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ABSTRACT 

 

Longitudinal and transverse 1H NMR nuclear relaxivities of Ln(III)-DOTA complexes (with 

Ln = Gd, Dy, Tb, Er; DOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid) 

and Mn(II) aqueous solutions were measured in a wide range of frequencies, 10 kHz - 700 

MHz. The experimental data were interpreted by means of models derived from the Solomon-

Bloembergen-Morgan theory. The data analysis was performed assuming the orbital angular 

momentum L = 0 for Gd-DOTA and the aqua ion [Mn(H2O)6]2+ and L ≠ 0 for Dy-, Tb-, Er-

DOTA. A refined estimation of the Zero-Field-Splitting barrier Δ and of the modulation 

correlation time τv was obtained for [Mn(H2O)6]2+ by extending the fitting of NMRD profiles 

to the low-field regime. The Gd-DOTA fitting parameters resulted in good agreement with the 

literature, and the fit of transverse relaxivity data confirmed the negligibility of the scalar 

interaction in the nuclear relaxation mechanism. Larger transverse relaxivities of Dy-DOTA 

and Tb-DOTA (10 mM-1s-1) with respect to Er-DOTA (1 mM-1s-1) were observed at 16 Tesla. 

Such higher values are suggested to be due to a shorter residence time τm, that is possibly linked 

to the fluctuations of the hyperfine interaction and the different shape of the magnetic 

anisotropy. The possible employment of Dy-DOTA, Tb-DOTA, and Er-DOTA as negative 

MRI contrast agents for high-field applications was envisaged by collecting spin-echo images 

at 7 Tesla. Particularly in Dy- and Tb- derivatives the transverse relaxivity at 16 Tesla is of the 

order of the Gd- one at 1.5 Tesla.  

  



Accepted to J. Chem. Phys. 10.1063/5.0072185

   

3 
 

TEXT  

 

Introduction 

 

The Magnetic Resonance Imaging (MRI) contrast agents have been extensively studied in the 

last 40 years and their use in medicine is widespread, especially for the most common 

applications at 1.5 and 3 Tesla.1 The main property that allows these systems to enhance the 

MRI sensitivity is the ability of improving the image contrast, taking advantage of their 

capability to increase the nuclear relaxation rates. For their characterization, Nuclear Magnetic 

Resonance (NMR) is commonly employed for collecting nuclear relaxivity data, i.e. the 

relaxation rate increment (with respect to the pure solvent) normalized to 1 mM concentration 

of the contrast agent (CA), as a function of the Larmor resonance frequency ν = (γ/2π)B0 , where 

γ is the gyromagnetic ratio of the nuclear species, usually 1H, and B0 is the applied static 

magnetic field. The acquired data generate the so-called Nuclear Magnetic Relaxation 

Dispersion (NMRD) profiles, that can be analyzed according to models based on the Solomon-

Bloembergen-Morgan (SBM) theory2–5 for obtaining information on the chemical exchange 

time, the minimum approach distance of the water to the magnetic ion, the molecular dynamics 

(Brownian rotation), and the electron spin dynamics and the magnetic interactions of the CA 

molecule with the surrounding environment.6–8 

The MRI CAs are usually composed of a paramagnetic center, typically a metal ion, surrounded 

by a chelate, which allows biological compatibility and favors the ‘safe’ residence in the body 

and the correct elimination from the organism of the CA after its injection.1 Their design is 

based on the Paramagnetic Relaxation Enhancement (PRE) mechanism, 9 which causes a local 

increase of both nuclear longitudinal R1 = 1/T1 and transverse R2 = 1/T2 relaxation rates of 

tissues, where T1 is the spin-lattice relaxation time and T2 is the spin-spin relaxation time. The 

PRE mechanism causes the desired improvement of the image contrast and, depending on their 

effect on T1 or T2, CAs can be classified as: (i) positive CAs that produce brighter zones reducing 

mainly T1; (ii) negative CAs that cause darker spots reducing mainly T2. For obtaining generally 

a positive contrast, as paramagnetic center the Gd(III) ion provides the best nuclear relaxation 

rate enhancement, if compared to the other ions of the lanthanide series, due to its long 

electronic relaxation time. This occurrence explains the extensive employment of Gd(III) 

complexes as positive CA in MRI. Other Ln(III) complexes (especially Dy(III) complexes), 

characterized by short electronic relaxation times, are more often used as shift agents for NMR 

spectroscopic applications. they  On the other hand, because of the recent development of very 
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high-field scanners for the human body,10–13 materials belonging to the same family of the most 

used CAs, but scarcely explored, have been suggested.14–16 Example of such materials are the 

non-Gd Ln(III)-based compounds,17–19 that, as their paramagnetic transverse relaxation rate 

contribution depends on the square of the chemical shift (proportional to the magnetic field)19,20, 

have been proposed as potential negative CAs for high-field applications. 

In the present work we investigated the NMRD profiles of four different Ln(III)-DOTA 

complexes in aqueous solutions (Ln = Gd, Dy, Tb, Er; DOTA = 1,4,7,10-

tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid) and of [Mn(H2O)6]2+ aqua ions, for 

comparison, combining the analysis of both longitudinal and transverse relaxivity data acquired 

in a wide range of frequencies (from 10 kHz up to 700 MHz). Accordingly to the literature, this 

combined approach allows to determine the main physico-chemical quantities that influence 

the MRI contrast agent’s efficiency.19 The data were analyzed considering both the quenched 

(Gd(III) and Mn(II)) or unquenched (Dy(III), Tb(III) and Er(III)) orbital angular momentum, 

and the presence of the so-called Curie relaxation.21 The latter contribution is efficient when 

the magnetic dipolar interaction between the nuclear spins and the thermal average of the 

electronic spin is modulated by the molecular motion. Noticeably, the Curie contribution is 

singled out when the electronic correlation time is short.22,23 

Furthermore, the efficiency of Dy-DOTA, Tb-DOTA, and Er-DOTA at high fields as both 

positive and negative MRI CAs is shown by contrast images collected at 7 Tesla employing a 

pre-clinical scanner. 

In the following sections we will present: the theoretical basis of models of longitudinal and 

transverse NMRD profiles, the experimental details, the obtained results, and the correlated 

discussion. 

 

 

Theory  

 

The relaxation rate enhancements caused by a paramagnetic species diluted in a diamagnetic 

solvent (e.g. water) can be expressed as  

Ri,p = ri C = Ri,obs - Ri,dia     with i = 1, 2 (1) 

where Ri,obs and Ri,dia are the relaxation rates of the solution and of the solvent respectively, 

while the paramagnetic contribution Ri,p is expressed in terms of the concentration of the 

paramagnetic species C, usually given in mM (1 mM = 1 mmol l-1), and of the relaxivity ri (in 

units of mM-1 s-1). The paramagnetic terms Ri,p can be separated in two sub-terms, according to 
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the intra- or inter-molecular nature of the interactions, namely the Inner- (IS) and Outer-sphere 

(OS) contribution respectively : Ri,p = Ri,IS + Ri,OS.  

Let us now split the theoretical model into two cases depending on the characteristics of the 

paramagnetic center: (i) for Gd-DOTA and [Mn(H2O)6]2+, L = 0 and negligible Curie 

contribution; (ii) for Dy(III), Tb(III), and Er(III) complexes, L ≠ 0 and non-negligible Curie 

contribution. The motivation of this choice is correlated to the different interactions considered 

in the SBM model: in the former case the dipolar and scalar interactions dominate the relaxation 

mechanism due to long electronic correlations times (>> 1 ps); in the second case, due to short 

relaxation times (< 1 ps) the dipolar and scalar interactions give a much smaller contribution to 

the nuclear relaxation and at high fields the Curie contribution dominates. 

Therefore, we considered two ions with L = 0, i.e. Gd(III) and Mn(II). Indeed, Gd(III) represents 

a standard in MRI and it is widely used. Conversely, Mn(II) has been poorly exploited so far, 

but it has been recently proposed as a valid alternative to Gd(III) complexes.24–26 

Among the possible anisotropic lanthanide ions, we have chosen Dy(III), Tb(III) and Er(III) 

due to several reasons. From a chemical point of view, these ions have similar radii and 

comparable kinetic constants for the solvent exchange processes.27–30 The magnetic anisotropy 

of all these ions is comparable and remarkably high at room temperature. A plot of susceptibility 

tensors of these ions in the Ln-DOTA complexes, computed at room temperature using crystal 

field parameters recently reported for the whole DOTA series,31 is reported in Fig. 1. The 

magnetic anisotropy of Dy and Tb is substantially easy plane while the magnetic anisotropy of 

Er is easy axis. 

 

Figure 1 Magnetic susceptibility tensor of Dy-DOTA, Tb-DOTA and Er-DOTA calculated at T = 298 K and µ0H = 1 T using 

the Crystal Field parameters reported in the recent work of Briganti et al.31 The color scale refers to the value of the magnetic 

susceptibility. The vertical arrow in the three plots coincides with the direction of the lanthanide-water bond. 
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Case 1: Orbital angular momentum L = 0 

For ions characterized by null orbital angular momentum (L = 0), such as Gd(III) and Mn(II), 

the two major contributions to the relaxivity arise from the dipolar (DD) and the scalar (also 

named contact or hyperfine, SC) interactions. The contribution from the Curie can be 

neglected.1  

The equations expressing the inner-sphere contribution of the longitudinal and transverse 

relaxation rates Ri,IS are given by: 

𝑅1,𝐼𝑆 = (
1

𝑇1
)

𝐼𝑆

= 𝑓𝑞
1

𝑇1𝑚 + 𝜏𝑚
 (2) 

𝑅2,𝐼𝑆 = (
1

𝑇2
)

𝐼𝑆

=
𝑓𝑞

𝜏𝑚

𝑇2𝑚
−2 + 𝜏𝑚

−1𝑇2𝑚
−1 + Δ𝜔𝑚

2

(𝜏𝑚
−1 + 𝑇2𝑚

−1)2 + Δ𝜔𝑚
2

 (3) 

where f is the ratio between the concentration of the paramagnetic species and the water (f = 

C/55500), q is the number of bound water molecules per paramagnetic ion (hydration number), 

Tim are the proton relaxation times (with i = 1, 2) of the coordinated water, τm is the lifetime of 

the first coordination sphere’s water molecules of the complex exchanging with the bulk (also 

known as water exchange time), and Δωm is the chemical shift of the coordinated water 

molecule. In particular, Δωm is proportional to the magnetic field and results from the sum of a 

contact term Δωm
cont = g µB S (S +1) (A / ħ) [1 / (3 kB T)] B0, where B0 is the applied magnetic 

field, kB is the Boltzmann constant and T is the temperature, and one related to the rotational 

average of the dipole-dipole interaction (also known as pseudocontact).1,19,32 The equations for 

the two different contributions (DD and SC) to the proton relaxation rates (1/Tim) of the 

coordinated water molecule are: 

(
1

𝑇𝑖𝑚
) =  (

1

𝑇𝑖
𝐷𝐷)

𝐼𝑆

+ (
1

𝑇𝑖
𝑆𝐶)

𝐼𝑆

     with 𝑖 = 1, 2 (4) 

(
1

𝑇1
𝐷𝐷)

𝐼𝑆

=
2

15
 (

𝜇0

4𝜋
)

2

 
𝛾𝐼

2𝑔2𝜇𝐵
2

𝑟6
𝑆 (𝑆 + 1) [7

𝜏𝑐2

1 + 𝜔𝑆
2𝜏𝑐2

2 + 3
𝜏𝑐1

1 + 𝜔𝐼
2𝜏𝑐1

2 ] (5) 

(
1

𝑇1
𝑆𝐶)

𝐼𝑆

=
2𝑆(𝑆 + 1)

3
(

𝐴

ℏ
)

2

(
𝜏𝑒2

1 + 𝜔𝑆
2𝜏𝑒2

2 ) (6) 

(
1

𝑇2
𝐷𝐷)

𝐼𝑆

=
1

15
 (

𝜇0

4𝜋
)

2

 
𝛾𝐼

2𝑔2𝜇𝐵
2

𝑟6
𝑆 (𝑆 + 1) [13

𝜏𝑐2

1 + 𝜔𝑆
2𝜏𝑐2

2 + 3
𝜏𝑐1

1 + 𝜔𝐼
2𝜏𝑐1

2 + 4𝜏𝑐1] (7) 

(
1

𝑇2
𝑆𝐶)

𝐼𝑆

=
𝑆(𝑆 + 1)

3
(

𝐴

ℏ
)

2

(
𝜏𝑒2

1 + 𝜔𝑆
2𝜏𝑒2

2 + 𝜏𝑒1) (8) 

where γI is the gyromagnetic ratio of the observed nucleus, g is the electron g-factor, µB is the 

Bohr magneton, r is the distance between the paramagnetic ion and the observed nucleus, S is 
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the spin quantum number, µ0 is the vacuum magnetic permeability, A/ħ is the scalar (or 

hyperfine) coupling constant between the electron spin of the paramagnetic ion and the proton 

spin of the coordinated water, ωI and ωS are the nuclear and electron angular precession 

frequencies. The correlation times τci and τei (i = 1, 2) modulate the dipolar and the scalar 

interactions and are given by: τci
-1 = τm

-1 + τr
-1 + Tie

-1 and τei
-1 = τm

-1 + Tie
-1, where τr is the 

rotational correlation time of the complex, and Tie (i = 1, 2) are the electronic relaxation times. 

In the Redfield limit33 (see below) and for metal complexes with S ≥ 1, the electronic relaxation 

rates (1/Tie) are usually written by taking into account the zero-field-splitting (ZFS) interaction 

as follows: 

(
1

𝑇1𝑒
)

𝑍𝐹𝑆

= 2�̃� (
1

1 + 𝜔𝑆
2𝜏𝑣

2
+

4

1 + 4𝜔𝑆
2𝜏𝑣

2
) (9) 

(
1

𝑇2𝑒
)

𝑍𝐹𝑆

= �̃� (
5

1 + 𝜔𝑆
2𝜏𝑣

2
+

2

1 + 4𝜔𝑆
2𝜏𝑣

2
+ 3) (10) 

with �̃� = 1/50 Δ2 τv [4 S (S + 1) - 3], where Δ2 is the mean squared fluctuation of the ZFSa, 

which is related to the ZFS parameters DZFS and EZFS (i.e. the axial and transverse component 

of the magnetic anisotropy) by the relation ∆ = √2/3 𝐷𝑍𝐹𝑆
2 + 2𝐸𝑍𝐹𝑆

2 , and τv is the ZFS 

modulation correlation time. �̃� can be expressed in terms of the low-field electronic relaxation 

rate τS0 as �̃� = 0.1/τS0 in order to highlight its temporal meaning. In the limit ωS
2 τv

2 << 1, T1e = 

T2e = τS0. The Redfield limit is given by Δ2 τv
2 << 1. 

The equations for the outer-sphere longitudinal and transverse proton relaxation rates of bulk 

water molecules Ri,OS = (1/Ti
DD)OS (with i = 1, 2) are related only to the dipolar interaction and 

are given by: 

(
1

𝑇1
𝐷𝐷)

𝑂𝑆

=  
32𝜋

405
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
 𝛾𝐼

2𝑔2𝜇𝐵 
2  𝑆(𝑆 + 1) [7 𝑗2(𝜔𝑆) + 3 𝑗1(𝜔𝐼)] (11) 

(
1

𝑇2
𝐷𝐷)

𝑂𝑆

=  
16𝜋

405
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2  𝑆(𝑆 + 1) [13 𝑗2(𝜔𝑆) + 3 𝑗1(𝜔𝐼) + 4 𝑗1(0)] (12) 

where NA is the Avogadro number, d is the distance of minimum approach for bulk water 

molecules to the paramagnetic center, D is the relative self-diffusion constant, and jk(ω) is the 

spectral density function for the dipolar interaction given by the equation: 

𝑗𝑘(𝜔) = Re {
1 + 𝑧/4

1 + 𝑧 + 4 𝑧2/9 + 𝑧3/9
} (13) 

where 𝑧 =  √𝑖𝜔𝜏𝐷 +  𝜏𝐷/𝑇𝑘𝑒 (with k = 1, 2), and 𝜏𝐷 = 𝑑2/𝐷 is the translational correlation time. 

 
a In the literature, the value of Δ = E / ħ is usually expressed in frequency unit [s-1]. 
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Case 2: Orbital angular momentum L ≠ 0 

For ions characterized by non-null orbital angular momentum (L ≠ 0), such as Dy(III), Tb(III), 

and Er(III), the electronic relaxation time is shorter, the DD and SC contributions are small, 

and, as a consequence, the Curie contribution dominates at high fields.19,22 

The equations for the inner-sphere contributions of the longitudinal and transverse relaxation 

rates Ri,IS are, again, given by Eqs. 1 - 2, but the proton relaxation rates are now expressed as 

(
1

𝑇𝑖𝑚
) =  (

1

𝑇𝑖
𝐷𝐷)

𝐼𝑆

+ (
1

𝑇𝑖
𝑆𝐶)

𝐼𝑆

+ (
1

𝑇𝑖
𝐶𝑢𝑟𝑖𝑒

)

𝐼𝑆

     with 𝑖 = 1, 2 (14) 

The equations for the inner-sphere terms Eqs. 5 - 8 are still valid when applying the following 

corrections: g must be substituted with the Landé g-factor gj and S with the total spin quantum 

number J. The Curie contributions to the proton relaxation rates are expressed as: 

(
1

𝑇1
𝐶𝑢𝑟𝑖𝑒

)

𝐼𝑆

=  
2

5
 (

𝜇0

4𝜋
)

2 𝛾𝐼
2𝐵0

2𝑔𝑗
4𝜇𝐵

4 𝐽2(𝐽 + 1)2

𝑟6
 

1

(3 𝑘𝐵𝑇)2
 [

3 𝜏𝑐𝑐

1 +  𝜔𝑆
2𝜏𝑐𝑐

2
] (15) 

(
1

𝑇2
𝐶𝑢𝑟𝑖𝑒

)

𝐼𝑆

=  
1

5
 (

𝜇0

4𝜋
)

2 𝛾𝐼
2𝐵0

2𝑔𝑗
4𝜇𝐵

4 𝐽2(𝐽 + 1)2

𝑟6
 

1

(3 𝑘𝐵𝑇)2
 [

3 𝜏𝑐𝑐

1 + 𝜔𝐼
2𝜏𝑐𝑐

2
+ 4 𝜏𝑐𝑐]  (16) 

The equations for the outer-sphere contributions result now from the sum of two terms, the 

dipolar and the Curie ones, and assume the form  

𝑅𝑖,𝑂𝑆 =  (
1

𝑇𝑖
𝐷𝐷)

𝑂𝑆

+ (
1

𝑇𝑖
𝐶𝑢𝑟𝑖𝑒

)

𝑂𝑆

     with 𝑖 = 1, 2 (17) 

(
1

𝑇1
𝐷𝐷)

𝑂𝑆

=  
16𝜋

135
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2  {6 [𝐽(𝐽 + 1) − 𝑆𝑐 coth

χ

2𝐽
− 𝑆𝑐

2] 𝑗1(𝜔𝐼)

+ 7 coth
χ

2𝐽
 𝑆𝑐  𝑗2(𝜔𝑆)} 

(18) 

 

(
1

𝑇2
𝐷𝐷)

𝑂𝑆

=  
16𝜋

135
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2 { [𝐽(𝐽 + 1) − 𝑆𝑐 coth

χ

2𝐽
− 𝑆𝑐

2] (3 𝑗1(𝜔𝐼)

+ 4 𝑗1(0)) } +  
16𝜋

135
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2 [6.5 coth

χ

2𝐽
 𝑆𝑐  𝑗2(𝜔𝑆)]  

(19) 

 

(
1

𝑇1
𝐶𝑢𝑟𝑖𝑒

)

𝑂𝑆

=  
32𝜋

45
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2  𝑆𝑐

2 𝑗(𝜔𝐼) (20) 

(
1

𝑇2
𝐶𝑢𝑟𝑖𝑒

)

𝑂𝑆

=  
16𝜋

45
 (

𝜇0

4𝜋
)

2 𝑁𝐴𝐶

𝑑𝐷
  𝛾𝐼

2𝑔2𝜇𝐵 
2  𝑆𝑐

2 {3 𝑗(𝜔𝐼) + 4 𝑗(0)} (21) 

where χ = J B0 µB gj / (kB T) and Sc = J BJ(χ) is the time-averaged or ‘Curie’ spin given by the 

product of J with the Brillouin function BJ(χ)21,34 and being τcc the correlation time for the Curie 
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contribution (τcc
-1 = τm

-1 + τr
-1) and j(ω) the spectral density function for the dipolar interaction 

jk(ω) in the limit of Tie → ∞. 

  

 

Experimental Details 

 

Samples preparation 

Crystalline powders of Na[LnDOTA(H2O)] ∙ 4 H2O, with Ln(III) = Gd(III), Dy(III), Tb(III), 

and Er(III) and DOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid were 

obtained following the procedure reported in previous works.35–37 

Manganese(II) chloride tetrahydrate powders (formula MnCl2 ∙ 4 H2O, molar mass 197.91 

g/mol) were supplied by Sigma-Aldrich Co., St. Louis, MO, USA. 

All the solutions were prepared by diluting the compounds powders in MilliQ water and 

obtaining the following concentrations: [MnCl2] = 0.65 mM, [Gd-DOTA] = 1.082 mM, [Dy-

DOTA] = 17.3 mM, [Tb-DOTA] = 11 mM, and [Er-DOTA] = 15.5 mM. The evaluation of the 

chemical shifts for the LnDOTA complexes (Ln ≠ Gd) was performed collecting the solutions 

spectra at 400 MHz and 700 MHz and by adding a small amount of trimethylsilylpropanoic 

acid (TSP) for the frequency lock: this step was done after the acquisition of all the NMRD 

profiles. Furthermore, two additional sets of Dy-DOTA, Tb-DOTA, and Er-DOTA samples 

with 100 mM and 5 mM concentrations were prepared for low-field T2 measurements (ν ≤ 3 

MHz) and MRI acquisitions, respectively. 

 

NMR Relaxometry 

The NMRD profiles of the different aqueous solutions were acquired at room temperature T = 

298 K by measuring the spin-lattice relaxation time T1 and the spin-spin relaxation time T2 at 

several Larmor resonance frequencies (i.e. at different external magnetic field strengths). 

Several devices and techniques, summarized in Table I, were employed to span a wide range 

of frequencies ν, from 0.01 MHz up to 700 MHz, corresponding to a broad range of magnetic 

field strength 2.35 x 10-4 Tesla < µ0H < 16 Tesla. 

We employed standard NMR techniques38 for relaxation times measurements above 7.2 MHz, 

while below 7.2 MHz we used the Fast-Field-Cycling (FFC) techniques.39,40 All T1 

measurements were performed employing either the Saturation or the Inversion Recovery 

pulse-sequences. To quantify T2, we used the Carr-Purcell-Meiboom-Gill (CPMG) sequence 

for frequency above 3 MHz, and the Spin-Echo (SE) sequence for frequency below 3 MHz. 
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The raw data were then fitted with an exponential recovery function for T1 (signal intensity vs 

different saturation/inversion times), or with an exponential decay function for T2 (signal 

intensity vs different echo-times). An experimental error of 8% was assigned to all the 

experimental data, based on previous studies on the systematic error outlined for the different 

experimental setups due to the electronic chain. 

 

Table I NMRD profiles acquisition instrumentation and techniques according to specific ranges of frequencies. As from the 

main text, hereafter are reported the meanings of the acronyms used in the table: FFC = Fast Field Cycling; PP = Pre-Polarized; 

NP = Non-Polarized; CPMG = Carr-Purcell-Meiboom-Gill; NMR = Nuclear Magnetic Resonance. 

Frequency (MHz) Instrumentation Techniques 

0.01 – 3 Stelar* SMARTracer Relaxometer FFC-PP (Saturation Recovery + Spin Echo) 

3 – 7.2 Stelar* SMARTracer Relaxometer FFC-NP (Saturation Recovery + CPMG) 

7.2 - 60 Stelar* Spinmaster Spectrometer NMR (Saturation Recovery + CPMG) 

7.2 - 298 Tecmag† Apollo Spectrometer 

+ 

Bruker‡ Electromagnet / Superconducting Magnet 

NMR (Saturation Recovery + CPMG) 

400 Bruker‡ FT-NMR Avance Spectrometer NMR (Inversion Recovery + CPMG) 

700 Bruker‡ Avance NEO Spectrometer NMR (Inversion Recovery + CPMG) 

* Stelar s.r.l., Mede, Italy; † Tecmag, Houston, TX, USA; ‡ Bruker, Billerica, MA, USA. 

 

In-vitro Magnetic Resonance Imaging 

MRI acquisitions were performed at 0.18 Tesla (ν = 7.74 MHz) on an Artoscan Imager (Esaote, 

Genova, Italy) and at 7 Tesla (ν = 298 MHz) on a PharmaScan Scanner (Bruker, Billerica, 

Massachusetts, USA). The images were acquired at room temperature of 2 ml vials filled with 

5 mM aqueous solutions of Dy-DOTA, Tb-DOTA, and Er-DOTA. We acquired two series of 

Spin-Echo images for each magnetic field strength, the first one varying the repetition time 

(TR) and the second one changing the echo time (TE). The acquisition parameters can be 

summarized as follows: 

• Esaote Artoscan Imager (0.18 Tesla, ν = 7.74 MHz):  

1. T1-weighted sequence. TR = 100, 300, 500 ms; TE = 20 ms; Acquisition Matrix 

256x192; Reconstruction Matrix 256x256; FOV = 12x12 cm2; Slice Thickness 

= 5 mm; Averages = 10. 

2. T2-weighted sequence. TE = 28, 90, 120 ms; TR = 2.8 s; Acquisition Matrix 

256x192; Reconstruction Matrix 256x256; FOV = 12x12 cm2; Slice Thickness 

= 5 mm; Averages = 1. 

• Bruker PharmaScan Scanner (7 Tesla, ν = 298.03 MHz): 
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1. T1-weighted sequence. TR = 100, 300, 500 ms; TE = 20 ms; Acquisition Matrix 

256x192; Reconstruction Matrix 256x256; FOV = 4x4 cm2; Slice Thickness = 

1 mm; Averages = 3. 

2. T2-weighted sequence. TE = 28, 90, 120 ms; TR = 2.8 s; Acquisition Matrix 

256x192; Reconstruction Matrix 256x256; FOV = 4x4 cm2; Slice Thickness = 

1 mm; Averages = 1. 

 

 

Data analysis and Discussion 

 

The NMRD profiles were fitted with the model functions described in the Theory section using 

a custom Matlab script (MathWorks, Natick, MA, USA). The proton longitudinal and 

transverse relaxivity experimental data and the fitting curves of the five samples are reported 

in Fig. 2 (Case 1, Gd-DOTA and [Mn(H2O)6]2+) and in Fig. 3 (Case 2, Dy-DOTA, Tb-DOTA, 

and Er-DOTA). The parameters of each fit are reported in Table II (Case 1) and Table III (Case 

2). 

Here below the obtained results are separately discussed. 

 

Case 1 – [Mn(H2O)6]2+ 

Experimental data for [Mn(H2O)6]2+, Fig. 2, were fitted with Eq. 1 using the expressions 

reported in Eqs. 2 -13 and the parameters in Table IIA. In this table we also indicate fixed and 

adjustable parameters employed for the least-square fitting procedure. The different 

contributions to the relaxivities described in the Theory section are shown in Fig. S1A of the 

Supplementary Material.  

From the fitting of r1 data we estimated r, τr, A/ħ, τS0, and τv. The obtained values were thus 

fixed for the analysis of r2, from which the values of τm and of the ZFS parameter τv were 

extracted. For the sake of clarity, it should be noticed that the fit of r1 resulted insensitive to 

values of τm > 1 ns, since the conditions T1m >> τm and τr << τm hold. As τv and τS0 were thus 

estimated, it was possible to calculate the mean squared fluctuations of the ZFS parameter Δ2. 

It is worth remarking that the estimation of τv obtained from the fitting of r1 data suffers of a 

great uncertainty, in analogy with the results of the work of Gomez et al. in 2014.41 Indeed, ZFS 

parameters can be hardly retrieved by NMR acquisitions only,42,43 mainly if limited to the 

longitudinal relaxivity NMRD profile alone.1 
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The increase of the transverse relaxivity at frequency ν > 20 MHz is principally due to the scalar 

SC contribution, which is a non-negligible mechanism differently from the situation of the other 

DOTA complexes here investigated. The pseudocontact contribution to Δωm was neglected. 

It is important to remark that, by extending the data acquisition to the low frequency regime 

and combining the analysis of r1 and r2 NMRD profiles, we were able to directly obtain an 

estimation of τm, which is usually determined through 17O NMRD profile analysis,41–44 and a 

more accurate evaluation of τv and Δ2.24,41,45,46 

As reported in Table IIA, a good agreement of all the estimated parameters with the literature 

ones was found (r = 2.89 ± 0.04 Å, τr = 38.6 ± 2.9 ps, and τS0 = 2267 ± 42 ps).41,45–47 

 

Case 1 – Gd-DOTA 

The data of Gd-DOTA, Fig. 2, were fitted with Eq. 1 using the expressions reported in Eqs. 2 -

13 and the parameters in Table IIB (even in this case, fixed and adjustable parameters are 

highlighted). The contributions to the relaxivities described in the Theory section are reported 

in Fig. S1B in the Supplementary Material.  

As in previous works,42,48 the scalar contributions (Eqs. 4 and 6) to the relaxivities were 

neglected in the present case. Indeed, the dispersions of relaxivity data due to the scalar term 

and the related high-field increase of r2 are absent (see [Mn(H2O)6]2+ data for comparison, Fig. 

S1A).  

For the fitting of r1 data we employed r, τr, τS0, and τv as adjustable parameters. Analogously to 

[Mn(H2O)6]2+, the estimation of τv from the fitting of the longitudinal NMRD profile was 

affected by a considerable uncertainty (~ 100%). Therefore, we decided to fix τv to the literature 

value τv = 11 ps.42 

For r2 fitting, as the scalar contribution can be neglected (A/ħ must be lower than 0.1 Mrad/s 

for a correct fitting of both r1 and r2 data), Eq. 3 reduces to (1/T2)IS = f q / (T2m + τm).  This 

relation has the same form of Eq. 2, since the chemical shift Δωm induced on water protons for 

Gd(III) complexes is due to a pure contact contribution.19 No further information could 

therefore be extracted from r2 data because of the insensitivity to τm when the conditions T2m >> 

τm and τr << τm hold. In this way, we set as adjustable parameters the same ones used for r1 

fitting, i.e. r, τr, τS0, and τv. Again, we found a significant uncertainty in estimating the value of 

τv, that was therefore fixed to the literature value as done for the r1 fitting. 

Nevertheless, from both the analysis of longitudinal and transverse relaxivity NMRD profiles 

we obtained values in good agreement with the literature.42,48 
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Figure 2 Longitudinal (left) and transverse (right) relaxivitiy 1H NMRD profiles of Gd-DOTA and [Mn(H2O)6]2+ solutions at 

298 K. The lines represent the best-fit curves using the Solomon-Bloembergen-Morgan equations (see text). 

 

Table II Parameters obtained from the fitting of (A) [Mn(H2O)6]2+ and (B) Gd-DOTA solutions NMRD profiles. Underscored 

parameters are those kept fixed in the least-square fitting procedure. The values in brackets represent the standard deviation of 

the fitted parameter. The fixed parameters values for the r2 data analysis and obtained from the r1 data fitting are labelled with 

the apical asterisk. The values of the parameters reported in italic were calculated through the relation τS0
-1 = 1/5 {4 S (S + 1) - 

3} Δ2 τv and their standard deviations, if any, were obtained by the propagation of uncertainties. 

Parameter    A. [Mn(H2O)6]2+   B. Gd-DOTA 

 r1 r2 Ref. 41 / 45,47 / 46  r1 r2 Ref. 42 

q   6 6 6 / 6 / 6   1 1 1 

r / Å  2.89 (0.04) 2.89* 2.83 / 2.78 / 2.71 (0.03)  3.07 (0.05) 3.05 (0.07) 3.1 

τr / ps  38.6 (2.9) 38.6* 30.0 (0.2) / 32 / 32 (2)  78.1 (8.5) 81.5 (12.8) 77 (4) 

τm / ns  35.5 37.3 (0.7) 35.5 (4.0) / - / 20  244 244 244 (11) 

A/ħ / Mrad s-1 
 5.37 (0.08) 5.37* 5.43 (0.03) / 4.27 / 5.1 (0.5)  - - - 

τS0 / ps  2267 (42) 2267* - / 3500 / 3500  486.7 (47.8) 445.8 (58.2) 473 (52) 

τv / ps  0.5 (0.5) 4.34 (0.10) 10 (10) / 2-3 / 5.3  11 11 11 (1)  

Δ2 / 1019 s-2 
 - 1.59 (0.05) 0.06 (0.06) / 1.5-2.2 / 0.84  1.56 (0.16) 1.70 (0.26) 1.6 (0.1) 

d / Å  3.6 3.6 3.6 / - / -  3.5 3.5 3.5 

D / 10-9 m2 s-1   2.3 2.3 2.3 / - / -   2.3 2.3 2.2 

 

 

Case 2 – Dy-DOTA, Tb-DOTA and Er-DOTA 

The data obtained for Dy-, Tb-, and Er-DOTA complexes, Fig. 3, were fitted with Eq. 1 using 

the expressions reported in Eqs. 2 -8, where g is substituted by gj and S by J, and Eqs. 14 - 21. 

The contributions to the relaxivities described in the Theory section are highlighted in Fig. S2 

of the Supplementary Material. 

We fixed τr = 80 ps,49 d = 3.5 Å (the same value adopted for Gd-DOTA), D = 2.3 x 109 m2/s,19 

and we hypothesized the electronic relaxation times independent from the applied magnetic 

field, hence τS0 = T1e = T2e.19,22 Moreover, we estimated the ratio between Δωm and the applied 

magnetic field (α = Δωm/B0) from the spectra acquired at 400 and 700 MHz (Fig. S3).  

Extrapolation of Δωm was accomplished by measuring the paramagnetic chemical shift Δωp, 

that is the shift of the water signal from the diamagnetic position, given by 
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∆𝜔𝑝 =  𝑓𝑞 
∆𝜔𝑚

(1 +  
𝜏𝑚

𝑇2𝑚
)

2
+  𝜏𝑚

2 ∆𝜔𝑚
2

 
(22) 

Eq. 22 reduces to Δωp = f q Δωm if τm
2Δωm

2 << 1 and τm/T2m << 1, i.e. when (T2
-1)IS is 

proportional to the square of the magnetic field (at high fields).20 This behaviour can be well 

appreciated in Fig. 3 (right) for each sample at frequency ν > 20 MHz.  

For the three different samples, we obtained r and τS0 from r1 data fitting, while we extracted 

the parameter τm from the analysis of r2 data (see Table III).  

Observing Fig.3, some considerations can follow. Er-DOTA showed systematically lower 

relaxivity values than Dy-DOTA and Tb-DOTA, the last one having the highest relaxivity 

values, over the whole measured range of frequency. The differences between the three 

complexes are evidenced in the high-field region of r2 data. Indeed, since the three complexes 

have the same geometrical structure and similar τS0, τv, and α, such differences are mainly 

attributed to the different water-exchange time τm (an independent estimation of τm was 

performed using Eq. 3 combined with the expression for Δωp in the limits of τm
2Δωm

2 << 1 and 

τm/T2m << 1, neglecting the OS terms).20 More in details, for Er-DOTA we found τm = 1.40 ± 

0.03 ns, i.e. one order of magnitude lower than those of Dy-DOTA and Tb-DOTA, for which 

τm = 15.39 ± 0.05 ns (slightly higher than those previously published τm = 9 ns)20 and τm = 26.39 

± 0.07 ns, respectively (see Table III). Now, it should be reminded that the electronic 

distribution of the 4f electrons is different for the three lanthanide ions, being oblate for Dy(III) 

and Tb(III), and prolate for Er(III).50 Thus, a possible explanation for the lower value of τm of 

Er-DOTA could be found in the different magnetic anisotropies of these complexes, due to their 

different electronic distributions.51 In fact, Dy-DOTA and Tb-DOTA complexes are 

characterized by an easy-plane magnetic anisotropy, i.e. perpendicular to the Ln-Ow bond (Ow 

is the oxygen of the coordinated water molecule, which resides at the top of the oxygen plane 

of the capped square antiprism structure of Ln-DOTA). On the other hand, Er-DOTA is 

characterized by an easy-axis magnetic anisotropy almost parallel to the Ln-Ow bond, as 

illustrated in Fig. 1 in the Theory section.35,52–54  

The values obtained for the distances between the lanthanide paramagnetic center and the 

coordinated water proton are lower than those recently estimated for solid-state Ln-DOTA 

complexes (r = 3.4 Å)31 but comparable to the geometrical distance assumed for similar 

complexes (e.g. for Dy-DTPA, Van der Elst et al.19 assumed r = 3.1 Å). 

Considering Dy-DOTA, we found τS0 = 0.19 ± 0.01 ps from measurements at 298 K, which is 

smaller than the value reported in the literature for Dy(III) aqua ion (τS0 = 0.39 ps, at 298 K)22 
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and for Dy-DOTA water solutions at 310 K (τS0 = 0.33 ps).55,56 Similarly, we found τS0 = 0.13 

± 0.01 ps (at 298 K) for Er-DOTA that is smaller than the value reported in the literature for 

Er(III) aqua ion (τS0 = 0.31 ps, at 298 K).22 No literature data for τS0 were found for Tb-DOTA. 

As can be seen in detail in Figure S2 the Curie interaction (dashed lines) is the main responsible 

for the high-field increase of longitudinal relaxivities observed experimentally, that cannot be 

described in terms of the dipolar interaction alone (dotted lines).  

 

 

Figure 3 Longitudinal (left) and transverse (right) relaxivitiy 1H NMRD profiles of Dy-DOTA, Tb-DOTA and Er-DOTA 

solutions at 298 K. The lines represent the best-fit curves using the Solomon-Bloembergen-Morgan equations (see text). 

 

Table III Parameters obtained from the fitting of Dy-DOTA, Tb-DOTA and Er-DOTA solutions NMRD profiles and from the 

analysis of the 400 and 700 MHz NMR 1H spectra as explained in the text. Underscored parameters are those kept fixed in the 

least-square fitting procedure. The values in brackets represent the standard deviation of the fitted parameter. The values fixed 

for the r2 data analysis and obtained from the r1 data fitting procedures are labelled with the apical asterisk. 

Parameter   Dy-DOTA   Tb-DOTA   Er-DOTA 

  r1 r2  r1 r2  r1 r2 

r / Å   3.37 (0.05) 3.37*   2.96 (0.05) 2.96*   3.02 (0.05) 3.02* 

τS0 / ps   0.19 (0.01) 0.19*   0.22 (0.01) 0.22*   0.13 (0.01) 0.13* 

α / Mrad s-1 T-1 
 - 0.31 (0.01)  - 0.27 (0.01)  - 0.21 (0.01) 

τm / ns    10 15.39 (0.05)    10 26.39 (0.07)    10 1.40 (0.03)  

τm / ns (spectra)  - 16.91 (1.15)  - 29.36 (2.20)  - 4.84 (0.34) 

 

 

MRI Images 

The images of the water solution sample of Dy-DOTA, Tb-DOTA and Er-DOTA with same 

concentration (5 mM) acquired at 0.18 Tesla are reported in Fig. 4 (left), while Fig. 5 (left) 

shows the MRI acquisitions at 7 Tesla.  

Circular ROIs (Regions of Interest) were used to measure the variation of the signal intensity 

of the vials represented in the images along each series: the graphs on the right in Figs. 4 and 5 

illustrate the evolution of the normalized signal intensity as a function of the acquisition 

parameters TR or TE. We found that Tb-DOTA shows the highest enhancement of the 
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relaxation rate, in good agreement to the NMR relaxivity curves (see top curves on the right 

side of the graphs reported in Figs. 4A and 5A and bottom curves in Figs. 4B and 5B). On the 

counter hand, Er-DOTA displays the lowest enhancement, as shown in Figs. 4A and 5A (bottom 

curves in the right-sided graphs), and in Figs. 4B and 5B (top curves).  

It can be also appreciated the contrast enhancement, according to the NMRD profiles, for all 

three complexes at high field (7 Tesla, Fig. 5) if compared to low field acquisitions (0.18 Tesla, 

Fig. 4), especially for the series with variable TE, when comparing the relative increment 

(varying TR) or decrement (varying TE) of the signal. Being equal the TR / TE variations at 

both fields, the discrepancies between the relative signal intensities are wider along the series 

at 7 Tesla with respect to those at 0.18 Tesla, indicating shorter relaxation times and, therefore, 

higher relaxivities. 

Thanks to the high-field increment of the transverse relaxivities, Dy-DOTA, Tb-DOTA, and, 

to a lesser extent, Er-DOTA could be employed as negative MRI contrast agents at high field. 

On the other hand, their longitudinal relaxivities are too low for applications as positive contrast 

agents, despite the high-field growth caused by the Curie interaction.  

Further investigations are needed to assess potential pitfalls in terms of biocompatibility and 

side-effects of these Ln-based complexes for in-vivo applications. 

 

Figure 4 Low-Field MRI Acquisitions (0.18 Tesla). Spin-Echo images of vials containing 5 mM of Dy-DOTA, Tb-DOTA 

and Er-DOTA (A) at different repetition times (TR = 100, 300, 500 ms; TE = 20 ms; Acquisition Matrix 256x192; 

Reconstruction Matrix 256x256; FOV = 12x12 cm2; Slice Thickness = 5 mm; Averages = 10) and (B) at different echo times 

(TE = 28, 90, 120 ms; TR = 2.8 s; Acquisition Matrix 256x192; Reconstruction Matrix 256x256; FOV = 12x12 cm2; Slice 

Thickness = 5 mm; Averages = 1). The graphs nearby the images show the evolution of the normalized signal intensity 

measured in circular ROI for each sample along each series. 
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Figure 5 High-Field MRI Acquisitions (7 Tesla). Spin-Echo images of vials containing 5 mM of Dy-DOTA, Tb-DOTA and 

Er-DOTA (A) at different repetition times (TR = 100, 300, 500 ms; TE = 20 ms; Acquisition Matrix 256x192; Reconstruction 

Matrix 256x256; FOV = 4x4 cm2; Slice Thickness = 1 mm; Averages = 3) and (B) at different echo times (TE = 28, 90, 120 

ms; TR = 2.8 s; Acquisition Matrix 256x192; Reconstruction Matrix 256x256; FOV = 4x4 cm2; Slice Thickness = 1 mm; 

Averages = 1). The graphs nearby the images show the evolution of the normalized signal intensity measured in circular ROI 

for each sample along each series. 

 

 

Conclusions 

 

The present work provides further evidence of the benefits that could derive from a combined 

analysis, not usually performed, of both longitudinal and transverse relaxivities NMRD profiles 

collected in a wide range of frequencies for the structural, dynamic, and magnetic 

characterization of MRI contrast agents. For the [Mn(H2O)6]2+ aqua ion we were able to assess 

the water exchange time τm directly from the analysis of the NMRD profiles and to give a more 

accurate estimation of the ZFS parameters, namely τv and Δ2. It must be mentioned that such 

result was obtained without employing other techniques but NMR. Conversely, the fit of r2 

profile of Gd-DOTA sample did not provide any additional information if compared to r1 fitting, 

but it confirmed (i) the suitability of the SBM model in a wide range of frequencies also for the 

transverse relaxivity NMRD profiles, often not measured, and (ii) the negligibility of the scalar 

interaction for the Gd(III) complex. In addition, the analysis of Dy-DOTA, Tb-DOTA, and Er-

DOTA NMRD profiles allowed the estimation of the metal-proton distance r, the electronic 
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relaxation times τS0, and the water exchange times τm. We hypothesize that the latter might be 

correlated to the different magnetic anisotropy of the complexes, easy-plane for Dy-DOTA and 

Tb-DOTA, and easy-axis for Er-DOTA. Finally, the possible high-field application as negative 

MRI CAs for Dy-DOTA, Tb-DOTA, and Er-DOTA complexes was supported by spin-echo 

images acquired at 7 Tesla. This result could be useful for future high-field clinical imagers and 

for currently available preclinical MRI scanners. 

 

Supplementary Material 

See Supplementary Material to visualize the contributions discussed in the Theory Section to 

the NMRD profiles and the NMR spectra acquired at 400 MHz and 700 MHz. 
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