τd1H

1+ωI
2τd1H

2 +
7τd2H

1+ωS
2τd2H

2 ]            (22) 

 

, where T1
DD is the relaxation time of 1H governed by the dipol-dipol 

mechanism, rMH is the effective distance between the metal ion electron 

spin and the water protons, I is the proton resonance frequency, diH 

(diH is the correlation time characteristic for dipol-dipol mechanism, 

d1H and d2H describe the correlation time of the longitudinal and 

transverse relaxations) is given by equation (23): 

 

 i = 1, 2;                  (23) 

 

 

, where RH is the rotational correlation time of the metal ion–Hwater 

vector.  
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The outer-sphere contribution to the overall relaxivity is described 

by equation (24), where NA is the Avogadro constant, and Jos is a spectral 

density function (25). 

 

ri
os=

32NAπ

405
(
μ0

4π
)

ℏ
2
γS

2γI
2

αGdHDGdH
S(S+1)[3Jos(ωI,T1e)+7Jos(ωS,T2e)]   (24) 
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τMH
Tje

)
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, where GdH is the closest distance of the water proton nuclear spin (I) 

and the gadolinium electron spin (S), DGdH is the diffusion coefficient 

for relative diffusion of the spins, DGdH = DI + DS. 

The temperature dependence of the diffusion coefficient for the 

diffusion of a water proton away from a complex, DMH, described by 

equation (26), with its activation energy EMH:  

 

DMH=DMH
298exp {

EMH

R
(

1

298.15
-

1

T
)}                 (26) 

 

It is obvious based on the equations that 1H relaxivity is governed 

by several parameters. In one limiting case, when T1m  τm, the 

exchange rate will be the determining factor for relaxivity (Equation 12). 

In reverse case, when τm  T1m, the relaxivity will be determined by the 

relaxation rate of the coordinated protons (T1m), which depends on the 

rate of proton exchange, rotation and electronic relaxation. Furthermore, 

variables such as Gd–proton distance (rGdH) and the hydration number 

(q) also influence the relaxivity. It is easy to understand that two inner-

sphere water molecules instead of one, will double the inner-sphere 
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relaxivity (Equation 12), or a longer distance between the metal center 

and the H atom results in a significant decrease in that because of its 

sixth-power dependence (Equation 22). However, it is harder to assume 

the influence of R, the proton exchange rate or T1e, which becomes more 

complicated by knowing the fact that these parameters strongly depends 

on the magnetic field. 

A relaxivity maximum can be attained when the inverse of the 

correlation time, 1/τd1, equals the proton Larmor frequency (Equation 

23). However, τm appears also in Equation 12, which indicates a higher 

r1 for shorter τm value. Therefore, τm should be decreased but not so 

much that it starts to limit T1m. So, R and the proton exchange rate have 

to be optimized at the same time in order to gain maximum r1 values, 

which values of the prameters are, of course, dependent on the magnetic 

field. 

1H NMRD measurements were performed on samples containing 

the [Gd(OPDMA)]– (pH = 7.4) and [Mn(OPMMA)] (pH = 8.0) in 1.0 

mM concentration (in the case of [Mn(OPMMA)] 10% ligand excess 

was applied) at 25 and 37 °C, on a Stelar SMARTracer Fast Field 

Cycling relaxometer (0.01−10 MHz) and a Stelar high field relaxometer 

(10-128 MHz). The temperature was maintained by a VTC91 

temperature control unit and gas flow, and it was calibrated by a Pt 

resistance probe. 

The transverse (1/T2) relaxation rates and chemical shifts of an 

aqueous solution of the complexes (the concentration and the pH were 

set to 21.4 mM and 7.0 for the [Gd(OPDMA)]– as well as 6.4 mM and 

8.0 for the [Mn(OPMMA)], respectively) and of a diamagnetic 

reference (HClO4 acidified water, pH = 3.3) were measured in the 
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temperature range 273–348 K using a Bruker Avance 400 (9.4 T, 54.2 

MHz) spectrometer. The temperature was determined according to the 

method proposed by Raiford.83 The 1/T2 values were determined by 

CPMG technique.78 In order to avoid the susceptibility corrections to the 

chemical shifts, a glass sphere in an 10 mm NMR tube was applied. 17O 

enriched water (10% H2
17O, CortecNet) was added to the solutions to 

reach around 1% enrichment. The least-squares fit of the 17O NMR and 

NMRD data was performed by means of Visualiseur/Optimiseur84 

running on a MATLAB 8.3.0 (R2014a) platform. 

IV.8. Determination of q for [Gd(OPDMA)]– 

In order to determine the number of the water molecules in the 

inner sphere of the [Gd(OPDMA)]– luminescence lifetimes of the 

[Eu(OPDMA)]– complex were measured on an Agilent Cary Eclipse 

Fluorescence spectrophotometer. The decay of the emission intensity at 

614 nm followed by an excitation at 268 nm was recorded. 

Measurements were performed in both H2O and D2O solutions. The 

settings were as follows: gate time: 0.1 ms (1 ms in D2O); delay time: 

0.1 ms; flash count: 1; total decay time: 5 ms (15 ms in D2O); 10 cycles; 

PMT detector: 650 mV. At least three decay curves were collected for 

each sample, and all lifetimes were analyzed as monoexponential decay. 

The reported lifetimes are an average of at least three measurements . 

The number of q, 1.285/1.386 was found to be the same at pH = 3 and pH = 7. 
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IV.9. DFT calculations 

The ground state geometry of the [Gd(OPDMA)]– was computed 

using the Gaussian 09 software package87 (ES64L-G09 RevE.01) at the 

DFT level of theory. In this calculation, the TPSSh exchange-correlation 

functional88,89 in combination with Grimme’s DFT-D3 approach 

including BJ-damping90 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.91,92 All 

other atoms were treated with the 6-311G(d,p) basis set. The effect of 

the solvent was taken into account by using the polarizable continuum 

model (PCM).93 Single-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. 

Geometry optimization of the [Mn(OPMMA)] complex was 

computed by using Gaussian 0987 (EM64L-G09RevC.01) at DFT level 

of theory using the hybrid-meta-GGA TPSSh89 functional combined 

with the aug-cc-pVTZ-J for Mn(II) which is described by a 

(25s17p10d3f2g)/[17s10p7d3f2g] contraction scheme.94 The def2-

TZVP basis set was used for non-metal atoms (H, C, N and O). All 

calculations accounted for solvent effect using the continuum model 

(PCM) for water.95 Single-point frequency calculations were carried out 

with the same functional and basis sets for the ground state geometries 

which represented true minima on the potential energy surface.  

Single-point calculation for the optimized geometry was carried 

out to predict the 17O hyperfine coupling constant. This calculation was 

computed through the ORCA96 package using the TPSSh functional. In 
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this calculation, the aug-cc-pVTZ-J basis set was used for Mn(II) and 

the other atoms were treated by the EPR-III basis sets of Barone97 which 

triple-ζ basis set includes diffuse functions, double d-polarizations and 

a single set of f-polarization functions. The resolution of identity and 

chain of spheres exchange (RIJCOSX) approximation98,99 was used to 

accelerate the calculations and tight SCF convergence criteria were 

employed.  
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V. Results 

V.1. Synthesis of the ligands 

The synthesis of the O-pyclen platform was first accomplished by 

E. Weber and F. Vögtle,100 which method was modified by Csupász and 

his coworkers.33 

Condensation reaction occurring between the tosyl-protected 

bis(2-aminoethyl)ether and the 2,6-bis(chloromethyl)pyridine was used 

to synthesis the O-pyclen macrocycle (Figure 8). The starting material 

bis(2-chloroethyl)ether was aminated with potassium phthalimide by 

using Gabriel synthesis,101 followed by the protection of the obtained 

amine groups by means of tosyl chloride. The 2,6-

bis(chloromethyl)pyridine was synthesized following the method 

suggested by H. Su and coworkers.102 The macrocyclization step, was 

carried out in dry solvent (abs. MeCN) under an inert atmosphere using 

K2CO3 as a base. The deprotection of the tosyl groups was carried out 

in concentrated H2SO4 at elevated temperature (110 °C), delivered the 

O-pyclen macrocycle in a nearly quantitative yield.  

The synthesize of H4OPDMA ligand was performed via the 

alkylation of the secondary amino groups of the O-pyclen, by reacting 

them with various amounts of diethyl bromomalonate in anhydrous 

MeCN (K2CO3, inert atmosphere). The diethyl-bromomalonate was 

added in portions to the reaction mixture, and the conversion was 

followed by analytical HPLC technique. Since, the monosubstituted 

(OPMMA diethyl ester) and disubstituted (OPDMA tetraethyl ester) 

products have different retention times in HPLC at reverse-phase, we 
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were able to get information about the ratio of those. The formation of 

by-products was negligible. 

 

Figure 8. Synthetic route of O-pyclen macrocycle.33 

The products were purified by preparative HPLC technique, while 

MS and NMR measurements were carried out to identify the 

compounds. The ethyl protecting groups of the macrocycle OPMMA 

diethyl ester and OPDMA tetraethyl ester were saponoficated using 

NaOH, and which was converted to its acidic form (H2OPMMA, 

H4OPDMA) during the purification procedure using the preparative 

HPLC technique. The 1H-NMR, 13C-NMR and MS spectra, as well as 

the analytical HPLC chromatograms of the products, can be found in the 

Appendix (Figures A1–A16). 



43 
 

Tosyl-protected O-pyclen 

 

Figure 9. Condensation reaction of the tosyl-protected O-pyclen macrocycle. 

The 2,6-bis(chloromethyl)pyridine (1.28 g, 7.27 mmol, 1.0 eq.) 

was dissolved in 25 mL dry acetonitrile and added, dropwise, to the 

heated reaction mixture containing the N,N-(oxydiethane-2,1-

diyl)bis(4-methylbenzenesulfonamide) (3.00 g, 7.27 mmol, 1.0 eq.) in 

dry MeCN (10 mL) and K2CO3 (10.05 g, 72.7 mmol, 10 equivalent) The 

reaction was stirred at reflux temperature under argon atmosphere. The 

precipitate was filtered, after the completion of the reaction and the 

solvent from the filtrate was removed using reduced pressure. 

The residue was purified. (Flash chromatography, dichloromethane-

methanol). 

Yield: 2.21 g (59 %) as a white solid powder. 

1H-NMR (CD3CN) δ (ppm): 7.77 (4H, t, J = 8.2 Hz, aromatics), 7.65 

(1H, t, J = 7.6 Hz, aromatics), 7.42 (4H, d, J = 8.2 Hz, aromatics), 7.20 

(2H, d, J = 7.6 Hz, aromatics), 4.29 (4H, s, -CH2-), 3.51 (4H, t, J = 4.7 

Hz, -CH2-), 3.16 (4H, t, J = 4.7 Hz, -CH2-), 2.42 (6H, s, -CH3). 

13C-NMR (CD3CN) δ (ppm): 157.1, 144.7 (2×2C, Cq, aromatics), 138.2 

(1C, aromatics), 136.5 (2C, Cq, aromatics), 130.7, 128.3 (2×4C, 

aromatics), 123.6 (2C, aromatics), 70.5, 56.1, 50.6 (3×2C, -CH2-), 21.5 

(2C, -CH3).  

ESI-MS (m/z, positive mode): (M+H)+
calc.: 516.1621, (M+H)+

found: 

516.1622 
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O-pyclen 

 

Figure 10. Deprotection of the ditosyl-O-pyclen macrocycle. 

The ditosylated O-pyclen (0.50 g, 0.970 mmol, 1.0 eq.) was 

dissolved in 2.00 mL of cc. H2SO4 then the reaction was carried out in 

a microwave reactor (110 °C, 20 W, 5 min.). After the reaction, the 

mixture was cooled down first to room temperature and later it was 

cooled to 0 °C, by using a water–ice cooling mixture. Cold diethyl ether 

was added to the mixture in small portions resulting in precipitation. The 

solvent was decanted from the precipitate (dihydrogen sulphate salt of 

O-pyclen), and the residue was dissolved in 20 mL of distilled water. 

The pH of the solution was set to 13.2 with solid NaOH, and the product 

was extracted 3 times using 20 mL chloroform. The combined organic 

phase was dried over MgSO4 and evaporated under vacuum.  

Yield: 0.19 g (95%) as an orange oil. 

ESI-MS (m/z, positive mode): (M+H)+
calc.: 208.1444, (M+H)+

found: 

208.1443.  

1H-NMR (CD3CN) δ (ppm): 7.57 (1H, t, J = 7.6 Hz, aromatics), 7.04 

(2H, d, J= 7.6 Hz, aromatics), 3.83 (4H, s, -CH2-), 2.96 (4H, t, J = 4.7 

Hz, -CH2-), 2.65 (4H, t, J= 4.7 Hz, -CH2-). 

13C-NMR (CD3CN) δ (ppm): 161.2 (2C, Cq, aromatics), 137.4 (1C, 

aromatics), 121.5 (2C, aromatics), 69.9, 54.4, 50.0 (3×2C, -CH2-). 
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OPMMA diethyl ester 

 

Figure 11. Alkylation reaction of O-pyclen macrocycle by diethyl bromomalonate 

resulting OPMMA diethyl ester. 

Solid K2CO3 (670 mg, 4.85 mmol, 5.0 eq.) and O-pyclen 

macrocycle (200 mg, 0.97 mmol, 1.0 eq.) was dissolved in MeCN  

(5 ml). The diethyl bromomalonate (330 µl, 1,93 mmol, 2.0 eq.) was 

added dropwise to the basic solution under stirring. After the addition, 

the stirring was continued for 1 hour, while yellow precipitate formed, 

then the solvent was removed under reduced pressure. The product was 

dissolved in 2 mL of distilled water-MeCN mixture and the pH was 

adjusted to 5.0. The compound was purified by preparative HPLC 

technique. The product was a yellow powder (Figure A1-A3). 

Yield: 140.0 mg, 0.38 mmol, 80%. 

ESI-MS (m/z, positive mode): [M+H]+
calc.: 366.2024; [M+H]+

found: 

366.2023. 

1H-NMR (500 MHz, CD3CN) δ (ppm): 7.90 (1H, t, J1=7.6 Hz, J2=7.6 

Hz, aromatic), 7.37 (2H, t, J1=9.1 Hz, J2=9.1 Hz, aromatic), 4.88 (1H, s, 

-CH-), 4.52 (2H, s, -CH2-), 4.44 (2H, s, -CH2-), 4.16 (4H, m, -CH2-), 3.40 

(2H, m, -CH2-), 3.31 (4H, d, J1=7.8 Hz, -CH2-), 3.18 (2H, m, -CH2-), 1.17 

(6H, t, J=7.1 Hz, -CH3).  
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13C-NMR (125 MHz, CD3CN) δ (ppm): 167.5 (2 × 1C, C=O), 157.3  

(1 × 1C, aromatic), 151.2 (1 × 1C, aromatic), 140.6 (1 × 1C, aromatic), 

122.4 (2 × 1C, aromatics), 70.8 (1 × 1C, -CH-), 67.7 (1 × 1C, -CH2-), 

66.1 (1 × 1C, -CH2-), 63.0 (2 × 1C, -CH2-), 58.0 (1 × 1C, -CH2-), 57.7 

(1 × 1C, -CH2-), 50.6 (1 × 1C, -CH2-), 48.1 (1 × 1C, -CH2-), 14.1 (2 × 

1C, -CH3).  

 

Figure 12. Analytical HPLC chromatogram of OPMMA diethyl ester. (tR= 7.247 min). 
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H2OPMMA 

 

Figure 13. Deprotection of OPMMA diethyl ester. 

The ethyl protecting groups were removed in alkaline condition  

(5 eq. NaOH). The reaction was monitored by analytical HPLC method. 

After the completion of the reaction the pH was adjusted to near 5.0 and 

the product was purified by preparative HPLC.  

Final product was a yellow powder (Figure A4-A10). 

Yield: 68.0 mg, 0.22 mmol, 58%. 

ESI-MS (m/z, positive mode): [M+Na]+
calc.: 332.1217; [M+Na]+

found: 

332.1216. 

1H-NMR (500 MHz, D2O) δ (ppm): 7.82 (1H, t, J1=7.4 Hz, J2=7.6 Hz, 

aromatic), 7.32 (2H, t, J1=6.6 Hz, J2=6.9 Hz, aromatic), 4.30 (2H, s,  

-CH2-), 4.20 (1H, s, -CH-), 4.15 (2H, s -CH2-), 3.21 (2H, s, -CH2-), 3.10 

(4H, s, -CH2-), 2.93 (2H, s, -CH2-).  

13C-NMR (125 MHz, D2O) δ (ppm): 174.1 (2 × 1C, C=O), 157.0 (2 × 

1C, aromatics), 138.6 (1 × 1C, aromatic), 121.4 (1 × 1C, aromatic), 

120.9 (1 × 1C, aromatic), 76.5 (1 × 1C, -CH-), 67.7 (1 × 1C, -CH2-), 

66.3 (1 × 1C, -CH2-), 58.2 (1 × 1C, -CH2-), 54.6 (1 × 1C, -CH2-), 52.0 

(1 × 1C, -CH2-), 47.6 (1 × 1C, -CH2-).  

 



48 
 

 

Figure 14. Analytical HPLC chromatogram of H2OPMMA (tR= 3.027 min). 

OPDMA tetraethyl ester 

 

Figure 15. Alkylation reaction of O-pyclen macrocycle by diethyl bromomalonate 

resulting OPDMA tetraethyl ester. 

Solid K2CO3 (670 mg, 4.85 mmol, 5.0 eq.) and O-pyclen 

macrocycle (200 mg, 0.97 mmol, 1.0 eq.) were dissolved in 5 ml MeCN. 

The diethyl bromomalonate (330 µl, 1,93 mmol, 2.0 eq.) was added 

dropwise to the basic solution under stirring. After the addition, the 

reaction mixture was stirred during one hour, while yellow precipitate 

appeared. After completion of the reaction, the mixture was filtered 

through a G3 glass filter and the solvent from the filtrate was removed 

under reduced pressure. The product was dissolved in 2 mL of distilled 

water-MeCN mixture and the pH was adjusted to 5.0. The compound 

was purified by preparative HPLC method. The product was a yellow 

powder (Figure A11-A13). 
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Yield: 275.0 mg, 0.52 mmol, 55%. 

ESI-MS (m/z, positive mode): [M+H]+
calc.: 524.2603; [M+H]+

found: 

524.2602. 

1H-NMR (500 MHz, CD3CN) δ (ppm): 8.32 (1H, t, J1=7.8 Hz, J2=7.8 

Hz, aromatic), 7.65 (2H, d, J=7.7 Hz, aromatics), 4.54 (4H, m, -CH2-), 

4.47 (2H, m, -CH-), 4.18 (8H, t, J1=6.9 Hz, J2=6.8 Hz, -CH2-), 3.42 (4H, 

m, -CH2-), 3.06 (4H, m, -CH2-), 1.20 (12H, t, J=7.0 Hz, -CH3).  

13C-NMR (125 MHz, CD3CN) δ (ppm): 168.4 (4 × 1C, C=O), 155.7  

(2 × 1C, aromatics), 146.3 (1 × 1C, aromatic), 123.9 (2 × 1C, aromatics), 

68.8 (2 × 1C, -CH2-), 68.5 (2 × 1C, -CH-), 62.8; 57.2; 55.1 (8 × 1C,  

-CH2-), 14.25 (1 × 1C + 6 × 2C, -CH3). 

 

Figure 16. Analytical HPLC chromatogram of OPDMA tetraethyl ester ligand 

(tR= 9.717 min). 
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H4OPDMA 

 

Figure 17. Deprotection of OPDMA tetraethyl ester. 

The ethyl protecting groups were removed with 5 eq. NaOH in 

ethanol. The reaction was monitored by analytical HPLC method. The 

pH of this solution was adjusted to near 4.0 and the product was purified 

by preparative HPLC. The product was a white powder (Figure A14-

A16). Yield: 128.0 mg, 0.31 mmol, 60%. 

ESI-MS (m/z, positive mode): [M+H]+
calc.: 412.1351; [M+H]+

found: 

412.1350.  

1H-NMR (500 MHz, D2O) δ (ppm): 7.69 (1H, t, J1=7.8 Hz, J2=7.5 Hz, 

aromatic), 7.20 (2H, d, J=7.5 Hz, aromatics), 4.17 (2H, bs, -CH2-), 3.97 

(2H, bs, -CH-), 3.70 (2H, s -CH2-), 3.32 (2H, bs, -CH2-), 2.94 (2H, bs, -

CH2-), 2.58 (2H, bs, -CH2-), 2.29 (2H, bs, -CH2-).  

13C-NMR (125 MHz, D2O) δ (ppm): 177.0 (4 × 1C, C=O), 160.1 (2 × 

1C, aromatics), 137.8 (1 × 1C, aromatic), 120.2 (2 × 1C, aromatics), 

78.8 (2 × 1C, -CH2-), 68.1 (2 × 1C, -CH-), 59.1 (2 × 1C, -CH2-), 54.0 

(2×1C, -CH2-).  
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Figure 18. Analytical HPLC chromatogram of H4OPDMA ligand (tR= 6.357 min). 
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V.2. Physico-chemical characterization of [Gd(OPDMA)]– 

As it was highlighted before, the appearance of the NSF and its 

link to the in vivo decomplexation of GBCAs induced significant 

research efforts to improve inertness of the Gd-based complexes.2,103,104 

A possible solution to achieve this goal is to improve the rigidity of the 

ligands, resulted in complexes being more resistant against in vivo 

dechelation. Rigidification of the ligand backbone can be attained by 

incorporating rigid moieties into the structure involving the donor 

atoms. For example, when one or two N donor(s) in the cyclen is/are 

replaced by pyridine ring(s), yielding pyclen and bispyclen ligands 

(Figure 19), the rigidity of the macrocycle and its Gd3+ complex 

increases significantly.105,106 However, the result of this modification is 

that the N donor(s) lose(s) the ability to carry a pendant arm. Less donor 

atoms result in a less saturated coordination sphere which is good for 

the relaxivity but not for the inertness.107 On the other hand, this problem 

is easily remediable by introducing pendants with more than one donor 

atom on the substitutable nitrogens of the macrocycle. The picolinate 

pendant with an aromatic N and a carboxylate O is good example.108 

Another interesting option, which was barely investigated, is malonate 

possessing two O donors.109–112 Another possibility to increase the 

inertness of the complexes is to decrease the basicity of the ligands, for 

example, by replacing the amine with an ether oxygen to hamper the 

proton-assisted dissociation.33 

For these reasons, we combined these strategies, and designed, 

synthetized and investigated the coordination chemical properties of 

H4OPDMA ligand and its Gd3+ complex. The H4OPDMA is an 
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O-pyclen-based macrocyclic ligand bearing malonate pendant arms 

(Figure 19).  

 

Figure 19. Structure of ligands mentioned in this chapter 

V.2.1. Thermodynamic and kinetic characterization of 

[Gd(OPDMA)]– 

First, the protonation constants of the ligand and the protonation 

and stability constants of the Gd3+ complex have been determined by pH 

potentiometric and relaxometric methods. Five protonation constants 

were found for the OPDMA4– ligand are listed in Table 6. Since the 

basicity of the donor atoms located at the ligand backbone has the 

highest influence on the formation of the so-called “in-cage” complex, 

the sum of those has been calculated and compared with the 
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corresponding values gained for H4DTPA,113 H4AAZTA,114 H3PCTA115 

and H4DOTA116 (Table 6). The results show that the basicity of 

H4OPDMA is orders of magnitude lower than that of the ligands used 

for comparative purposes. Obviously, in OPDMA, the aromatic N donor 

atom has lower basicity, furthermore, another one is replaced by a less 

basic etheric oxygen. The decrease in the basicity has a collateral 

advantage, namely, the faster complex formation at acidic pH, which is 

typical for rigid macrocyclic ligands.115 

Table 6. Protonation constants (logKi) of OPDMA4– and the comparative ligands, 

protonation and stability constants of their Gd3+ complexes (T = 25 °C). 

 OPDMA4– DTPA5–a AAZTA4–b PCTA3–c DOTA4–d 

logK1 7.14(5) 9.93 11.23 11.36 11.08 

logK2 6.99(2) 8.37 6.52 7.35 9.23 

logK3 3.17(4) 4.18 3.78 3.83 4.24 

logK4 2.23(4) 2.71 2.24 2.12 4.18 

logK5 2.02(5) 2.00 1.56 1.29 1.88 

logK2
H e 14.13 18.30 17.75 18.71 20.31 

logKGdL 18.01(7) 22.03 20.24 20.39 24.7f 

logKGdL
H 2.09(5) 1.96 1.89 – – 

pGdg 14.8 15.5 13.4 13.1 16.2 

a Ref.113; b Ref.114 0.1 M KCl; c Ref.115 1 M KCl; d Ref.116, logK6
H=1.71 (1.0 M NaCl); e 

logK1 + logK2; f Ref.117 0.1 M NaCl; g pH=7.4; cL = cM= 0.01 mmol/dm3, 3σ standard 

deviations are indicated in parenthesis 
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According to literature evidence, lower ligand basicity means 

lower stability constants for the complexes.2 The stability of 

[Gd(OPDMA)]– was studied by pH-potentiometric and relaxometric 

method, where the 1/T1 and 1/T2 relaxivity of the out-of-cell samples at 

different acid concentrations were measured. The simultaneous fitting 

of the experimental data obtained by the different techniques delivered 

the protonation and stability constants of the chelate. In order to avoid 

the misleading information may arise from the slow complex formation, 

that was tested under acidic conditions by measuring the relaxation 

enhancement in time. The results show that the complexation is fast at 

pH = 2, since there was no observable change in the relaxivity after 

mixing time ( 1 min). However, in order to ensure the fast equilibration 

at pH < 2, the out-of-cell samples were prepared by mixing the complex 

with an acid solution, since the complex dissociation below pH = 2 is 

relatively fast (t1/2 = 9.6 min at pH = 2). The relaxivity of the samples 

was recorded after 2 hours of equilibration time. Previously, numerous 

studies118–120 proved that the highly acidic provoke malonate 

decarboxylation, thus the stability of the ligand was monitored in 

samples containing 1.0 M HCl solution by analytical HPLC for a period 

of 6 hours. This measurements confirmed the ligand stability as no 

decarboxylation was found (Figure A17).120,121  

The stability of the complex was found to be at least two orders of 

magnitude lower than those of the other complexes compared (Table 6). 

The conditional stabilities for the chelates were also calculated in the 

form of pGd for physiological pH 7.4 (cGdL = 0.01 mM). The pGd of 

[Gd(OPDMA)]– is lower than that of DTPA5– and DOTA4– complexes, 

but higher than that of the AAZTA4– and PCTA3– chelates (Table 6). 
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The equilibrium model was validated by measuring the 1/T1 relaxation 

rates, which are presented in Figure 20 together with the species 

distribution curves. The r1p values do not change between pH = 3 and 8 

where the fully formed, deprotonated complex is present. Below pH = 

3, an increase of R1p can be observed by the formation of a 

monoprotonated complex, in which a carboxylate group is protonated 

results in the appearance of the q = 2 complex species. 

 

Figure 20. Species distribution curves of [Gd(OPDMA)]– system, together with the 

pH-dependent relaxivities (r1p: ■ (direct titration) and ▲ (out-of-cell samples)) 

(cL = cGd(III) = 1 mM, T = 25 °C, 0.15 M NaCl, 1.41 T). 

According to the DFT calculations (see below), one carboxylate 

group is not involved in the coordination. Presumably, the protonation 

of this carboxylate is easier at acidic pH, which leads to the 

decoordination of the entire malonate arm. 

The kinetic inertness of Gd3+-based chelates proposed for human 

applications as much as important than their stability to prevent the in 

vivo dechelation.2,104 Thus, the metal exchange reactions of 
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[Gd(OPDMA)]– was studied at 37.0 °C, where Cu(II) and Eu(III) ions 

were applied in high excess to ensure pseudo-first order conditions 

(Figure 21 and 22). The exchange reactions were monitored by 1H 

relaxometry for Eu(III) and by spectrophotometry for Cu(II) between 

pH = 2 and 4. The the pseudo-first order rate constant (kobs) can be 

expressed as follows: 

 

-
d[Gd(OPDMA)]t

dt
=kobs[Gd(OPDMA)]

t
       (27) 

 

, where [Gd(OPDMA)]t is the total concentration of the complex at time t. 

The dissociation of macrocyclic Gd(III) complexes mainly occurs 

through proton-assisted pathways, since the rearrangement of the donor 

atoms is hampered in the heterodinuclear intermediates. As it can be 

seen in Figure 21, the kobs values increase linearly with increasing [H+], 

and remain independent of Cu(II) concentration, thus the process can be 

expressed by the following equation: 

 

kobs = k0 + k1[H
+]       (28) 

 

During the fitting procedure, we found that the role of the spontaneous 

dissociation is negligible, so equation 28 is further simplified. The 

obtained rate constant and the calculated dissociation half-life (t1/2) are 

given in Table 7, together with the corresponding data for the Gd3+ 

complexes of DTPA5–, AAZTA4–, PCTA3– and DOTA4–. 
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Figure 21. Dependence of the pseudo-first-order rate constants (kobs) on [H+] for 

[Gd(OPDMA)]– (Cu(II) excess: 10■, 20, 40▲; 37 °C, 0.15 M NaCl). The line 

corresponds to the best fit of the kobs values. 

 

 

Figure 22. Dependence of the pseudo-first-order rate constants (kobs) on [H+] for the 

[Gd(OPDMA)]– complex (Eu(III) excess: 20■, 37 °C, 0.15 M NaCl). The lines 

correspond to the best fit of the kobs values. 
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Table 7. Rate constants for the dissociation reactions of OPDMA4–, DTPA5–, 

AAZTA4–, PCTA3– and DOTA4– complexes formed with Gd(III) ion and their half-

lives calculated for pH = 7.4 (25 °C / 37 °C, I =0.15 M (NaCl), charges are omitted 

for simplicity) 

 OPDMA 

+ Eu(III) 

OPDMA 

+ Cu(II) 

DTPAa AAZTAb PCTAc DOTAd 

k1 

(M–1s–1) 

0.05 / 

0.126(3)e 

0.07 / 

0.175e 
0.58 1.05 5.1×10−4 

8.4×10−6 / 

2.0×10−5 e 

t1/2 

(year)f 

11 / 

4.4e 

8 / 

3.2e 
0.015 0.50 1.1103 

6.6104 / 

2.7104 e 

a Ref.48; bRef.114; c Ref.115 refers to [Eu(PCTA)]; d Ref.47; e 37 °C; f t1/2=ln2/kcalc, pH=7.4 

In order to get a better comparison of the inertness of the 

complexes, the k1, characterizing the proton-assisted pathway has been 

estimated for 25 °C as well. Based on literature data, we assumed that 

the reaction rate decreases by a factor of 2.5 from 37 to 25 °C (Table 7). 

Comparing the t1/2 values, one can conclude that, the inertness of 

[Gd(OPDMA)]– is higher than that of the open-chain DTPA and 

AAZTA, but 3-4 orders of magnitude lower than that obtained for the 

macrocyclic PCTA and DOTA chelates. Interestingly, there is a slight 

(~30%) difference in the k1 value depending on whether the exchange 

reactions were performed with Eu3+ or Cu2+ ions. However, we could 

not prove the presence of the metal-assisted pathway, the possible 

formation of dinuclear complexes with the exchanging metal ions may 

occur, which is more likely with Cu(II). The formation of the dinuclear 

complexes can open up the structure of the coordination cavity which 

can accelerate the proton-assisted dechelation.  

The dissociation half-life of our complex amounts to years at 37 °C 

if other dissociation pathways or enzymatic processes are not operative 

in the body, which is sufficient for in vivo applications. 



60 
 

V.2.2. NMRD and 17O NMR characterization of [Gd(OPDMA)]– 

The r1p of CA candidates is a key parameter, which indicates their 

efficacy in relaxation enhancement. The r1p values obtained for 

[Gd(OPDMA)]– at different field strengths (0.49 T and 1.41 T) and 

temperatures (25 and 37 °C) are compared to those of analogous 

chelates in Table 8. 

Table 8. r1p values (mM–1s–1) determined for Gd(III) complexes of OPDMA4- and 

other ligands used for comparative purposes at pH = 7.4, 25/37 °C and 20/60 MHz 

(charges are omitted for simplicity). 

25/37 °C 
OPDMA 

(q=1) 

DTPA 

(q=1) 

AAZTA 

(q=2) 

PCTA 

(q=2) 

DOTA 

(q=1) 

0.47 T 
4.5/3.7 

4.5 (HSA) 
4.7a/3.8b 7.1d/5.2d 6.9f/5.2f 4.7a/3.5b 

1.4 T 
4.3/3.4 

4.4 (HSA) 
4.2c/3.4b 6.7e/4.8e 6.3g/4.8g 4.3c/3.1b 

a Ref.122; b Ref.123; c 50 MHz = 1.17 T; d Ref.124, e Ref.125; f Ref.126; g Ref.127 

There is no significant difference between the r1p values of 

[Gd(OPDMA)]– and that of the q = 1 chelates, which indicates that one 

water molecule is coordinated in the inner sphere of the complex. The 

value of q was indeed determined by luminescence measurements on 

the Eu3+ complex (Figure A20 and A21), delivering q = 1.20.1 value 

for both pH = 7 and 3 at 25 °C.85 The decrease of relaxivity values with 

increasing temperature indicates that the fast rotation of the complex 

limits the relaxivity, which behaviour is typical for low molecular 

weight Gd3+-based chelates.2 The r1p values determined in the presence 

of human serum albumin (cHSA = 0.8 mM) indicate a negligible 

interaction between the complex and the protein (Table 8). 
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The water exchange rate and the other relaxation parameters of 

[Gd(OPDMA)]−, were studied by temperature dependent NMRD and 

17O NMR methods. The longitudinal relaxivities were recorded in the 

proton Larmor frequency range 0.04−80 MHz (9.39×10−4 – 1.88 T) 

(Figure 23). The reduced transverse (1/T2r) relaxation rates and chemical 

shifts (Δωr) were determined for an aqueous solution of the chelate (cGdL 

= 21.4 mM, pH = 7) as a function of temperature (Figure 24) in the 17O 

NMR experiments. 

 

Figure 23. NMRD profiles recorded for [Gd(OPDMA)]− at 25 (▲) and 37 () °C  

(cGdL = 1.0 mM). 
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Figure 24. 1/T2r and Δωr values determined for [Gd(OPDMA)]– (B = 9.4 T, pH = 7, 

cGdL = 21.4 mM). The solid lines represent the best fit of the data. 
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The 1/T2r values are decreasing with increasing temperature which 

is typical for the fast water exchange, in which T2m ≫ τm. The Δωr values 

are also in full accordance with fast exchange, and indicate one inner 

sphere water molecule. The temperature dependence of 1/T2r is 

determined by two factors, the transverse relaxation time of the bound 

H2O (T2m) and mean residence time of that in the inner sphere (τm) (1/T2r 

∼ 1/(T2m + τm)).128 The value of T2m increases, while τm decreases with 

increasing temperature.  

A simultaneous fitting of the 1H NMRD and 17O NMR data was 

carried out by using the Solomon−Bloembergen−Morgan theory of 

paramagnetic relaxation79,80 for the description of the inner-sphere water 

1H and 17O relaxation and the Freed model for the outer-sphere 

contribution to relaxivity.81 The 17O NMR data were fitted with the 

Swift-Connick equations.62,63 Furthermore, some parameters were fixed 

during the fitting procedure, the q was fixed to 1, the distance of closest 

approach for the outer-sphere water molecules was set to 3.5 Å, and the 

distances between the Gd(III) and the H and O atoms of the coordinated 

H2O were fixed to 2.5 and 3.1 Å. The diffusion coefficient, its activation 

energy and the activation energy for the modulation of the zero field 

splitting (Ev) were set to 26 × 10−10 m2s−1, 24 kJ mol−1 and 1 kJmol−1, 

respectively. The obtained parameters are shown in Table 9. 
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Table 9. Best-fit parameters gained for [Gd(OPDMA)]– from the analysis of NMRD 

and 17O NMR data along with the corresponding values found for the Gd3+ 

complexes formed with DTPA5–, AAZTA4–, PCTA3– and DOTA4– ligands 

(charges are omitted for simplicity). 

Gd3+ chelates 
OPDMA 

(q = 1) 

DTPAa 

(q = 1) 

AAZTAb 

(q = 2) 

PCTAc 

(q = 2) 

DOTAa 

(q = 1) 

kex
298  

(106 s–1) 
73(12) 3.3 11.1 14 4.1 

Hǂ  

(kJ mol–1) 
26.0(3) 52 20 45 50 

Sǂ  

(J mol–1 K–1)
-7(1) +54 -43 +43 +47 

A/ħ 

(106 rad s–1) 
-3.4(2) -3.8 -3.8 -3.8 -3.7 

R
298  

(ps) 
79(3) 58 74 70 77 

Er  

(kJ mol–1) 
26(2) 17 20 – 16 

v
298  

(ps) 
12(1) 25 30 15 11 

2  

(1020 s–2) 
1.6(1) 0.46 0.26 0.59 0.16 

a Ref.122; b Ref.123,124; c Ref.126 

The kex
298 of [Gd(OPDMA)]– is the highest among all complexes 

compared (Table 9). The negative value of Sǂ (activation entropy) 

indicates an associative mechanism for the water exchange process, in 

contrast with that of [Gd(DTPA)]2– and [Gd(DOTA)]– chelates, where 

a dissociative mechanism was found. The associative mechanism is a 

logical consequence of the 8-coordinated metal ion, according to the 



65 
 

DFT calculations (see below). The lower activation enthalpy is also in 

accordance with this. The value of A/ℏ (hyperfine coupling constant) is 

typical for Gd(III) complexes and in excellent agreement with that 

obtained by DFT calculations (-3.3  106 rad s−1, vide infra). The 

rotational correlation time (R) of our complex is close to those reported 

for other complexes of similar size. Interestingly, the electron spin 

relaxation of the [Gd(OPDMA)]– complex is relatively fast based on the 

higher 2 (square zero field splitting energy) (Table 9). This 

phenomenon is likely the result of the less symmetric structure.  

V.2.3. DFT calculations for [Gd(OPDMA)]– 

The plausible structure of the [Gd(OPDMA)]– was calculated by 

DFT. The structure of the [Gd(OPDMA)]– was optimized by 

considering an inner sphere water molecule and the presence of two 

second-sphere water molecules as well as the bulk solvent by using the 

polarized continuum model.129,130 The optimized structure of the 

[Gd(OPDMA)]– is shown in Figure 25 and the Cartesian coordinates are 

listed in the Appendixes (Table A1). 

The predicted structure shows a bicapped trigonal prismatic 

geometry where the ligand coordinates to the Gd3+ ion in a heptadentate 

manner. The inner sphere of the complex is completed with a H2O 

molecule coordinated to the Gd3+ ion, yielding an overall coordination 

number of eight (CN=8). The Gd(III)-Owater distance was found to be 

2.47 Å which falls into the range of first coordination shell of water. The 

inner sphere water molecule is stabilized by the explicit water molecules 

via a hydrogen bond network and the pendant malonate arms are also 

involved in the formation of hydrogen bonds (Table A1). 
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Figure 25. DFT calculated structure of [Gd(OPDMA)]– complex. 

The 17O hyperfine coupling constant was also calculated and 

estimated to be -3.33 106 rad s–1 which is in perfect agreement with that 

obtained experimentally and verifies the structure in solution. 

Additionally, DFT also predicted a CN=9 coordination mode for the 

complex, where all carboxylate arms are bound to the Gd3+ ion 

completed with an inner-sphere H2O molecule (Figure A22 and Table 

A2). In this case, however, the Gd(III)-Owater distance is calculated to be 

2.61 Å which is relatively long, and the 17O hyperfine coupling constant 

is unrealistic (A/ħ = -1.8106 rad s–1). Based on the results, one can 

conclude that the binding of the fourth carboxylate pendant is 

unfavorable, probably due to the electrostatic repulsion and/or steric 

reasons.  
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V.3. Physico-chemical characterization of [Mn(OPMMA)] 

Beside the development of highly inert Gd-based CAs, the other 

possible solution to handle the question of the in vivo stability is the 

replacement of the Gd3+ ion with other essential paramagnetic metal 

ion.131 The most promising candidate is the Mn2+, since the human body 

has efficient routes to control it homeostasis. Indeed, the Mn2+ ion has 

also to be chelated in the form of stable complexes, since its LD50 value 

(0.1-0.3 mmol/kg) is similar to that of Gd3+.132 

The development of Mn(II)-based CAs, however, is challenging 

due to the different coordination chemistry of the Mn2+, thus the ligands 

suitable for the complexation of Gd3+ cannot be applied for Mn2+ 

chelation. The DTPA5– and DOTA4– derivatives usually possessing 8 

donor atoms, form thermodynamically stable and the macrocyclic ones 

highly inert chelates with Mn(II) ion, the relaxivity of those complexes 

is limited to the outer sphere contribution because there is no water 

molecule in their inner sphere of the chelates due to the lower CN of the 

Mn2+.30,39 Thus, to reduce the number of donor atoms of the ligands is 

indispensable issue, which, of course, has an overall impact on the 

properties of the chelates.39 

The O-pyclen macrocycle has been developed for the same 

reason, in which the N donor atom located opposite to the pyridine 

nitrogen was replaced by an etheric O atom.33 Based on the excellent 

result obtained for the [Gd(OPDMA)]–, the mono-malonate derivative 

of the O-pyclen ligand has been synthetized (Figure 26) and the physico-

chemical characterization of its Mn2+ complex has been performed. 
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Figure 26. Structure of ligands mentioned in this chapter. 

V.3.1. Thermodynamic and kinetic characterization of 

[Mn(OPMMA)] 

pH potentiometric method was used to determine the protonation 

and stability constants of the ligand and Mn2+ complex in the presence 

of NaCl (I = 0.15 M) at 25 C to mimic the physiological conditions. 

The raw data (V(ml)-pH data pairs) delivered by the titrations were 

analyzed with the PSEQUAD program.77 

The calculations delivered four pKas for the OPMMA2– which are 

presented in Table 10 and compared with the corresponding values 

obtained for H2OPC2A and 3,9-H2PC2A ligands. 
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According to the results published by Csupász and coworkers33 

for the H2OPC2A and by Garda and coworkers40 for the 3,9-H2PC2A 

ligands (Table 10), the first two protonation of OPMMA2– occur on the 

nitrogen donors of the macrocyclic backbone, while the remaining ones, 

can be linked to the protonation of the malonate. 

The value of the logK1 of H2OPMMA is three orders of 

magnitudes lower than that of 3,9-H2PC2A, which is the result of the 

replacement of the trans-N to a less basic, etheric O donor. At the same 

time, the ”fusion” of the acetates into malonate increases the basicity, 

probably because of the presence of the unsubstituted amine and the 

presence of stronger H-bond between N and O donors. 

Table 10. The protonation constants (logKi) of the ligands (OPMMA2–, OPC2A2– 

and 3,9-PC2A2–) and the protonation and stability constants of their Mn2+ complexes. 

 OPMMA2– a OPC2A2– b 3,9-PC2A2– c 

logK1 9.17(5) 7.73 12.25 

logK2 8.19(5) 7.66 5.97 

logK3 3.26(7) 2.13 3.47 

logK4 1.29(9) – 1.99 

logK2 17.36 15.39 18.22 

logKMnL 10.07(5) 13.03 17.09 

logKMnHL – 2.40 2.14 

logKMn(OH)L 11.00(7) 11.49 – 

pMnd 6.27 8.69 8.64 
a 3σ standard deviations are indicated in parenthesis. I = 0.15 M NaCl, T = 25 °C, 

b Ref.33, c Ref.40, d Ref133, pMn = −log[Mn(II)free], cMn(II) = cL = 0.01 mM, pH = 7.4 
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For the better comparison of the ligands’ basicity, the sum of the 

protonation constants of the macrocycles have been calculated (logK1 + 

logK2 = logK2), since these processes have essential effect on the 

formation of in-cage complex. Comparing logK2 values, one can 

conclude that the basicity of the OPMMA2– falls between those of the 

reference chelators considered here. 

Since, usually higher basicity results in higher stability constants, 

furthermore, the size of the macrocycles, the nature and number of the 

donor atoms are similar for these chelators, the logKMnL of 

[Mn(OPMMA)] was expected to be higher than that of [Mn(OPC2A)]. 

Contrarily, the stability of the complex is 3 and 7 orders of magnitude 

lower than that of [Mn(OPC2A)] and [Mn(3,9-PC2A)], respectively. 

The pMn values have also been calculated for physiological pH 

according to the method proposed by Drahos and coworkers133 and 

listed in Table 10. The comparison of the pMns shows that the stability 

of our complex is more than two orders of magnitude lower than that of 

[Mn(OPC2A)] and [Mn(3,9-PC2A)]. Due to the lower stability, circa 

5% of Mn2+ remains uncomplexed at pH = 7.4 under these conditions, 

so in the subsequent studies 10% of ligand excess was used to force the 

100% complexation. It is also important to mention that the 

complexation at 1 mM complex concentration is 99% (without ligand 

excess, pMn = 5.2) at pH = 7.4. 

In order to prove the validity of the model that was established 

based on the pH potentiometric results, 1H-relaxometric measurements 

were carried out on the Mn(II)-OPMMA system. The pH - 1/T1 data 

pairs are compared and presented in Figure 27 along with the species 

distribution curves.   



71 
 

 

Figure 27. Species distribution curves of Mn2+–OPMMA4– system (cMn(II) = cL = 1 mM), 

togheter with the pH-dependent relaxivities (T = 25 °C, I = 0.15 M NaCl, 0.49 T). 

Based on the titrations, the formation of the [Mn(OPMMA)] 

complex and its hydroxide species ([Mn(OH)(OPMMA)] can be 

assumed (Table 10), which was confirmed by the comparison of the pH-

1/T1 profile and the distribution curves, thus we can stated that this 

equilibrium model sufficiently describes the system (Figure 27). The R1p 

values are continuously decreasing from pH = 3 parallel with the 

formation of the ML complex, which finishes around pH ~ 7.5. At 

higher pH values, the process of the deprotonation of the coordinated 

water molecule becomes dominant, leading to the further decrease of the 

relaxivity.  

The inertness of the [Mn(OPMMA)] complex was investigated by 

spectrophotometric method. The decomplexation reactions were studied 

by metal exchange reactions using Cu2+ ion as a scavenger in 10-fold 

excess to ensure the pseudo-first order conditions, thus the rate constants 
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obtained are pseudo-first order rate constants (kobs) and can be described 

similarly to Equation 27.  

The preliminary experiments showed that the dissociation of the 

[Mn(OPMMA)] is too fast to be investigated by conventional 

spectrophotometry, therefore stopped-flow method was used. The 

dissociation of the Mn2+-based macrocyclic polyamino polycarboxylate 

complexes mainly occur through proton-assisted pathways but in some 

cases the spontaneous and/or the metal-assisted dechelation can also 

operate.2 For the metal-assisted pathway, a dinuclear intermediate 

complex possessing sufficiently high stability must be formed. In the 

proton-assisted dissociation the chelate needs to be protonated, which 

occurs mainly on the pendant(s) followed by the migration of the proton 

to the most basic donor atom of the ligand inducing a structural 

rearrangement of the complex, which leads to the liberation of the metal 

ion. Since, our complex possesses very low inertness, the effect of the 

exchanging metal ion was not investigated.  

The kobs values calculated from the absorbance-time data pairs 

increase with increasing [H+] showing a saturation-like behavior at 

higher pH values (Figure 28), indicating the formation of a relatively 

stable monoprotonated intermediate. Taking into account all the 

parameters, the proton-assisted dissociation of [Mn(OPMMA)] can be 

given by equation 29: 

 

kobs = k1[H
+]/(1+K1

H[H+])   (29) 
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The rate constant and the protonation constant obtained are 

presented in Table 11, where the corresponding values determined for 

the Mn2+ complex of OPC2A2– and 3,9-PC2A2– are also shown. 

 

Figure 28. Dependence of the kobs on [H+] for the [Mn(OPMMA)] complex 

(25 °C, 0.15 M NaCl). The solid line corresponds to the best fit. 

Table 11. Rate and equilibrium constants for the dissociation of Mn2+ complexes of 

OPMMA2–, OPC2A2– and 3,9-PC2A2–(I = 0.15 M NaCl, T = 25 °C, 

charges are omitted for simplicity) 

Mn2+ 

complexes 
OPMMA OPC2Ab 3,9-PC2Ac 

k0 (s
–1) – (8.61.1)10–6 – 

k1 (M
–1s–1) (1.4±0.1)105 2.810.07 2215 

K1
H (4.7±0.6)104  – (3.6±0.5)103 

t1/2(h)c 3.510–2 21.9 21.9 
a Ref.33, b Ref.40, c pH = 7.4 
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Interestingly, the logK1
H value (logK1

H = 4.67) characterizing the 

protonation of the [Mn(OPMMA)] complex in the dissociation process 

was found to be one order of magnitude higher than that was determined 

for the [Mn(3,9-PC2A)] complex (logK1
H = 3.55). Furthermore, this 

protonation constant is higher than those were determined for the 

carboxylates of the OPMMA2– ligand (logK3 = 3.26 and logK4 = 1.29). 

This phenomenon indicates that the protonation of the complex 

probably occurs directly on the unsubstituted macrocycle N donor, 

which seems to promote the easier structural rearrangement of the 

complex and the faster release of the Mn(II) ion. In order to get a better 

comparison for the inertness of the three chelates, the half-lives (t1/2) of 

the dissociation reactions have been also calculated for pH = 7.4 (Table 

11). The t1/2 values show that the inertness of [Mn(OPMMA)] is more 

than two orders of magnitude lower than that of the Mn2+ complexes of 

OPC2A2– and 3,9-PC2A2–, probably because of the aforementioned 

reasons. 

V.3.2. 1H NMRD and 17O NMR characterization of [Mn(OPMMA)] 

The longitudinal (r1p) and transverse (r2p) relaxation rates of the 

Mn2+ complex formed with OPMMA2– ligand have been determined in 

solutions (pH = 7.4, I = 0.15 M NaCl) at different temperatures (25 and 

37 °C) and field strength (20 and 60 MHz, Table 12).  

The relaxivity values of [Mn(OPMMA)] are slightly higher 

(except the r2p relaxivities recorded at 60 MHz) than those of 

[Mn(OPC2A)] and [Mn(3,9-PC2A)]. The slightly increased relaxivity 

can be the result of the assymetric structure of the ligand, which results 

a more open structure. 
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Table 12. r1p values (mM–1s–1) determined for Mn2+ complexes of OPMMA2– and 

other ligands used for comparative purposes at pH = 7.4, 25/37 °C and 20/60 MHz 

(charges are omitted for simplicity). 

 25/37 °C OPMMA OPC2Aa 3,9-PC2Ab 

0.47 T 
r1p 3.48/2.84 3.13/2.54 2.91 

r2p 5.85/4.70 5.15/4.17 3.96 

1.41 T 
r1p 2.91/2.19 2.72/2.06 2.29 

r2p 8.06/5.27 9.90/7.37 4.82 
a Ref.33, b Ref.40, c pH = 7.4 

Similarly to the [Gd(OPDMA)]– complex, 17O and 1H NMRD 

measurements were carried out to determine the parameters governing 

the relaxivity of the [Mn(OPMMA)] complex. The NMRD profiles have 

been recorded in the frequency range of 0.04–80 MHz at 25 and 37 °C 

(cMnL = 1.0 mM). The 17O NMR measurements have been performed at 

9.4 T on a complex solution (cMnL = 6.4 mM) and a diamagnetic 

reference (HClO4, pH = 3.3) in aqueous solution. The 1/T1 values and 

the chemical shifts of the paramagnetic and diamagnetic samples did not 

differ significantly, so those were omitted from the calculations. The 

simultaneous analysis of the 17O and NMRD data did not provide 

reasonable results, so those were fitted separately (Figure 29 and 

30).62,63,79–81 Thus, the water exchange rate and its activation enthalpy 

obtained form 17O experiments were fixed in the fitting procedure of 

NMRD data. In this way, the kex, H‡, 1/T1e, r, Er (activation energy of 

r), the square of the zero-field splitting energy (ZFS, 2) and the 

correlation time for its modulation (v) have been determined. The 

obtained parameters are presented in Table 13 together with the 

corresponding values gained for the comparative complexes.  
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Based on literature evidences, A0/ħ was set to 33  106 rad/s, the 

distance between the metal ion, and the inner and outer sphere water 

protons were fixed to 2.83 Å and 3.6 Å, respectively; DMnH was set to 

2.6  10–9 m2/s and EDMnH to 22 kJ/mol, furthermore, Ev was fixed to 1.0 

kJ/mol. The q was set to 1 based on the relaxivity values.  

The ln(1/T2r) values (Figure 29) increase continuously with 

decreasing temperature with a small lean at low temperatures reaching 

the intermediate region, thus the maximum of the curve cannot be 

determined accurately. For this reason, the calculation of q from the 

transverse relaxation rates according to the method proposed by Gale,38 

delivered only a value of 0.5 ± 0.2. The contribution of the water 

exchange to the overall correlation time (1/τc = kex + 1/T1e, 1/T1e = 

(8.1±0.6)  107 s–1) was calculated and found to be increasing from 52 

to 93% in the investigated temperature range, which ensures the accurate 

determination of kex. 

 

Figure 29. 1/T2r values determined for [Mn(OPMMA)] (9.4 T). The solid line 

corresponds to the fit of the data. 
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Figure 30. 1H NMRD profiles recorded for [Mn(OPMMA)] at 25 (▲) and 37 () °C 

(cMnL = 1.0 mM). 

Table 13. Best-fit parameters gained for [Mn(OPMMA)] from the analysis of 1H 

NMRD and 17O NMR data along with the corresponding values found for the Mn2+ 

complexes formed with OPC2A2– and 3,9-PC2A2– ligands (charges are omitted for 

simplicity). 

Parameter OPMMA OPC2Ac
 3,9-PC2Ad

 

kex
298 ( 107 s–1)a 22.1 ± 0.01 5.3 12.6 

H‡ (kJ mol–1)a 23.1 ± 0.1 28.5 37.5 

S‡ (JK–1mol–1)a -8 ± 1 -1.9 – 

ErH / (kJ mol–1)b 17.2 ± 1.6 14.8 – 

rH
298 (ps)b 55 ± 3 40.0 – 

τv
298 (ps)b 33 ± 11 19.3 – 

Δ2 (1019 s-2)b 2.1 ± 0.9 1.8 – 

a from 17O NMR; b from NMRD; c Ref.33, d Ref.40 

 



78 
 

The water exchange rate of the [Mn(OPMMA)] is circa two-times 

higher than that was obtained for the [Mn(3,9-PC2A)] complex, and 

more than fourfold higher the that of [Mn(OPC2A)]. This behaviour 

surely the effect of the structural differences. The incorporation of the 

O atom into the macrocyclic structure can increase the rigidity of the 

coordination cage, in contrast, the asymmetric structure of the ligand 

decreases that. The small negative value of S‡ (-8  1 JK–1mol–1) 

gained for the complex indicating associatively activated interchange 

mechanism for water exchange. The 1H NMRD profiles have the typical 

shape of low molecular-weight complexes with a single dispersion 

(Figure 30). Since, the r1p values of [Mn(OPMMA)] decrease with 

increasing temperature its relaxivity is controlled by fast rotation, as it 

was earlier found for numerous Mn(II) complexes.33,34,134 The rH
298 is 

somewhat higher than that was obtained for [Mn(OPC2A)], which can 

be the result of the less compact structure of [Mn(OPMMA)]. 

V.3.3. DFT calculations for [Mn(OPMMA)] 

A model for the coordination mode of the [Mn(OPMMA)] 

complex was computed using DFT. The geometry of the complex was 

optimized by including one inner-sphere water molecule and two 

explicit second-sphere water molecules, while the bulk solvent was 

accounted for using the polarized continuum model. The DFT-

optimized structure of the complex is presented in Figure 31 and the 

corresponding Cartesian coordinates with the energy values are reported 

in Appendix (Table A3). 

DFT delivered a capped trigonal prismatic coordination geometry, 

in which all the donor atoms of the macrocyclic ring (3N,O) coordinates 

to the Mn(II) ion together with the two carboxylate groups of the 
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pendant The strong interaction between the metal ion and the 

carboxylates yield somewhat shorter Mn(II)-O bonds (2.18 and 2.20 Å). 

The remaining coordination site is occupied by a water molecule which 

forms a strong hydrogen bond network with the two second-sphere 

water molecules and one of the carboxylate pendant arms. The Mn(II)-

Owater distance was calculated to be 2.35 Å which falls into the range of 

the first coordination shell of water. 

DFT offers the possibility to calculate the 17O hyperfine coupling 

constant. The A0/ħ was estimated to be -39.8 106 rad s–1 (A = –6.34 

MHz) which is in the typical range for Mn(II) chelates and confirms the 

proposed structure in solution. 

 

Figure 31. DFT optimized structure of the [Mn(OPMMA)] complex. 
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VI. Summary 

We have studied in detail the physicochemical characteristics of 

[Gd(OPDMA)]– and [Mn(OPMMA)] complexes. This includes the 

thermodynamic stability, kinetic inertness and relaxation properties. 

Additionally, in order to get a better insight the solution structure of the 

complexes studied, DFT calculations were also performed. The 

summary of our results is as follows: 

1. The basicity of H4OPDMA is orders of magnitude lower than that 

of the comparative ligands presented in this paper due to the decrease in 

basicity caused by the presence of the pyridine nitrogen and etheric 

oxygen in the macrocylic ring. 

2. The stability constant of [Gd(OPDMA)]– is at least two orders of 

magnitude lower than that of the comparative complexes. The pGd of 

[Gd(OPDMA)]– is lower than that of DTPA5– and DOTA4– complexes, 

but higher than that of the AAZTA4– and PCTA3– chelates. Based on the 

DFT calculation, one carboxylate group is not coordinated to the metal 

center which can be easily protonated at lower pH (logKGdL
H = 2.09(5)). 

3. Based on the t1/2 values, the inertness of [Gd(OPDMA)]– higher 

than that of the open-chain DTPA and AAZTA complexes, but orders 

of magnitudes lower than that was obtained for the macrocyclic PCTA 

and DOTA chelates. The t1/2 values calculated for 37 °C and pH = 7.4, 

were found to be years (3.2 y (Cu2+) and 4.4 y (Eu3+) depending on the 

nature of the exchanging metal ion), which is sufficient for in vivo 

applications, if other dissociation pathways or enzymatic processes are 

not operative in the body. 

4. The r1p values obtained for [Gd(OPDMA)]– at different field 

strengths (0.49 T and 1.41 T) and temperatures (25 and 37 °C) are 
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comparable to those of the analogous chelates. There is no significant 

difference between the r1p values of [Gd(OPDMA)]– and that of the q = 

1 chelates, which indicates that one water molecule is coordinated in the 

inner sphere of the complex. This observation was supported by 

luminescence measurements on Eu3+ complex, delivering q = 1.20.1 

value for both pH = 7 and 3. The r1p values determined in the presence 

of human serum albumin (cHSA = 0.8 mM) indicate a negligible 

interaction between the complex and the protein. 

5. The water exchange rate and other relaxation parameters were 

gained by temperature dependent NMRD and 17O NMR. The kex
298 of 

[Gd(OPDMA)]– is the highest among all complexes compared. The 

negative value of Sǂ indicates an associative mechanism for the water 

exchange process in contrast with that of [Gd(DTPA)]2– and 

[Gd(DOTA)]– chelates, where dissociative mechanism was found. The 

value of A/ℏ is typical for Gd(III) complexes and. The rotational 

correlation time (R) of our complex is close to those reported for other 

complexes of similar size. Interestingly, the electron spin relaxation of 

the [Gd(OPDMA)]– complex is relatively fast based on the higher 2. 

This phenomenon is likely the result of the less symmetric structure. 

6. DFT calculations were performed to characterize the structure of 

[Gd(OPDMA)]–. The predicted structure shows a bicapped trigonal 

prismatic geometry where the ligand coordinates to the Gd3+ ion in a 

heptadentate manner. The inner sphere of the complex is completed with 

a H2O molecule coordination, yielding an overall coordination number 

of eight (CN=8). The Gd(III)-Owater distance was found to be 2.47 Å 

which falls into the range of first coordination shell of water. 

Additionally, DFT also predicted a CN=9 coordination mode for the 
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complex, where all carboxylate arms are bound to the Gd3+ ion 

completed with an inner-sphere H2O molecule. In this calculation the 

distance between the Gd(III) and O of the water molecule is relatively 

long and the 17O hyperfine coupling constant is unrealistic.  

7. The value of the logK1 of H2OPMMA is three orders of 

magnitudes lower than that of H2OPC2A, which is the result of the 

replacement of the trans-N to a less basic, etheric O donor. At the same 

time, the ”fusion” of the acetates into malonate increases the basicity, 

probably because of the presence of the unsubstituted amine and the 

presence of stronger H-bond between N and O donors. The logK2 

value, characterizing the basicity of the macrocycle, falls between those 

of the reference chelators. 

8. The logKMnL of the complex [Mn(OPMMA)] is 3 and 7 orders of 

magnitude lower than that of [Mn(OPC2A)] and [Mn(3,9-PC2A)], 

respectively. In addition to this pMn value of the complex is more than 

two orders of magnitude lower than that of [Mn(OPC2A)] and [Mn(3,9-

PC2A)], which results a pMn value being 6.27 calculated for 

physiological pH (cMn(II) = cL = 0.01 mM). 

9. The inertness of the [Mn(OPMMA)] complex was studied by 

exchange reactions with 10-fold excess Cu2+ ion as a scavenger . Since 

the dissociation of [Mn(OPMMA)] was too fast for conventional 

spectrophotometry, stopped-flow method was used. The t1/2 value (2.1 

min) calculated for pH = 7.4 shows that the inertness of [Mn(OPMMA)] 

is more than two orders of magnitude lower than that of [Mn(OPC2A)] 

and [Mn(3,9-PC2A)] complexes. 

10. The relaxivitiy values of [Mn(OPMMA)] is slightly higher than 

those of the [Mn(OPC2A)] and [Mn(3,9-PC2A)] used for comparative 
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purposes, which obviously the result of the assymetric structure of the 

[Mn(OPMMA)]  

11. As in the case of [Gd(OPDMA)]– complex, 17O and 1H NMRD 

measurements were also performed to determine the relaxation 

parameters of [Mn(OPMMA)]. The water exchange rate of the 

[Mn(OPMMA)] is circa two-times higher than that was obtained for the 

[Mn(3,9-PC2A)] complex, and more than fourfold higher the that of 

[Mn(OPC2A)]. This behaviour surely the result of the structural 

differences. The small negative value of S‡ (-8(1) JK–1mol–1) obtained 

for the complex indicating interchange mechanism. The rH
298 is 

somewhat higher than that was obtained for [Mn(OPC2A)], which can 

be the result of the less compact structure of [Mn(OPMMA)]. 

12. The DFT calculations delivered a capped trigonal prismatic 

coordination geometry for [Mn(OPMMA)], in which all the donor 

atoms of the ligand are coordinated to the Mn(II) ion. The remaining 

coordination site is occupied by a water molecule which forms a strong 

hydrogen bond network with the two second-sphere water molecules 

and one of the carboxylate pendant arms. The Mn(II)-Owater distance was 

calculated to be 2.35 Å which falls into the range of the first 

coordination shell of water.  
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Figure A1. 1H-NMR spectrum of OPMMA diethyl ester (CD3CN).  

 

 

 

Figure A2. 13C-NMR spectrum of OPMMA diethyl ester (CD3CN, reference: TMS). 
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Figure A3. MS spectra of OPMMA diethyl ester. 

 

 

 
 

Figure A4. 1H-NMR spectrum of H2OPMMA (D2O). 
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Figure A5. 13C-NMR spectrum of H2OPMMA (D2O). 

 

 

Figure A6. MS spectra of H2OPMMA. 
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Figure A7. MS spectra of [Mn(OPMMA)]– complex. ESI-MS (positive mode): 

[M+Mn+K]+
calc.: 401.0180; [M+Mn+K]+

found:. 401.0180. 

 

  

Figure A8. Analytical HPLC chromatogram of [Mn(OPMMA)] complex 

(tR= 5.243 min). 
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Figure A9. MS spectra of [Cu(OPMMA)]– complex. ESI-MS (positive mode): 

[M+Cu+Na]+
calc.: 393.0356; [M+Cu+Na]+

found:. 393.0356. 

 

 

Figure A10. Analytical HPLC chromatogram of [Cu(OPMMA)] complex 

(tR= 3.867 min). 
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Figure A11. 1H-NMR spectrum of OPDMA tetraethyl ester ligand (CD3CN). 

 

 

Figure A12.13C-NMR spectrum of OPDMA tetraethyl ester ligand 

(CD3CN, reference: TMS). 
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Figure A13. MS spectra of OPDMA tetraethyl ester ligand.  

 

 

 

 

 
Figure A14. 1H-NMR spectrum of H4OPDMA ligand (D2O). 
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Figure A15. 13C-NMR spectrum of H4OPDMA ligand (D2O). 

 

 

 
Figure A16. MS spectra of H4OPDMA ligand. 
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Figure A17. Stability determination of H4OPDMA ligand in 1.0 M HCl solution in a 

6 hours time period. 
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Figure A18. MS spectra of [Gd(OPDMA)]– complex. ESI-MS (negative mode): 

[M+H]-
calc.: 565.0205; [M+H]-

found: 565.0202. 

 

 

 

Figure A19. Analytical HPLC chromatogram of [Gd(OPDMA)]– complex 

(tR= 4.674 min). 
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Figure A20. MS spectra of [Eu(OPDMA)]– complex. 

ESI-MS (negative mode): [M+H]-
calc.: 560.0184, [M+H]-

found: 560,0187. 

 

 

Figure A21. Analytical HPLC chromatogram of [Eu(OPDMA)]– complex  

(tR= 4.698 min). 
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DFT calculations 

Table A1. Energy and Cartesian coordinates of the heptadentate 

[Gd(H2O)(OPDMA)]– complex. 

Sum of electronic and zero-point Energies (Eh) -1765.240359 

Sum of electronic and thermal Energies (Eh) -1765.207159 

Sum of electronic and enthalpy Energies (Eh) -1765.206214 

Sum of electronic and thermal Free Energies (Eh) -1765.302858 

Number of Imaginary Frequencies 0 

Molecular Geometry in Cartesian Coordinates 

C          -1.999414        2.424559       -0.116483 

C          -3.026641        1.328666       -0.185132 

H          -3.474264        1.225203        0.806589 

H          -3.834302        1.609511       -0.871080 

C          -2.349761       -0.138399       -2.035877 

H          -3.309149        0.071926       -2.525740 

C          -1.288221        0.776037       -2.626378 

C          -2.351615        3.751993       -0.352159 

H          -3.375090        4.000847       -0.604592 

C          -1.367863        4.732108       -0.277863 

H          -1.611999        5.772364       -0.458083 

N          -0.742739        2.057727        0.196477 

N          -2.449063        0.019301       -0.563771 

C           0.216769        3.002160        0.215177 

C           1.611356        2.535276        0.518793 

H           1.717282        2.505281        1.606747 

H           2.344221        3.259248        0.141962 

C           2.223315        1.199709       -1.447631 

H           2.978991        1.959403       -1.686418 

H           2.638445        0.233181       -1.716601 

C           0.989729        1.471091       -2.295239 

C          -0.058141        4.349587       -0.007542 

H           0.746449        5.074207        0.013982 

N           1.924568        1.176216        0.006530 

H          -2.078830       -1.175806       -2.239038 

H           0.593475        2.481074       -2.146766 

H           1.252190        1.355398       -3.351145 

H          -1.176894        0.569756       -3.694701 

H          -1.545505        1.833809       -2.500509 

O          -0.038575        0.518284       -1.958286 

C          -3.240515       -1.050127        0.094010 

H          -4.302419       -1.004786       -0.160260 

C          -3.042659       -0.892275        1.633202 

O          -3.979088       -1.146629        2.389944 
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O          -1.851158       -0.526295        1.964821 

C          -2.668010       -2.435914       -0.242609 

O          -3.408094       -3.388793       -0.469592 

O          -1.372562       -2.462058       -0.194966 

O           1.179676       -1.979439       -1.129247 

H           2.049191       -1.946104       -1.605164 

H           0.991531       -2.937636       -0.975730 

C           3.035065        0.675115        0.888825 

H           3.789497        1.462562        1.001732 

C           3.776541       -0.583780        0.341561 

O           3.551270       -1.677511        0.891659 

O           4.560892       -0.359619       -0.634184 

C           2.432603        0.358702        2.272173 

O           3.147824        0.467916        3.268868 

O           1.190330       -0.016898        2.271681 

Gd         -0.079874       -0.466762        0.363317 

O           3.559678       -2.014230       -2.403009 

H           3.584312       -1.540212       -3.243540 

H           4.101552       -1.454717       -1.771768 

O           0.270823       -4.486023       -0.605197 

H          -0.513383       -3.911099       -0.403806 

H           0.573908       -4.800052        0.256056 
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Figure A22. DFT calculated structure of the nonacoordinate [Gd(H2O)(OPDMA)]– 

complex. 

Table A2. Energy and Cartesian coordinates of the nonacoordinate 

[Gd(H2O)(OPDMA)]– complex. 

Electronic Energy (Eh) -1765.68142946 

Sum of electronic and zero-point Energies (Eh) -1765.259684 

Sum of electronic and thermal Energies (Eh) -1765.226293 

Sum of electronic and enthalpy Energies (Eh) -1765.225349 

Sum of electronic and thermal Free Energies (Eh) -1765.32162 

Number of Imaginary Frequencies 0 

Molecular Geometry in Cartesian Coordinates 

C           2.182482        1.866957       -1.095986 

C           3.021852        0.667306       -0.728015 

H           3.084451        0.022482       -1.606429 

H           4.041052        0.987803       -0.481936 

C           2.797054        0.426739        1.705822 

H           3.876833        0.610922        1.779808 

C           2.058420        1.716426        1.999478 
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C           2.769042        3.026017       -1.600639 

H           3.844321        3.079051       -1.719325 

C           1.954931        4.107684       -1.921216 

H           2.385429        5.022199       -2.311985 

N           0.850708        1.758762       -0.923888 

N           2.435863       -0.123329        0.377970 

C           0.068273        2.825191       -1.184017 

C          -1.406090        2.667370       -0.902864 

H          -1.870879        2.226382       -1.787168 

H          -1.865066        3.650281       -0.744006 

C          -1.533255        2.468005        1.542960 

H          -2.074903        3.422807        1.533442 

H          -1.976022        1.833034        2.309535 

C          -0.085531        2.730494        1.904597 

C           0.585299        4.014047       -1.693317 

H          -0.074227        4.851533       -1.884685 

N          -1.666312        1.767299        0.243079 

H           2.524438       -0.312196        2.459063 

H           0.385640        3.440518        1.216003 

H          -0.027163        3.141360        2.917071 

H           2.268506        2.038391        3.023838 

H           2.354956        2.520562        1.316778 

O           0.642903        1.487674        1.851287 

C           2.797988       -1.553757        0.256126 

H           3.876712       -1.732114        0.270289 

C           2.161824       -2.123014       -1.034444 

O           2.586331       -3.200567       -1.488348 

O           1.157125       -1.468922       -1.481917 

C           2.112835       -2.348369        1.406518 

O           2.717764       -3.255738        1.970722 

O           0.896585       -1.967843        1.624694 

O          -1.067100       -2.765113       -0.128875 

H          -0.707829       -3.148467        0.686263 

H          -0.637756       -3.275260       -0.871834 

O           0.093870       -4.149867       -2.151731 

H           1.036552       -3.867739       -2.039954 

H          -0.198169       -3.654586       -2.928164 

O          -3.856193       -2.795769       -0.743546 

H          -2.914165       -2.778880       -0.490953 

H          -3.973996       -1.962452       -1.230137 

C          -2.986534        1.107562        0.114208 

H          -3.821196        1.813480        0.097164 

C          -3.162960        0.106211        1.295305 

O          -4.267969       -0.028475        1.816906 

O          -2.077770       -0.524977        1.592490 

C          -2.994743        0.231540       -1.161304 

O          -4.078259       -0.029953       -1.700574 

O          -1.843552       -0.226165       -1.504020 

Gd         -0.158665       -0.343140        0.186426 
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Table A3. Energy values and Cartesian coordinates of [Mn(OPMMA)] complex. 

Electronic Energy (Eh) -2465.2113339 

Sum of electronic and zero-point Energies (Eh) -2464.825005 

Sum of electronic and thermal Energies (Eh) -2464.796012 

Sum of electronic and enthalpy Energies (Eh) -2464.795068 

Sum of electronic and thermal Free Energies (Eh) -2464.885553 

Number of Imaginary Frequencies 0 

 

Molecular Geometry in Cartesian Coordinates 
C          -1.691665       -0.828839        1.555729 

C          -0.628924       -1.908015        1.501318 

H           0.059355       -1.746945        2.334844 

H          -1.091755       -2.888525        1.662912 

C          -0.451483       -2.735098       -0.805358 

H          -0.727259       -3.721423       -0.409432 

C          -1.677289       -2.097702       -1.435722 

C          -2.818713       -0.932545        2.364704 

H          -2.972711       -1.812162        2.977863 

C          -3.744676        0.104422        2.353035 

H          -4.633165        0.048691        2.970726 

N          -1.484427        0.247223        0.787667 

N           0.136914       -1.879391        0.242918 

Mn          0.330893        0.338793       -0.543585 

C          -2.390326        1.230845        0.738637 

C          -2.072599        2.370703       -0.205598 

H          -1.543556        3.147953        0.352990 

H          -3.003292        2.813767       -0.577044 

C          -1.892511        1.426239       -2.504121 

H          -2.736306        2.069335       -2.782958 

H          -1.172668        1.436265       -3.324550 

C          -2.405764        0.012491       -2.306810 

C          -3.540558        1.197935        1.518651 

H          -4.264043        2.001958        1.461694 

N          -1.192217        1.940052       -1.307185 

H           0.299798       -2.884012       -1.580610 

H          -3.161566       -0.032149       -1.514025 

H          -2.864599       -0.345851       -3.234566 

H          -2.048349       -2.734181       -2.246238 

H          -2.486114       -1.968047       -0.707450 

H          -0.623501        2.730264       -1.592937 

O          -1.296553       -0.818318       -1.953646 

C           1.582605       -2.092313        0.429142 

H           1.832820       -3.090229        0.798408 

C           2.126058       -1.017098        1.405112 

O           2.988128       -1.326762        2.232861 

O           1.627637        0.154509        1.223945 

C           2.320127       -1.823552       -0.910607 
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O           3.288294       -2.528166       -1.216202 

O           1.861703       -0.827056       -1.576010 

O           1.826915        1.865701       -1.509596 

H           2.440599        1.147915       -1.740298 

H           2.336958        2.515984       -0.977780 

O           2.450333        2.464953        2.530214 

H           2.190564        1.603640        2.130015 

H           2.737777        2.995479        1.767941 

O           3.204405        3.783012        0.004070 

H           4.156557        3.815837       -0.164484 

H           2.887638        4.683599       -0.152942 

 

 

 


