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Abstract
The paramagnetic lanthanide complexes with polyaminopolycarboxylate (PAPC) ligands attract considerable attention from 
the standpoint of potential applications thereof as relaxation agents used in medical magnetic resonance imaging (MRI) 
and in luminescent materials, as well as owing to promising use thereof as paramagnetic labels for studying the properties 
of biopolymers since they exhibit thermodynamic stability, good solubility in aqueous media and moderate toxicity. For 
the last decades, the NMR methods have been used to determine the physical and chemical properties of paramagnetic Ln 
compounds. The studies concerning paramagnetic NMR lanthanide-induced shifts (LISs) in dissolved Ln complexes, as well 
as the analysis of band shape as a function of temperature make it possible to obtain valuable information on the structure, 
intra- and intermolecular dynamics and paramagnetic properties thereof. This review is devoted solely to the following 
features: firstly, the processes of intramolecular dynamics of lanthanide complexes with polyamino-polycarboxylate ligands 
such as DOTA, EDTA and DTPA and their derivatives studied by NMR; secondly, the LISs of lanthanide complexes with 
EDTA, DOTA, DTPA and some of their derivatives depending on temperature and pH. Moreover, in this review, for the first 
time, the dependence of the activation energy of molecular dynamics in complexes with polydentate ligands on the atomic 
number of the lanthanide cation is analyzed and a monotonic change in energy is detected, which is due to the effect of 
lanthanide contraction. It should be noted that this phenomenon is quite general and may also appear in the future in many 
other series of lanthanide complexes with both other multidentate ligands and with bidentate and monodentate ligands. In 
the future, it is possible to predict the dependence of the properties of certain lanthanide complexes on the ionic radius of 
the lanthanide cation based on the approaches presented in the review. In this review, we have also presented the dynamic 
NMR as the main research method widely used to analyze the processes of molecular dynamics, and the structural studies 
based on the NMR relaxation spectroscopy and LIS analysis.

Keywords Lanthanide complexes · DOTA · EDTA · DTPA · NMR/MRI temperature sensor · Lanthanide-induced shifts in 
NMR spectra · Free energy of activation · Conformation dynamics

Abbreviations
BSA  The band-shape analysis within the 

framework of dynamic NMR
BSATTD-LIS  Band-shape analysis technique taking 

into account temperature dependence 
of LIS

18-Crown-6  1,4,7,10,13,16-Hexaoxacyclo-octade-
cane

CD  Circular dichroism (the differential 
absorption of left and right circularly 
polarized light)

CEST  Chemical exchange saturation transfer
Diaza-18-crown-6  1,10-Diaza-4,7,13,16-tetraoxacyclo-

octadecane
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DNMR  Dynamic nuclear magnetic resonance
DOTA  1,4,7,10-Tetraaza-1,4,7,10-tetrakis 

(carboxymethyl) cyclododecane
DOTAM  1,4,7,10-Tetrakis (acetamido) 

-1,4,7,10-tetraazacyclodecane
DOTMA  (1R, 4R, 7R, 10R) -α, α ', α ", α 

‴-tetramethyl-1,4,7,10-tetraazacyclo-
decane-1,4,7,10-tetraacetic acid

DOTP  1,4,7,10-Tetraazacyclodecane-
1,4,7,10-tetramethylphosphonic acid

DSS  Sodium salt of 3-trimethylsilyl-1-pro-
panesulfonic acid

DTPA  Diethylenetriamine-N,N, N',N,N",N"-
pentaacetic acid

EDTA  Ethylenediamine-N,N, N',N'-
tetraacetic acid

EPR  Electron paramagnetic resonance
EXSY  Exchange spectroscopy
LIS  Lanthanide-induced shift
Ln  Cation of the lanthanide element
LSR  Lanthanide shift reagents
MCPE  Macrocyclic polyethers
MRI  Magnetic resonance imaging
MT  Selective magnetization transfer 

method
NMR  Nuclear magnetic resonance
Oep  Octaethylporphyrin
PAPC  Polyamino-polycarboxylate
PARR   Paramagnetic relaxation reagent
Ptfa  1,1,1-Trifluoro-5,5-dimethyl-2,4-hex-

anedione
REE  Rare earth elements
RS NMR  Relaxation NMR spectroscopy
SST  Spin saturation transfer technique
TETA  1,4,8,11-Tetraazacyclotetradecane-

1,4,8,11-tetraacetic acid
Tpp  Tetraphenylporphyrin
T1  The spin–lattice relaxation time
T2  The spin–spin relaxation time

Introduction

The paramagnetic lanthanide complexes with polyaminop-
olycarboxylate (PAPC) ligands attract considerable atten-
tion from the standpoint of potential applications thereof as 
relaxation agents used in medical magnetic resonance imag-
ing (MRI) and in luminescent materials, as well as owing to 
promising use thereof as paramagnetic labels for studying 
the properties of biopolymers since they exhibit thermody-
namic stability, good solubility in aqueous media and mod-
erate toxicity. For the last decades, the NMR methods have 
been used to determine the physical and chemical properties 

of paramagnetic Ln [1–6]. Recently, the structural features, 
paramagnetic properties, kinetic and energy parameters of 
the molecular dynamics of reversible processes occurring 
in Ln complexes dissolved in organic and aqueous media 
have been determined by using NMR [7–11] concerning 
paramagnetic NMR lanthanide-induced shifts (LISs) in dis-
solved Ln complexes, as well as the analysis of band shape 
as a function of temperature make it possible to obtain valu-
able information on the structure, intra- and intermolecu-
lar dynamics and paramagnetic properties thereof. In this 
review, we are focusing exclusively on a detailed study of Ln 
complexes in aqueous solutions. The complexes of Ln with 
PAPC ligands exhibit common properties: good solubility 
in aqueous media, thermodynamic and kinetic stability, low 
toxicity and relatively fast excretion half-time. In particular, 
lanthanides with such PAPC ligands as DOTA, DTPA and 
EDTA have been reported [12–14] for using Gd complexes 
with DOTA and DTPA as contrasting relaxation reagents 
[15–21]. As shift agents for NMR applications, -diketonate 
complexes with paramagnetic [22–24] the case of organic 
media and [Ln(H2O)n (EDTA)] [25, 26] the case of aqueous 
media have been used [27–45]. The analysis of paramag-
netic properties such as the temperature sensitivity of LIS 
and paramagnetic increases in relaxation rates indicates the 
prospect of using kinetically stable lanthanide complexes as 
temperature-sensitive probes for determining local tempera-
ture and diagnosing diseases (cancer, inflammation, COVID-
19) using MRI technologies.

This review is devoted solely to the following features: 
firstly, the processes of intramolecular dynamics of lantha-
nide complexes with polyamino-polycarboxylate ligands 
such as DOTA, EDTA and DTPA and their derivatives stud-
ied by NMR; secondly, the LISs of lanthanide complexes 
with EDTA, DOTA, DTPA and some of their derivatives 
depending on temperature and pH. Moreover, in this review, 
for the first time, the dependence of the activation energy of 
molecular dynamics in complexes with polydentate ligands 
on the atomic number of the lanthanide cation is analyzed 
and a monotonic change in energy is detected, which is due 
to the effect of lanthanide contraction. It should be noted 
that this phenomenon is quite general and may also appear 
in the future in many other series of lanthanide complexes 
with both other multidentate ligands and with bidentate and 
monodentate ligands. In the future, it is possible to predict 
the dependence of the properties of certain lanthanide com-
plexes on the ionic radius of the lanthanide cation based 
on the approaches presented in the review. In this review, 
we have also presented the dynamic NMR as the main 
research method widely used to analyze the processes of 
molecular dynamics, and the structural studies based on the 
NMR relaxation spectroscopy and LIS analysis. A detailed 
description of modern methods of magnetic resonance for 
studying chemical processes is of interest to a wide range 
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of chemists, in particular, due to the fact that a number of 
methodological techniques were only used once for specific 
research [46–50] and are known to a very limited circle of 
narrow specialists in various scientific disciplines.

Paramagnetic lanthanide‑induced shifts 
(LISs) on ligand nuclei in lanthanide 
complexes

The studies on the properties of lanthanide-induced shifts 
(LIS) and paramagnetic relaxation processes of lanthanide 
complexes in solutions facilitates developing novel NMR 
methods for studying the structure, molecular dynamics 
and thermodynamics of compounds with paramagnetic Ln 
metal core Ln [1, 27, 28, 38]. The theory of pseudocontact 
contributions to the LIS [30] was successfully used for the 
structure of paramagnetic compounds in solutions for many 
years. The methods based on LIS analysis in NMR spectra 
have been successfully used in determining the structure and 
molecular dynamics for compounds with lanthanide cations 
in the case of small molecules and biological systems such 
as proteins and nucleic acids [31–33]. Modern theoretical 
investigations are aimed at studying the relationship between 
LIS and the parameters of crystal field, the symmetry of 
complexes, the coordination environment, as well as with 
the "lanthanide compression"; it should be noted that the 
newest studies concerning the non-isotropic nature of LIS 
and paramagnetic relaxation diverge from the «classical» 
theory [29, 45].

The foundations of the theory of lanthanide-induced 
shifts can be represented in the following form. The chemi-
cal shifts observed on the nuclei of the ligand atoms (δobs) 
can be presented as the sums of paramagnetic lanthanide-
induced shifts (δLIS) and diamagnetic associative shifts (δD):

In most cases, lanthanide-induced shifts are much greater 
than corresponding diamagnetic ones  (101–102 ppm on the 
hydrogen nuclei). In the series of isostructural lanthanide 
complexes, diamagnetic associative shifts (δD) can be read-
ily obtained by processing the spectral data for diamagnetic 
complexes of La or Lu. Lanthanide-induced shifts (δLIS) in 
NMR spectra can be expressed as the sum of Fermi-contact 
shifts (δFC) and pseudocontact shifts (δPC):

(1)�obs = �D + �LIS,

Fermi-contact shifts (δFC) originate from unpaired 
s-electron density near the resonant nuclei owing to polar-
izing completely occupied electron shells in a ligand via 
the exchange interaction with an incompletely occupied 
electron shell inherent in a paramagnetic cation. Fermi-
contact contributions to the LIS (ppm) are expressed as 
Eq. (3):

where < SZ >  = gJ(gJ-1)J(J + 1), F = (AμB/3kTγIh) ×  106, A 
is the hyperfine interaction constant in energy units, J is 
the quantum number of the total angular momentum for the 
ground state, gJ is the Lande factor associated with this state.

Parameter < SZ > is characteristic of the Ln cation and 
independent with respect to the ligand. The value of this 
parameter for each Ln cation can be found in [7] NMR. 
Parameter F reflecting relative contact interaction between 
the Ln cation and the resonant nucleus is unique for each 
nucleus of the ligand.

In most cases, the Fermi-contact contribution to the 
LIS is much smaller than the pseudo-contact contribu-
tions. Hence, the Fermi-contact contribution can be 
neglected. Pseudo-contact shifts (δPC) are caused by the 
dipole–dipole interaction between the magnetic moment 
of the resonant nucleus and the magnetic moment associ-
ated with the incompletely occupied 4f-electron shell of 
the Ln cation. The pseudo-contact contribution to the LIS 

(2)�LIS = �FC + �PC,

(3)�FC = ⟨SZ⟩F,

Fig. 1  Spherical coordinates r, θ, φ of the hydrogen nucleus Hi with 
respect to the Ln cation given in formula (4)
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can be expressed with the use of magnetic susceptibility 
tensor χ (4) [7]:

where r, θ, φ are the spherical coordinates of the nucleus 
with respect to the Ln cation, where r (Å) expresses the 
distance between the resonant nucleus of the hydrogen atom 
and the Ln cation, and θ, φ are the angles (Fig. 1).

The right side of expression (4) contains five parameters 
that describe the case of an arbitrary choice of the principal 
axes for the magnetic susceptibility tensor of the lanthanide 
ion with respect to the symmetry axis of the complex [7]. It 
should be emphasized that the value of the isotropic pseudo-
contact contribution expressed by this formula represents 
originates from averaging over different orientations of the 
molecule taking into account its motion in the solution. In 
most cases, no LIS non-isotropy is taken into account, which 
nevertheless does not hinder any structural studies with sat-
isfactory accuracy [38].

(4)
�
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1
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In the particular case (using a coordinate system associ-
ated with the principal axes of the magnetic susceptibility 

tensor), the expression for the pseudo-contact contribution 
to the LIS can be represented as it follows:

Finally, if there is an axial symmetry of the complex, then 
equality χxx = χyy, together with formula (5) can be trans-
formed to relationship (6):

Based on these calculation methods, a majority of struc-
tural studies on lanthanide complexes in solutions have been 
carried out. The pseudo-contact contribution to the para-
magnetic shifts for Ln cations in the ground state (with a 
definite value of J) has been calculated in Ref [39]. It has 
been assumed that the ground level is splittted in the ligand 
field into (2 J + 1) sublevels (the splitting value being  kBT) 
taking into account that the electron spin–lattice relaxation 
time (T1e) is much shorter than the correlation time of the 
rotational motion of the whole molecule (R) (Table1) [7, 12]. 
In a series of isostructural lanthanide complexes one can to 
use the values of Cj and < Sz > parameters (related to the δ 
PC and δ FC contribution to the LIS) for approximate NMR 
signals assignment.

Revealing the solution structure 
by paramagnetic lanthanide‑induced shift 
analysis: common approaches

Many methods and techniques for LIS interpretation have 
been suggested and tested [41–44]. The development of 
these techniques has been conditioned by the research-
ers’ intent of obtaining information concerning the spatial 
structure of Ln complexes (from the analysis of pseudoc-
ontact contributions to LIS). For the structural studies on 
lanthanide complexes two approaches of LIS analysis can 
be applied: a) with the use of an ab initio structural model 
and b) without any structural model.

(5)

�PC =
1030

2NA

[
(�zz − �)

⟨
3 cos2 � − 1

r3

⟩
+ (�xx − �yy)

⟨
sin2 � cos 2�

r3

⟩]

(6)�PC =
1030

3NA

(�zz − �xx)

⟨
3 cos2 � − 1

r3

⟩

Table 1  The quantum number values of the total angular momen-
tum for ground state J, Lande factor associated with this state gJ, and 
parameters Cj and < Sz > calculated in [30], among which the latter 
two characterize, respectively, the paramagnetic pseudo-contact (PC) 
and Fermi-contact (FC) contributions to the LIS

a Paramagnetic pseudo-contact contributions are normalized to -100% 
for Dy.
b  Paramagnetic Fermi-contact contributions are normalized to 100% 
for Tb.

Ln3+ Type of cation J gJ Cj, %a  < Sz > , %b

Ce3+ 4f1 5/2 6/7 − 6.30 − 3.08
Pr3+ 4f2 4 4/5 − 11.00 − 9.33
Nd3+ 4f3 9/2 8/11 − 4.20 − 14.11
Pm3+ 4f4 4 3/5 2.00 − 12.60
Sm3+ 4f5 5/2 2/7 − 0.70 0.19
Eu3+ 4f6 0 5 4.00 33.56
Gd3+ 4f7 7/2 2 0.00 98.99
Tb3+ 4f8 6 3/2 − 86.00 100.00
Dy3+ 4f9 15/2 4/3 − 100.00 89.72
Ho3+ 4f10 8 5/4 − 39.00 71.12
Er3+ 4f11 15/2 6/5 33.00 48.30
Tm3+ 4f12 6 7/6 53.00 25.80
Yb3+ 4f13 7/2 8/7 22.00 8.14
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For practical use, one can recommend the following 
efficient procedures for the analysis of LIS and relaxation 
rates.

(1) Separating pseudocontact and Fermi contact contri-
butions to LIS via analyzing the ‘‘lanthanide dependence 
of LIS’’ [27–45] in some isostructural complexes.

This method has a number of variations:
(1A) A tabular qualitative description of the prevail-

ing pseudocontact contribution to LIS via comparing 
the experimental normalized values of LIS based on the 
Bleaney constants for different Ln[39].

(1B) A quantitative analysis of a linear dependence of 
(δobs-δD)/ < SZ > on Cj/ < SZ > parameters (see Table 1) car-
ried out according to Eq. (7) [39]:

The criterion of isostructural character for a series of 
complexes consists in the linearity of the dependence of 
(δobs-δD)/ < SZ > on Cj/ < SZ > in Eq. (7), where G and F 
parameters are represented by the constants in the series.

(1C) In addition to method (1B), there is also a LIS 
analysis method independent with respect to crystal field 
parameters Cj [7] based on Eq. (8).

where i and k indices correspond to i- and k- nuclei. All of 
these methods (from 1A to 1C) represent ‘without structural 
models’ techniques. The disadvantage of ‘without structural 
models’ methods consists in the fact that they are not very 
informative, since if the obtained dependences differ from 
linear ones, they are difficult to interpret even in a qualitative 
manner. Nevertheless, these methods have been successfully 
used to analyze the structural features in the series of homo-
geneous lanthanide complexes [7].

(2) Separating pseudocontact and Fermi contact shifts 
in a series of isostructural Ln complexes via measuring the 
‘‘Gd-induced shifts’’.

This procedure is based on the fact that the pseudoc-
ontact shifts in Gd complexes amount to zero and hence 
one can estimate the F constant for the entire series of Ln 
complexes [39]. A significant broadening of NMR signals 
(owing to the relatively long value of T1e in the Gd cati-
ons), and high error values in chemical shift determination 
exhibit a disadvantage of the method.

(3) A least-squares fitting procedure is used to study the 
spatial structure of Ln complexes with branched ligands 
[42]. If a certain structural model is obtained (by the X-ray 
diffraction or quantum–mechanical modeling and other 

(7)
�obs − �D⟨

Sz
⟩ = F + G

Cj⟨
Sz
⟩

(8)
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j
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Fi − Fk
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Gk

)
+

Gi

Gk

⋅

�
para

kj⟨
Sz
⟩
j

methods), one uses the analysis technique based on the 
optimization procedure of pseudo-contact contributions to 
the LIS, as shown in formulas (2–6) and (10) [40]:

Here Wi is the weight factor equal to the reciprocal of 
the square of the determining LIS experimental error; AF 
is minimized parameter,�LIS is the experimental values of 
the paramagnetic chemical shifts (considering for the dia-
magnetic contributions); �calc is the optimized calculated 
values of pseudo-contact contributions to LIS. In the opti-
mization procedures, the adjustable parameters are rep-
resented by the components of the magnetic susceptibil-
ity tensor in formulas (5) and (6), whereas the geometric 
parameters are given by constants. When Fermi-contact 
contributions can be neglected, this optimization method 
is satisfactory. Otherwise, several methods described 
above can be used to separate the pseudo-contact and 
Fermi-contact contributions to the LIS. Details and varie-
ties of this method have been given [44]. In the general 
case, when analyzing Eq.  (7), one can simultaneously 
use 1H, 13C, 19F, 31P etc. NMR data and data for different 
Ln ions, which depends on the system under study. The 
space of the fitting parameters can include both the spatial 
variables and the variables defining the pseudocontact and 
Fermi contact contributions to LIS for different Ln (then 
method 3 could be regarded as a variation of method 1). 
The number of independent fitting parameters could be 
reduced for lanthanide complexes having axial or effec-
tive axial symmetry (as a result of intramolecular motion) 
or for the nuclei for which the Fermi contact contribution 
could be neglected compared to the pseudocontact term 
[31, 32, 44, 45].

(4) A combined method for analyzing the structure of 
paramagnetic Ln complexes from LIS analysis and relaxa-
tion NMR spectroscopy data involves the following two 
techniques using the structural data obtained by analyzing 
the dipole lanthanide-induced enhancements of spin–lat-
tice relaxation rates (LIR) (see the next section) [44]. This 
method has a few variations:

(4A) The relaxation enhancements are used to test the 
adequacy of the geometrical model applied in the LIS 
analysis.

(4B) The values of LIR used to reduce the number of 
unknown ‘‘LIS analysis parameters’’ (for example, by 
method 3). This method is applicable to both kinetically 
stable and unstable lanthanide complexes.

(5) A combined method for analyzing the struc-
ture of macromolecules (e.g., porphyrins, albumins, 

(9)AF =

⎛
⎜⎜⎜⎝

∑
i,Ln

Wi(�LIS − �calc)
2

∑
i,Ln

Wi(�LIS)
2

⎞
⎟⎟⎟⎠

1

2

,
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oligonucleotides, proteins, DNA, etc.) based on their for-
mation of complexes with paramagnetic lanthanide cations 
which combines LIS measurements with the complete 1H 
NMR signal assignment (by 1D NOE technique as well as 
2D NOESY, ROESY, TOCSY, and COSY experiments) 
[43].

(6) A combined method for the studies on the structure 
of complexes with paramagnetic 3d- and 4f-elements based 
on the studies on residual dipolar couplings (depending 
on magnetic field contribution to splitting 1JNH(B0)). This 
has been applied to 15 N substituted proteins and DNA in 
 D2O solution using the results of 1D NOE, various 2D 
NMR techniques, relaxation NMR spectroscopy, paramag-
netic shifts in NMR spectra [29, 41, 43–45] and computer 
molecular mechanics simulations and quantum chemistry 
calculations [51]. It should be noted that the use of the 
method requires NMR spectrometers with high magnetic 
fields (operating frequency > 600 MHz).

(7) A structure elucidation based on the studies on the 
Curie-spin contributions to the paramagnetic spin–spin 
relaxation rate enhancements (see the next section); this 
method is resently proposed [52]. The method requires 
NMR spectrometers with high magnetic fields (operating 
frequency > 500 MHz).

Lanthanide‑induced paramagnetic 
relaxation rate enhancements

The modern theory of paramagnetic spin–lattice relaxation 
processes on the nuclei of ligand atoms in the complexes of 
paramagnetic lanthanides has been described in detail. [7, 
12, 44, 53].The lanthanide-induced increase in spin–lattice 
relaxation rates on ligand nuclei in paramagnetic Ln com-
plexes (with respect to the corresponding relaxation rates in 
isostructural diamagnetic complexes, for example, La or Lu) 
can be represented as (11) [54]:

where R1 is the increase in the spin–lattice relaxation rates; 
R1

(dip), R1
(cont), R1

(CS) are the dipole, contact, and Curie-spin 
contributions, respectively, in the spin–lattice relaxation 
rates.

The dipole contribution (R1
(dip)) is caused by the intra-

molecular dipole–dipole interaction between the magnetic 
moments of the ligand nuclei (associated with spin I) and 
the magnetic moments of the electrons of the paramagnetic 
cation (associated with spin S). For lanthanide complexes, 
the contribution with a small value of the anisotropy of ten-
sor g can be expressed by the following equalities (wherein 
the spin–lattice relaxation time of electrons T1e ≪  10–11 s):

(10)R1 = R
(dip)

1
+ R

(cont)

1
+ R

(CS)

1
,

Here, J is the value of the electron total angular magnetic 
moment; γI is the nuclear gyromagnetic ratio, g Lande factor 
of the electron; μB is the Bohr magneton, r is the distance 
between the nucleus i and the paramagnetic center; ωI is 
the nuclear resonant frequency; ωS electronic resonant fre-
quency; τc is the characteristic correlation time; τe is the 
electronic relaxation time; τR is the correlation time of the 
rotational motion.

The second term in expression (11) can be represented 
according to the following equation:

Here A is the hyperfine interaction constant.
In most cases, the dipole contribution is dominant and the 

Fermi-contact contribution can be neglected, since it does 
not exceed the error in measuring the values of the relaxa-
tion rates. For example, the available estimated values of 
the dipole and contact contributions to the increase in the 
spin–lattice relaxation rates of protons are  102 s and 0.1  s−1, 
respectively for lanthanide complexes with macrocyclic 
polyethers (MCPE) (assuming that the observed nucleus is 
proton or carbon, r ~ 5A, T1e ~  10–13 c and A ~  106  c−1) [55].

As a result of the dipole interaction of nuclear spin with 
a local electronic magnetic moment arising, the Curie-spin 
contribution to increasing the rate of spin–lattice relaxation 
(R1 (CS)) is realized (owing to the minimum difference in 
the splitting of electronic levels under the action of a mag-
netic field):

T: absolute temperature, H0: magnetic field strength.
The Curie-spin contribution becomes comparable with 

the dipole contribution in magnitude in certain conditions 
(high magnetic field of the spectrometer, medium and high 
molecular mass of the complexes). In most cases, the Curie-
spin contributions to the paramagnetic spin–lattice relaxa-
tion rate enhancements can be neglected.

Since both the dipole and the Curie-spin contributions to 
the increase in the spin–lattice relaxation of the nucleus i are 
proportional to the parameter ri

−6, where ri is the distance 
between the lanthanide cation and the resonating nucleus i 
(Fig. 1).
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Here Tpara

1i
 and Tpara

1j
 represent the time of paramagnetic 

spin–lattice relaxation for nuclei i and j, whereas  ri and rj 
are the distances between the paramagnetic center (cation 
 Ln3+) and nuclei i and j, respectively. Most structural studies 
on lanthanide complexes based on paramagnetic spin–lattice 
relaxation (as shown in Eq. (15)) [56, 57]. As for spin–spin 
relaxation, there are some features that should be taken into 
account. The half-width of the signal is generally associated 
with the spin–spin relaxation time  T2 ratio:

where W is the half-width at half-maximum signal, T2 is 
the effective spin–spin relaxation time, R2 is the transverse 
relaxation rate of a NMR signal. The value of the spin–spin 
relaxation time (SSR) in the paramagnetic complexes of Ln 
can be represented as the sum of the diamagnetic R2

(dia) and 
the paramagnetic R2

(para) contributions. The latter one can 
be divided into three components such as the dipole–dipole 
component, the Fermi-contact component, and the Curie-
spin component. Furthermore, the chemical exchange may 
contribute (in general case) to T2 relaxation too. In this case, 
special techniques have been used to calculate the relaxation 
components (see, e.g., Refs. [58, 59]). It should be noted 
that the chemical exchange processes are off the scope of 
present paper. Thus, total rate of spin–spin relaxation R2 
for paramagnetic lanthanide complexes can be given by the 
following relationship:

where R2 is the rate of the spin–spin relaxation, R2
(dia) is the 

diamagnetic, R2
(dip) is the dipole, R2

(CS) is the Curie-spin, 
and R2

(FC) is the Fermi contact contribution to the transverse 
relaxation rate enhancement.

The diamagnetic contribution R2
(dia) could be considered 

using the studies on diamagnetic complexes of La or Lu 
[58–60]. Typically, the value of this contribution is from a 
few tenths to a unit of Hz.

The Fermi contact contribution to the transverse relax-
ation rate (R2

(FC)) can be represented by the following 
relationship:

where J is the value of the total angular electron magnetic 
moment, Ai is the hyperfine interaction constant, ħ—Planck's 
constant, τs1 and τs2 are the longitudinal and transverse 
electronic relaxation times respectively, ωS is the electronic 

(15)
T
para

1i

T
para

1j

=

(
ri

rj

)6

,

(16)W = 1∕
(
�T2

)
= R2∕�,

(17)R2 = R
(dia)

2
+ R

(dip)

2
+ R

(FC)

2
+ R

(CS)

2
,

(18)R
(FC)

2
=

J(J + 1)

3

(
Ai

ℏ

)2
(
2�s1 +

�s2

1 + �2
S
�2
s2

)

resonance frequency. The Fermi-contact is caused by the 
interaction via chemical bonds, and it is the most important 
for the nuclei located close to the Ln cation.

It is known that the dipole–dipole contribution (R2
(dip)) 

significantly decreases with increasing distance between the 
resonating nucleus and the Ln cation:

where μ0 is the magnetic permeability of vacuum, gJ is 
Lande factor of the electron, γI is the nuclear gyromagnetic 
ratio, β is Bohr magneton, ri is the distance between the 
nucleus i and the paramagnetic center, τe is the electron 
relaxation time.

The Curie-spin contribution also has a dipole nature and 
owing to the interaction of the nuclear spin with the local 
electron magnetic moment arising because of the minimal 
difference between the populations in the splitting of the 
electron levels under the influence of the magnetic field:

where k is the Boltzmann constant, T is the absolute tem-
perature, ri is the distance between the nucleus i and the 
paramagnetic center, τr is the reorientational correlation 
time, ωI is the nuclear resonance frequency. The Curie-spin 
contribution is determined by reorientational correlation 
time τr and has a strong temperature and field dependence. 
In some cases, the Curie spin contribution is comparable to 
the dipole–dipole one and can even be significantly predomi-
nant. The Curie-spin component is a quadratic function of 
the external magnetic field H0 and the inverse temperature. 
Moreover, R2

(CS) also depends on the solution viscosity (as 
it is determined by a correlation time τr). In the particular 
case (under the condition of a strong magnetic field, medium 
viscous fluids, low or intermediate molecular weight com-
plexes), the value of ωI parameter significantly increases 
{(1 + ωI

2τr
2) >  > 1}, and the expression for the Curie-spin 

contribution in formula (20) can be simplified as it follows:

The correlation time τr can be estimated using the 
Stokes–Einstein relation:

where η is the dynamic viscosity of the solvent, M is molecu-
lar weight substances, ρ is density of the solvent, NA is the 
Avogadro constant. The value of τr (for non-viscous aqueous 

(19)R
(dip)

2i
=

4
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�2J(J + 1)

r6
i

�e

(20)

R
(CS)

2
=

1

5

( �0

4�

)2�2
I
g4
J
�4
B
J2(J + 1)2

r6(3kT)2

(
4�r +

3�r

1 + �2�2
r

)

(21)R
(CS)

2
=

4

5

( �0

4�

)2�2
I
g4
J
�4
B
J2(J + 1)2

r6(3kT)2
�r

(22)�r =
�M

�NAkT
,



8 Journal of Inclusion Phenomena and Macrocyclic Chemistry (2022) 102:1–33

1 3

solutions and/or small molecules) is in the range from  10–9 
to  10–11 s.

Thus, the total paramagnetic lanthanide-induced con-
tribution to the relaxation rate enhancement is the sum of 
the dipole–dipole, the Fermi-contact and the Curie-spin 
components:

It is assumed Fermi-contact component of the relaxation 
rate is weakly dependent on temperature. The dipole–dipole 
component decrease weakly in the temperature range from 
273 to 330 K, whereas the Curie spin contribution rapidly 
decreases with temperature increasing.

A few words should be said here concerning the state of 
experimental observations of Curie-spin relaxation in com-
plexes of Ln with PAPC and some other ligands. Currently, 
complexes of  Dy3+ with DOTA, DTPA and DOTAM chelate 
ligands are considered in the literature as promising T2-con-
trast agents for MRI. In the future these complexes could 
become more efficient relaxants even than  Gd3+ complexes 
widely used in the high field MRI owing to the significant 
contribution of Curie-spin relaxation [61–63]. One of the 
crucial problems of the studies on paramagnetic relaxation 
processes of various paramagnetic lanthanide complexes 
is a search for the experimental conditions under which it 
is possible to separate a particular contribution of different 
types of electron-nucleus interaction to the relaxation rate. 
Relatively little number of publications are available in the 
literature on the Curie-spin contribution to paramagnetic 
transverse relaxation rate enhancement (CS-PTRRE) [64]. 
In particular, only a few examples of experimental studies on 
the field dependence of this contribution have been found in 
the case of Dy derivatives [59, 62–64]. In those works, the 
optimal conditions for obtaining the maximum of  r2 relaxiv-
ity (depending on the field and lifetime of water molecules 
in the first coordination sphere of Ln cations) have been 
found. However, the researchers neither have specifically 
discriminated the CS contributioN,Nor have examined 
its temperature dependence. In the recent work proposed 
[52]., an attempt has been made to take into account the 
CS-PTRRE experimentally. However, the studies have been 
carried out at low fields, and the calculated values of the CS 
contribution have shown to be only slightly greater than the 
determination error for relaxation rate. The pseudo-contact 
contribution has been found to prevail. To the best of our 
knowledge, the detailed investigations of CS-PTRRE for 
several lanthanides also have been carried [52, 65–68].

(23)R
(para)

2
= R

(dip)

2
+ R

(FC)

2
+ R

(CS)

2

Revealing the conformation dynamics using 
dynamic NMR (DNMR)

Earlier [69], the molecular structure and temperature 
dependence of lanthanide-induced shifts (LIS) and confor-
mational dynamics of  [Ln3+(DOTA)]− compounds, where 
Ln = Ho and Lu, have been studied using 1H NMR in  D2O 
solution. The conformational dynamics has been caused 
by the interconversion of square-anti-prismatic (SAP) and 
twisted-square-anti-prismatic (TSAP) conformers [70, 71]. 
It has been supposed that the CS makes a considerable con-
tribution to the paramagnetic relaxation rate in the case of 
compound  [Ho3+(DOTA)]−, and this should be taken into 
account when studying the processes of chemical exchange 
in lanthanide complexes. Further, using the Ho complex with 
DOTA as an example, the studying the temperature depend-
ence of CS contribution to the relaxation rate has been con-
ducted [65]. This is the first example of the detailed studies 
on the temperature dependence of Curie-spin contribution 
to the paramagnetic transverse relaxation rate enhancements 
in lanthanide complexes other than dysprosium, taking into 
account the magnetic field strength and change of viscos-
ity with temperature (Fig. 2). Thanks to this approach, the 
separation of the paramagnetic contributions (Curie-spin and 
dipole–dipole) has been achieved and it turned out that at 

Fig. 2  Dependence of the difference of (Wobs—Wdip) on the parameter 
η/T3and magnetic field for the ac2 protons of  [Ho3+(DOTA)]− in  D2O 
at 18.79 and 7.05 T (1); the molecular structure of  [Ln3+(DOTA)]− 
compounds (2); 800  MHz 1H NMR spectra of  [Ho3+(DOTA)]− in 
 D2O at different temperatures (at 18.79 T), concentration of the com-
plex 2 ×  10–2 M and pH 7.0 (3); here Ln = Ho and Lu [65]
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high magnetic fields (about 18 T), the Curie-spin contribu-
tion is predominant.

It should be noted that both the dipole and the Curie-spin 
contributions to the increase in the spin–spin relaxation of 
the nucleus i are also proportional to parameter ri

−6 (where 
ri is the distance between the lanthanide cation and the 
resonating nucleus i) analogically to expression (15). Tak-
ing into account the increased role of Curie-spin contribu-
tion, this circumstance could be used to study the structure 
of lanthanide complexes (for example, in the case of a low 
relevance of longitudinal relaxation data for complexes of 
heavy lanthanides).

Thus, the use of the dynamic NMR (DNMR) to analysis 
the intramolecular dynamics of Ln complexes has its own 
peculiarities related to the paramagnetic properties of the 
complexes. The waveform is determined by parameters of 
chemical shifts and the half-width of the signals (for dif-
ferent positions) in the absence of exchange. When analyz-
ing paramagnetic Ln complexes, it is necessary to consider 
the LIS dependence on temperature. In practice, it is per-
formed by extrapolating the analytical dependence of LIS 
on temperature, to found the slow exchange region to the 
temperature range of intermediate and rapid exchange area. 
By analyzing the temperature dependence of the values of 
the exchange rate constants, one can obtain the energy char-
acteristics of the process (free Gibbs energy (∆G≠), enthalpy 
(∆H≠) and activation entropy (∆S≠)). Hence, one can use the 
least-squares optimization procedure for the linear depend-
ence of ln(k/T) on 1/T [72]:

k: reaction rate constant; R: gas constant; kb: Boltzmann con-
stant; h: Planck constant.

It is recommended that the study should be carried out at 
the maximum possible temperature range, and the greatest 
density of study points should be at the ends of the tempera-
ture range to reduce the errors of ∆G≠, ∆H≠ and ∆S≠ [72].

With reference to the paramagnetic Ln complexes, it is 
possible to use the NMR to investigate the intramolecular 
dynamics of lanthanide complexes, [8] the ligand exchange 
kinetics and kinetics of complex formation; also one could to 
study the conformational lability of non-associated substrate 
molecules based on LIS of substrate molecules [72].

Another feature of DNMR application to the study para-
magnetic Ln complexes consists in the fact that the range of 
measured rate constants is significantly broadened compared 
to a similar range in diamagnetic compounds. For example, 
to estimate the maximum of measured rate constant (kmax) 
for chemical exchange processes associated with conforma-
tional dynamics we use Ln complexes with cyclic polyethers 
[8]. According to Pitt-Anderson formula [72] to estimate 
the approximate of O-CH2 in diamagnetic compounds has 

(24)ln (k∕T) = −DH≠∕RT + DS≠∕R + ln
(
kb∕h

)
,

been kmax ~  106  s−1, while for paramagnetic compounds the 
corresponding value turned out to be kmax ~  1010  s−1. This 
means that in the paramagnetic Ln complexes the range of 
the chemical exchange rates available for measurement can 
be significantly broadened compared to the range of rate 
constants in related diamagnetic compounds.

LIS in the NMR spectra of paramagnetic 
lanthanide complexes depending 
on temperature

The temperature dependence of LIS has been reported by 
B. Bleaney [39], and theoretically substantiated that LIS in 
the solutions of paramagnetic lanthanide compounds can be 
expanded in a series in powers of the inverse temperature, 
with the predominant contribution to T−2 dependence. In 
fact, the experimental studies confirmed did not have this 
dependence [73–76] shown that the temperature depend-
ence of the LIS is empirically well described by a linear 
approximation from the inverse temperature T−1 [39]. Note 
that, the temperature dependence of the stability constant of 
these compounds has been not always correctly taken into 
account, since the studies have been carried out on kineti-
cally unstable compounds. In the expansion of the LIS into a 
series in powers of the inverse temperature, the contribution 
of terms with high degrees (T−3, T−4, etc.) is almost always 
significant. In this case, the experimental paramagnetic 
chemical shift are well described by a linear dependence on 
the inverse temperature [31]:

Measurement temperature and construct a three-dimen-
sional temperature distribution in animate and inanimate 
objects by using non-invasive radio-spectroscopic meth-
ods (NMR, MRI, EPR) have great prospects in medicine, 
biology, and modeling of physical and chemical processes. 
Based on chemical shift temperature dependence, tempera-
ture measurements have been performed on 2D and 3D of 
macro objects in vitro and in vivo by using NMR and MRI 
methods [77–80]. The basic methods for determining the 
temperature of biological objects are based on the tempera-
ture dependence of the chemical shift of protons of tissue 
water or the longitudinal relaxation time T1 (with a sensi-
tivity of about 0.01 ppm/K). Both of methods are used and 
validated in practice [81], but not enough for accurate tem-
perature measurements in biological objects (usually ± 1 K). 
Paramagnetic LIS are more sensitive to temperature changes, 
therefore, it possible to measure the temperature with greater 
accuracy by using paramagnetic lanthanide complexes [82]. 
Based on this point, the attempts to use the temperature 
dependence of LIS in certain  Tm3+ complexes with PAPC 

(25)�LIS = a + b∕T ,
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and similar ligands (DOTA, DOTMA, DOTP) have been 
reported by using expression (18) or similar [83–86]:

δobs: experimental paramagnetic chemical shift; t: tempera-
ture (°C); m: slope of the graph of δobs versus t; n: constant.

The temperature sensitivity of the paramagnetic chemical 
shifts d(∆δex)/dT can be defined as the modulus of the ratio 
of the difference in chemical shift values at temperatures T1 
and T2 to the difference in these temperatures [69]:

where T2 and T1 are represented by the upper and lower 
boundary values of the temperature range, δ(T2) and δ(T1) 
are represented by the paramagnetic chemical shifts at tem-
peratures T2 and T1, respectively.

In our opinion, the temperature sensitivity of chemical 
shift is one of the key parameters to characterize the accu-
racy of temperature determination by means of LIS analysis. 
The temperature sensitivity of the chemical shifts is of the 
order of 0.01 ppm/K in the most of diamagnetic compounds, 
however, it can achive relatively large values for paramag-
netic compounds (up to 1.0 ppm/K) [83–86].

Currently, lanthanide complexes with PAPC ligands have 
been studied as thermo-sensitive sensors in single, relatively 
successful in vivo MRI experiments [87]. However, a rela-
tively high error in the experimental temperature measure-
ments has been observed, on the average higher than 0.5 K 
[81–85]. This could be caused by the application of a method 
for determining the temperature in vitro and in vivo, [87] as 
well as by a low sensitivity of devices and imperfections of 
MRI techniques. It is expected that further improvement in 
MRI-technology should make it possible to use these tem-
perature effects for diagnostic purposes.

However, alongside with temperature, other factors such 
as thermodynamic equilibria, pH, ionic strength, etc. can 
also affect the paramagnetic chemical shift of the signal 
in vivo MRI experiments. However, the relationship between 
the temperature dependence of experimental paramagnetic 
chemical shift and other factors has not been almost stud-
ied. Previous, the studies on the temperature dependence of 
LIS about Ln complexes has been carried out mainly on in 
organic media [8–10]. To the best of our knowledge, there 
is only few investigations of the temperature dependences 
of Ln complexes on LIS in aqueous media, which except 
for single studies on lanthanide complexes based on PAPC 
ligands [81–85, 87] At present, empirical data on the tem-
perature dependences of the LIS are mainly based on exam-
ples of relatively simple Ln complexes with PAPC ligands 
(with an attempt to relate this to pH, ionic strength, etc.). 
Hence, taking into account the pH change in solutions, it 

(26)�obs = m × t + n,

(27)d(Δ�exp)∕dT ≈
||||
�(T2) − �(T1)

T2 − T1

||||,

is of interest to study the temperature dependences of para-
magnetic chemical shift for various lanthanides compounds 
with PAPC ligands (such as EDTA, DTPA, DOTA, etc.) to 
solve the general problem of determining the parameters of 
chemical exchange.

In the following sections of this review, we show the 
examples of studying molecular dynamics taking into 
account the temperature dependence of paramagnetic chemi-
cal shift and the effect of pH in aqueous solutions.

Paramagnetic lanthanide complexes 
with PAPC ligands

Lanthanide complexes with EDTA

We can mention that the EDTA-ligand is used to treat heavy 
metal poisoning in medicine [88], in food and pharmaceuti-
cal industry, and micronutrient complexes in mineral fertiliz-
ers [89] and also used in steam boilers and heating systems. 
In analytical chemistry, EDTA is used primarily as masking 
reagent for complexometric titration, and widely for bio-
chemical studies.

EDTA with lanthanides formed strong complexes with 
1:1 of stoichiometry, as shown in Table 2. The structure in 
the solid phase of complexes various of the metals such as 
rare-earth elements with EDTA has been reported in litera-
ture [90]. Various compositions of complexes are formed in 
different conditions, [89] for example:  [Ln2(OH)2(EDTA)] 
has been formed with an excess of the metal cation and at 
pH > 6,  [Ln4(EDTA)3] has been formed with at pH = 2–6, 
depending on the pH, [Ln(HEDTA)] has been formed 

Table 2  The stability constants lgKML and the energy parameters of 
complexation (enthalpy ΔH and entropy ΔS) for  Ln3+ with EDTA 
complexes [89]

Ln3+ lgKML ΔH, kJ/mol ΔS, kJ/mol

La3+ 15.5 − 12.1 255
Ce3+ 16.0 − 12.1 264
Pr3+ 16.4 − 13.4 268
Nd3+ 16.6 − 15.1 268
Sm3+ 17.1 − 14.2 281
Eu3+ 17.4 − 10.9 297
Gd3+ 17.4 − 7.1 310
Tb3+ 17.9 − 4.6 327
Dy3+ 18.3 − 5.0 335
Ho3+ 18.6 − 5.9 335
Er3+ 18.9 − 7.1 335
Tm3+ 19.3 − 8.0 343
Yb3+ 19.5 − 9.6 340
Lu3+ 19.8 − 10.5 343
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at pH = 2–3, and [Ln(EDTA)2]5− with an excess of the 
ligand. In particular, monohydroxocomplexonate [Ln(OH)
(EDTA)]2− has been formed with pH > 12, and normal com-
plex [Ln  (H2O)n (EDTA)]− complex has been formed in a 
wide pH range 3–12 at a metal–ligand ratio amounting to 
1:1.

Typically, owing to the deficiency of factual material con-
cerning the structure and molecular dynamics of complexes 
formed by the paramagnetic Ln and EDTA in solution, 
one can distinguish at least three main types of molecular 
dynamics that occur in the complexes of Ln with EDTA as 
it follows.

They are: firstly, the intermolecular kinetics of exchange 
between water molecules and paramagnetic cations that 
bind EDTA [91, 92]; secondly, the intermolecular dynam-
ics associated with the coordination processes between the 
metal cation and the EDTA ligand; thirdly, the intramolecu-
lar dynamics of conformational isomerization of complexes. 
One example consists in the fact that the activation energy 
of intermolecular water exchange in related complexes has 
been found in the case of [Fe(H2O)(EDTA)]2− complex 
(ΔG≠

(298 K) = 38 kJ/mol). [88] There have been made unsuc-
cessful attempts to establish any correlations between the 
parameters of intermolecular dynamics (associated with 
water exchange) and intramolecular dynamics (associated 
with the processes of conformational isomerization), since 
the intramolecular dynamics could not be described with the 
use of NMR data obtained in these studies.

The first attempts to measure the rate constant of dissocia-
tion of [Ln(H2O)n(EDTA)]− complexes in aqueous solutions 

have been reported (Ln:  La3+,  Lu3+) [23, 24, 93]. Recently, 
ligand exchange processes for [Ln(H2O)n(EDTA)]− have 
been analyzed on the basis of 1H NMR experiments (Ln: 
 La3+,  Pr3+,  Eu3+,  Tb3+,  Ho3+,  Tm3+,  Yb3+ and  Lu3+) 
[94–99]. Proposed corresponding kinetic scheme for ligand 
exchange processes is presented at Fig. 3. Nevertheless, 
studying the pH effect on the processes of intermolecular 
dynamics in Ln complexes with PAPC ligands is still insuf-
ficient. The changes between pH and complex composition 
have been studied by only using Eu and EDTA complexes by 
NMR measurements [100, 101] And the processes of intra-
molecular dynamics associated with conformational isom-
erisation has been only reported the example of diamagnetic 
complexes [M(EDTA)] aq, (M:  Sc3+,  Y3+ and  La3+) and 
paramagnetic complex [Er(EDTA)]− [92, 102].

Earlier for the complexes [M(EDTA)]2− and [M(H2O)
(EDTA)]2− (M:  Fe2+ or  Zn2+) have been introduced a 
nomenclature of conformational isomers displayed in the 
form of codes [91]. These codes contain the symbols Δ-Λ 
that determine the overall chirality of the complex, such as 
the symbols δE-λE determine chirality with respect to the 
ethylenediamine fragment, and the symbols δδδδ-λλλλ 
determine chirality with respect to the iminodiacetate 
groups. It can be assumed that the scheme of designa-
tions of conformational isomers is also generally suitable 
for describing the structural-dynamic processes occurring 
in [Ln(H2O)n(EDTA)] complexes [91]. Thus, according to 
NMR data for diamagnetic complexes of  Sc3+,  Y3+ and  La3+ 
with  EDTA4− [92], only two structural isomers are observed 
in the system in place of the proposed six isomers. This 

Fig. 3  The kinetics of ligand 
exchange for lanthanide com-
plexes of the yttrium subgroup 
[98]. The "h" over the designa-
tions of the EDTA ligand mean 
a six-dentate ligand, "b" is a 
bidentate ligand. One of the 
exchanging ligands is marked 
with an asterisk "*"

Fig. 4  Processes of intramo-
lecular conformational dynam-
ics in solutions of complexes 
[Er(H2O)n(EDTA)]−. (Λ) and 
(λ) are respectively the equato-
rial and axial protons (δ) and (δ) 
of the acetate groups of the con-
former ΔλEδδδδ and ΔδEδδδδ, 
respectively



12 Journal of Inclusion Phenomena and Macrocyclic Chemistry (2022) 102:1–33

1 3

observation is corresponded with the work [102] where para-
magnetic complex of  Er3+ with  EDTA4− has been studied. 
The relatively fast molecular dynamics associated with the 
chemical exchange of coordination water also can not deter-
mined by NMR methods. The processes of water exchange 
should significantly change the geometry of the complex, 
although did not have experimental confirmation [88].

In this part, the kinetics of the chemical exchange pro-
cesses between ΔλEδδδδ and ΔδEδδδδ conformers of the 
[Er(H2O)n(EDTA)] complex in an aqueous medium has 
been presented, which is the first example of a detailed 
study the intramolecular dynamics of paramagnetic erbium 
complexes [103]. In the 1H NMR spectra of the complex 
[Er(H2O)n(EDTA)], the change in the shape of the signals of 
iminodiacetate protons by the chemical exchange is observed 
in aqueous solutions. Presumably, this exchange is caused 
by the processes of intramolecular conformational dynam-
ics, as shown in Fig. 4. (the bidirectional vector " ↔ " denote 
chemical exchange processes).

The inversion of the central ethylenediamine frag-
ment in the five-membered N–C-C-N-M cycle in 
[Er(H2O)n(EDTA)]− is accompanied by the exchange 
between the following protons: (λ) ↔ (δ) and (λ) ↔ (δ). 

According to the reported procedure [72], the calculated 
relative proportion for nuclei in pairs of exchanged signals 
(λ), (δ) are 0.7: 0.3 and (δ), (λ) are 0.7: 0.3, respectively, at 
ambient temperature.

Studying the temperature dependence of the rate con-
stants of chemical exchange, have been obtained the Gibbs 
free energy of activation of the chemical exchange processes 
ΔG≠

298 = 50 ± 4 kJ/mol. As shown in Table 3, the value of 
the free activation energy is comparable with the energy bar-
riers of conformational transitions in EDTA complexes with 
diamagnetic metal cations [92]. In Table 3, it is shown that 
the value of the energy barrier increases monotonically with 
increasing ionic radius of the metal cation. Moreover, this 
effect is observed in a series of complexes [M(EDTA)]− with 
other metals  (Ba3+,  Y3+,  La3+). The analogous regularity is 
called "Lanthanid compression”effect” [7, 12].

The temperature dependences of paramagnetic LIS of 
[Er(H2O)n(EDTA)] complex for protons of various groups 
are shown in Fig. 5. In 800 MHz 1H NMR spectra, the exper-
imentally obtained LIS dependences on the parameter 1/T 
of the paramagnetic LIS for protons Ha

e (♦) and Ha
q (■) of 

the [Er(H2O)n(EDTA)] complex are linear [101]. The maxi-
mum temperature sensitivity of the LIS has been calculated 
for the protons of the  CH2 groups of the iminodiacetate 

Table 3  Activation parameters of intramolecular dynamics processes in metal complexes with EDTA

Metal ion Cationic radius, Å Activation energy, 
ΔE≠

a (kJ/mol)
Activation enthalpy, 
ΔH≠ (kJ/mol)

Free activation energy of processes of intra-
molecular dynamics, ΔG≠

298, (kJ/mol)
References

Sc3+ 0.89 69.5 67 – [92]
Er3+ 1.03 – – 50 [102]
Y3+ 1.04 42.0 39.6 – [92]
La3+ 1.17 34.9 32.5 – [92]

Fig. 5  Under fast exchange conditions the dependence of averaged 
paramagnetic LIS from 1/T in 800 MHz 1H NMR spectra for protons 
Ha

e (filled diamond) and Ha
q (filled square) of the [Er(H2O)n(EDTA)] 

complex; Solvent:  D2O [102]

Fig. 6  Dependences of paramagnetic chemical shift on 1/T for the 
signal of hydrogen atoms of  CH2 groups of the ethylenediamine frag-
ment in complex [Yb(H2O)n(EDTA)]− under different conditions: pH 
0.7 (filled square), pH 1.1 (filled diamond), PH 7.5 (filled triangle) 
[104]
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fragment of the [Er(H2O)n(EDTA)] complex, and d(Δδex)/
dT = 0.3 ppm/K in temperature range from 320 to 370 K.

As shown in Fig. 6, the dependences of the paramagnetic 
chemical shift values on 1/T for the signals of the hydrogen 
atoms of the  CH2 groups of the ethylenediamine fragment 
in complex [Yb(H2O)n(EDTA)] have been differ for vari-
ous pH values, unlike the lanthanide complexes DTPA and 
DOTA [104].

It can be assumed that the change in the temperature 
dependence of paramagnetic chemical shift in dependence 
on pH owing to the interconversion of at least two forms of 
the complex and a fast reversible process of protonation of 
the complex.

Thus, research status of Ln with EDTA complex includes: 
(1) there are very few experimental studies on intramolecu-
lar dynamics associated with conformational isomeriza-
tion of paramagnetic complexes of Ln with EDTA by using 
NMR; (2) at present, the processes of intermolecular kinet-
ics of exchange between water molecules and paramagnetic 
cations that bind EDTA has rarely studied; (3) there has 
been few studied the pH effect to the processes of intermo-
lecular dynamics in complexes of Ln with PAPC ligands; 
(4) separate the investigation of Ln complexes in aqueous 
solutions based on the temperature dependence of LIS have 
been reported.

Lanthanide complexes with DOTA‑like ligands

Upon the recent burst in scientific research concerning 
magnetic resonance imaging (MRI), [7, 12] the lanthanide 
compounds and, in particular, the complexes of  Gd3+ with 
macrocycles ligands have become some species among 
numerous paramagnetic contrast agents. In this part our 

studies have been focused on the  [Ln3+(DOTA)]− complexes 
and covered the solution dynamics of [Ln(dota-like)(H2O)] 
complexes. The conformational rigidity, high thermody-
namic and kinetic stability exhibited by  Ln3+ (DOTA) com-
plexes are caused by a very good matching between the sizes 
of  Ln3+ ions and the preformed cavity of the DOTA ligand. 
There are two main types of dynamic processes occurring 
in aqueous solutions of lanthanide complexes with DOTA 
ligands: (1) intramolecular dynamics caused by the intercon-
version of [Ln(H2O)n(DOTA)]− conformers; (2) exchange 
between coordinated water and cation Ln.

In solution, the coordinated water molecule involved 
in [Ln(H2O)n(DOTA)]− rapidly exchanges with the bulk 
solvent, and in the case of [Gd(DOTA)]−, this leads to an 
overall, considerable increase in the relaxation rate of the 
solvent water protons [105]. These two properties are of pri-
mary importance in promoting the use of [Gd(DOTA)]− as 
a contrast agent for MRI applications [106, 107]. However, 
the questions concerning the structures of the aqueous solu-
tions as well as the influence of some external factors [tem-
perature, pH, presence of other potential rare-earth cation 
ligands (proteins)] on the gadolinium coordination sphere 
have not been resolved yet. We can mention as an exam-
ple the local structures of [Gd(DOTA)]− complexes in the 
crystalline state (at a room and at a low temperature) and 
in aqueous solutions exhibiting various pH values at dif-
ferent temperatures reported by S. Benazeth et al. [107, 
108]. They presented that from neutral pH to a value of 1.5, 
the local environment and complex dynamics around the 
gadolinium ions have been conserved up to 4.5 Å, and the 
structure agreed well with the known crystallographic data. 
On the other hand, the signals of X-ray absorption fine struc-
ture (XAFS) for [Gd(DOTA)]− complexes have exhibited 

Fig. 7  Structures of the tetra 
(carboxyethyl) derivatives of 
DOTA. [107]
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only a slight dependence on pH. Meanwhile, no significant 
changes have been observed in the two different cases: crys-
talline state and aqueous solutions at pH 1.5–7. The slight 
changes with temperature are related to a small increase in 
the Debye–Waller (DW) factors.

There are scarce data concerning the energy param-
eters of intermolecular dynamics associated with water 
exchange. One of the examples consists in the exchange 
between the molecules of the coordination water in the 
[Gd(H2O)n(DOTA)]−complex and water in the solution 
has been studied according to 1H NMR spectroscopy and 
reported value of the free activation energy ΔG≠

298 = 35 kJ/
mol for processes of water exchange [33, 109].

Woods et al. [33, 109–111] have studied the solution 
structure and the dynamics of metal-bound water exchange 
in a series of diastereoisomeric gadolinium complexes of 
tetra(carboxyethyl) derivatives of DOTA. They reported 
that the rate of water exchange in the gadolinium complex 
has been determined by 17O NMR to be the fastest for the 
(RRRR) isomer [τm = 68 ns (298 K)] to correlate very well 
with the fraction of the twisted square anti-prismatic isomer 
(as shown in Fig. 7).

A case involves a detailed NMR and relaxometric stud-
ies on lanthanide(III) complexes with novel “ditopic” ligand 
of general formula  [Ln2(CS(DO3A-PNBn)2)(H2O)2]2− have 
been investigated by P. Hermann [112] (Ln = Y, Eu, Gd, 
Dy) (Fig. 8). By the measurement of the dysprosium(III)-
induced the 17O NMR shifts have determined the presence 
of one water molecule in the first coordination sphere. The 
structural and dynamic relaxivity-controlling parameters 
have been assessed by a simultaneous fitting of the vari-
able temperature 17O MR and 1H NMRD relaxometric data. 
The mean water residence lifetime (298τM) has been found 

to be 53 ns, one of the shortest values reported for ditopic 
complexes. In this report, the two lanthanide(III) metal ions 
are nine-coordinate with one inner-sphere water molecule. 
In aqueous solution the complexes are present as a mixture 
of stereoisomers mutually interconverting at high tempera-
ture. The rate of exchange found is the highest measured 
for dinuclear Gd(III) complexes  ([Gd2(CS(DO3A-PNBn)2)
(H2O)2]2−): 298kex = (1.9 ± 0.2) ×  107   s−1. Which is may 
owing to the presence of a sizeable contribution from water 
molecules hydrogen-bonded to the phosphinate groups and 
by a reorientational motion of the complex largely isotropic 
(As shown in Fig. 8).

It is interesting in studying the interrelationships between 
the structure, paramagnetic properties, and the molecular 
dynamics of Ln-DOTA complexes and DOTA-like ligands 
[60, 109, 110, 112–120]. The example of first type about 
intramolecular dynamics in DOTA and DOTA complexes 
with  La3+,  Eu3+,  Yb3+ and  Lu3+ have been reported based 
on using 2D EXSY NMR techniques and determining the 
coalescence temperature [119]. The molecular mechanics 
and dynamics calculations, kinetics, and laser-excited lumi-
nescence of trivalent lanthanide complexes of macrocyclic 
polyaminopolycarboxylate ligands TETA and DOTA have 
been studied by C. A. Chang groups [121]. The calculated 
bond distances and overall structures of [Ln(DOTA)]−and 
Ln(TETA)-have been in agreement with the single-crystal 
and solution NMR structural data. They also used a stopped-
flow spectrophotometric method to study the formation 
kinetics of the aqueous  Ce3+-TETA/DOTA systems in the 
pH range 6.1–6.7 (Fig. 9). Kinetic studies revealed that the 
formation rates of the Ce(TETA) -complex are smaller at 
lower pH and temperature but become greater at higher pH 
and temperature, as compared to those of the Ce(DOTA)-
complex. This is attributed to the lanthanide ion and both 
mono- and di-hydroxide ion assisted TETA conformational 
reorganization and higher kinetic activation parameters. The 
presence of a di-hydroxide ion assisted intermediate rear-
rangement pathway could make the Ce(TETA)-complex 
formation rate faster at higher pH, and the higher activation 
barrier makes Ce(TETA)-complex formation rate slower at 
lower pH, as compared to those of the Ce(DOTA)-complex.

Eu3+ as the neighbour of  Gd3+ is often used for study 
structural and dynamics in solutions. The bound water 

Fig. 8  Ditopic ligand of DOTA

Fig. 9  The structural formulas of DOTA and TETA
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signal could be observed by NMR at low temperature in 
a mixture of water and  CD3CN on the positively charged 
 Eu3+ complex of DOTAM, the tetraamide derivative of 
DOTA, as a consequence of a very slow water exchange 
rate [122]. Lately, 1H NMR line-shape analysis and mag-
netisation-transfer experiments at variable temperature and 
pressure have been used to elucidate the solution dynamics 

of both M and m isomers of three [Eu(dota-tetraamide)
(H2O)] complexes (DOTMAM, DTMA and DOTAM) 
[70, 71] (As shown in Fig. 10). The method directly obser-
vates the bound water signal of 1H NMR and allows the 
water-exchange rates on each isomer to be measured indi-
vidually. They are definitely independent of the ligand 
for both M and m isomers (M: k298

ex = 9.4 ± 0.2 ×  103  s−1 

Fig. 10  Structural formulas of DOTA and DOTA derivatives

Fig. 11  Structures of the 
Pyridine-N-Oxide Analogues of 
DOTA Ligands

Fig. 12  DOTA-tetraamide 
ligands having side-chain arms
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for [Eu(dotam)(H2O)]3+, 8.2 ± 0.2 ×  103  s−1 for Eu(dtma)
(H2O)]3+ and 11.2 ± 1.4 ×  103  s−1 for [Eu(dotmam)−(H2O)] 
3+; m: k298

ex = 474 ± 130 ×  103  s−1 for [Eu(dotam)(H2O)]3+, 
357 ± 92 ×  103   s−1 for [Eu(dtma)(H2O)]3+, and proceed 
through a dissociative mechanism (M isomers: ΔV ≥  + 4.9 
 cm3mol−1 for [Eu(dotam)(H2O)]3+ and ΔV ≥  + 6.9  cm3mol−1 
for [Eu(dtma)(H2O)] 3+.

The replacement of one of the acetate pendant arms with 
a 2-methylpyridine-N-oxide group in the molecule of DOTA 
to alter the coordination properties of the ligand in  Ln3+ 
complexes, and the structural properties of the complexes 
both in solution and in the solid state have been investi-
gated by P. Hermann (As shown in Fig. 11) [123]. For the 
first time in the  Ln3+ complexes of DOTA-like ligands have 
been observed parallel (syn-SA) or opposite (anti-SA) ori-
entations the pyridine ring relative to the rotation of the 
coordinated acetate arms. The variable-temperature 1H 
NMR spectra of  Nd3+,  Eu3+, and  Yb3+ complexes show that 
the twisted-square-antiprismatic (TSA) isomer is strongly 
destabilized and the complexes exist mostly as the square-
antiprismatic (SA) isomers (98% for  Eu3+ at -35 °C). The 
exchange between the TSA and SA isomers is fast at room 
temperature compared to that of the NMR time scale.

Sherry reported six novel DOTA-tetraamide ligands hav-
ing side-chain amide arms with varying hydrophobicity and 
polarity, and a series of novel DOTA-derivatives having a 
combination of amide and ketone donor groups as side-arms 
(Fig. 12) [124, 125]. The water exchange observed on the 
chemical shift of the  Eu3+-bound water resonance, have been 
investigated by means of high resolution NMR spectroscopy.

The results show that introduction of steric bulk into the 
amide side-chain arms of the europium(III) complexes not 
only favors formation of the mono-capped twisted square 
antiprism (TSAP) coordination isomers, the isomer that is 
generally less favourable for chemical exchange saturation 
transfer (CEST), but also accelerates water exchange in the 
mono-capped square antiprism (SAP) isomers. However, 
converting single methyl groups on these bulky arms to 
carboxyl or carboxyl ethyl esters results in a rather dramatic 
decrease in water exchange rates, about 50-fold. Thus, steric 
bulk, polarity, hydrophobicity of the amide side-chains, each 
contribute to organization of water molecules in the second 
hydration sphere of the europium(III) ion and this in turn 
controls water exchange in these complexes. The results also 
show that the bound water residence lifetimes (τm) have been 
found to vary dramatically with the chemical structure of 
the side-arms.

Although an estimation of the isomeric ratio of 
[Ln(DOTA)]− complexes has already been reported [70, 
126], in the case of [Pr (DOTA)]− and [Lu(DOTA)]− it has 
been not possible to evaluate the actual isomer ratio by peak 
integration at 298 K, because the isomers are not in slow 
exchange on the NMR timescale at this temperature. For all 

Fig. 13  Schematic representation of the structure and dynamics of 
the diastereoisomers of the Ln(DOTA)-complexes. The symbols Λ 
and ∆ refer to the helicity of the acetate arms, and λλλλ and δδδδ, 
to the cycle. Here the conformational process is shown for the M and 
m forms but is equally applicable to M′and m. M1 and M2, as well 
as m1 and m2 named in agreement with the literature [70, 119] are 
NMR indistinguishable enantiomeric pairs respectively for the M and 
m forms detected by NMR

Fig. 14  Molar fractions of the isomers m (open symbols), m′(barred 
symbols), and M (filled symbols) of [Ln(DOTA)(H2O)x]− as a func-
tion of the complexed metal ion from 1H-NMR spectroscopy (0.15 M 
[Ln(DOTA)]−, pH = 7.0, T = 298 K, ionic strength = 0.3 M): (■) [60, 
70, 127], (filled circle) [126]
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the paramagnetic [Ln(DOTA)]− complexes for which two 
isomers could be observed by 1H-NMR spectroscopy, one 
has been found to have larger paramagnetic shifts (larger 
susceptibility anisotropy) than the other. Both in solution 
and in the crystalline phase, the Ln-DOTA complexes exist 
as a pair of conformational isomers, referred to as M (square 
antiprismatic) and m (twisted square antiprismatic), differing 
in the orientation of the planes, the first one is formed by 
the N-atoms of the macrocycle, and four O atoms of imi-
noacetate groups. The angle between these planes is 40° 
and 24° for SAP (sometimes abbreviated as M-isomer) and 
TSAP (m-isomer), respectively. Figure 13 shows a schematic 
representation of the structure and dynamics of the diaste-
reoisomers of the [Ln(DOTA)]− complexes. Two isomers 
are actually observed in solution in the 1H-  and13C-NMR 
spectra of all [Ln(DOTA)]− complexes in slow exchange at 
room temperature, one with larger shifts (owing to larger 
anisotropic susceptibility) than the other.

For complexes [Ln(H2O)n(DOTA)]− (n = 0, 1, 2), the rela-
tive populations of conformers depends on the type of Ln 
[60]. Inspection of the 1H- and 13C-NMR spectra along the 
lanthanide series suggested that an inversion in M and m 
populations occurs in a number of lanthanide cations (start-
ing with lanthanum and ending with lutetium) [60, 70, 127] 
(Fig. 14).

The rate constants for the dynamic processes of the inter-
conversion of the conformational isomers of M and m are in 
the range of 10 to 200  s−1. Whereas in [Nd(DOTA)]− the two 
isomers appear almost equimolar, for the lighter La, Ce, and 
Pr one isomer (likely the m isomer) is more abundant. Con-
versely, for the heavier ions it could be concluded that the 
main species has the structure of the M isomer. As opposed 

to all of the other paramagnetic ions, wherein the M isomer 
has the larger susceptibility anisotropy, in the  Tm3+ chelate 
the more intense, less shifted proton signals are assigned to 
the M isomer [126], so that the isomer fractions for  Tm3+ 
fit into the continuous variation from  Er3+ to  Yb3+ (see 
Fig. 14). For the lanthanides heavier than  Ho3+, the mole 
fraction of M decreases again with decreasing ionic radius. 
And for most of the DOTA and lanthanides complexes the 
free energy of activation of the exchange processes between 
the conformers is range from 50 to 65 kJ/mol (Table 4) [60, 
70, 71, 126]. The free activation energy ΔG≠

298 of a series 
of [Ln(H2O)n(DOTA)]− complexes increases from La to 
Yb, could be owing to the decrease of ionic radius with an 
increase in the atomic number Ln («lanthanide contraction») 
[8]. The experimentally values of the rate constants, activa-
tion parameters of the processes of conformational isomeri-
zation and ligands exchange with EDTA and DOTA ligands 
for Ln with PAPC complexes are significance to synthetic 
chemists for isolating conformational isomers in related 
compounds.

Table 4  Activation free energies (ΔG≠
298, kJ  mol−1), derivative of 

experimental lanthanide-induced shifts (d(∆δex)/dT, ppm/K) for dif-
ferent types of conformational molecular dynamics (SAP-TSAP, 

TSAP-SAP or enantiomerization), and methods used for the inves-
tigation of intramolecular dynamics in  Ln3+ complexes with DOTA 
derivatives

# BSA means band shape analysis technique within the framework of the dynamic NMR
*BSATD-LIS means band shape analysis taking into account temperature dependence of LIS within the framework of the dynamic NMR
& Our calculations

Ln3+ cation Ionic radius, Å ΔG≠
298, 

kJ/mol
SAP-to-TSAP

ΔG≠
298, kJ/mol

TSAP-to-SAP
ΔG≠

298, kJ/mol
Enantio-merization

Method d(∆δex)/dT,
ppm/K

Refer-
ences

[La(H2O)n(DOTA)]− 1.17 – – 60.7 ± 1.2 1H and 13C  BSA# 0.0&(1H) [128, 132]
[Pr(H2O)n(DOTA)]− 1.13 50 ± 3

54 ± 4
– 65 ± 2 1H BSATD-LIS*

13C BSATD-LIS*
0.11 (1H)
0.02 (13C)

[129, 133]

[Nd(H2O)n(DOTA)]− 1.11 – – – 13C 0.1& [70]
[Eu(H2O)n(DOTA)]− 1.09 64 ± 1 61 ± 3 – 1H 1D EXSY - [134]
[Eu(DOTAM)]− 1.09 54.6 – – 1H  BSAb - [71]
[Ho(H2O)n(DOTA]− 1.04 65 ± 3 – – 1H BSATD-LIS* 1.46 (1H) [69]
[Tm(DOTP)]2− 1.02 – – – 1H NMR 1.17& [87]
[Yb(H2O)n(DOTA)]− 1.01 65.7 ± 1.3 61.6 ± 1.1 65.9 ± 1.0 1H 2D EXSY 0.22&(1H) [119]
[Lu(H2O)n(DOTA)]− 1.00 62.7 ± 2.0 58.7 ± 2.1 65.9 ± 1.2 1H and 13C  BSA# 0.0&(1H) [60]

Table 5  The enthalpy ΔHo and the entropy ΔS of the equilib-
rium isomerization processes SAP ↔ TSAP of the complexes 
[Ln(H2O)n(DOTA)]− (Ln = Ho, Er, Tm, Yb, Lu)

Ln K298 ΔHo, kJ/mol ΔSo, J/mol × K References

Ho 0.04 ± 0.01 20 ± 1.1 39 ± 5 [69]
Er 0.03 – – [60]
Tm 0.08 16.2 ± 0.9 33 ± 3 [60]
Yb 0.20 17.5 ± 0.7 45 ± 2 [60]
Lu 0.18 10.1 ± 0.1 18 ± 1 [60]
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The value of the enthalpy ΔHo corresponding to the ther-
modynamic equilibrium between the SAP and TSAP isomers 
decreases with the transition from Ho to Lu in the lanthanide 
series (Table 5).

The decrease in ΔHo in the series of lanthanide complexes 
[Ln(H2O)n(DOTA)]− could be owing to the effect of "lantha-
nide compression", since the radius decreased of the cationic 
from La to Lu in lanthanide complexes.

One can see some features by comparing the intramo-
lecular dynamics taking place in complexes of lanthanides 
with folder ligands and with crown ethers. In particular, 
one can see that the activation free energy of the inver-
sion of crown ether in beta-diketonate lanthanide com-
plexes is almost independent of the radius of the metal 
cation. This could be owing to the fact that the inver-
sion process is limited by its own internal processes of 
the crown ether molecule. In this case, the found activa-
tion energy of the dynamics coincides with the activation 
energy of the conformational inversion of the free ligand 
itself (about 65 kJ  mol−1). The proposed mechanisms of 
dynamics are discussed in detail in [8]. Briefly character-
ize the mechanism, we can note the following. Before the 
inversion, most coordination bonds of Ln–O (18-crown-
6) break. Then, the molecule is inverted, followed by the 
restoration of all Ln–O bonds. On the contrary, a mono-
tonic decrease in the activation energy of conformational 
inversion (with an increase in the atomic number of the 
Ln cation) is observed in the complexes [Ln(NO3)3(18-
crown-6)]. This decrease in the activation energy of 
conformational inversion could be owing to the effect of 

lanthanide compression. It can be assumed that the Ln 
cation exerts a catalytic decrease in the energy barrier of 
conformational inversion in the [Ln(NO3)3(18-crown-6)] 
complexes with a decrease in the ionic radius of the metal.

As one can see from Table 6, the activation energy of 
conformational dynamics in lanthanide complexes with vari-
ous derivatives of DOTA is about 60 kJ  mol−1. The results 
presented in Table 6 have been obtained by various methods 

Table 6  Kinetic data for ring inversion and other types of dynamics in macrocyclic lanthanide complexes as studied by dynamic NMR tech-
niques and CD*

Complex ΔH‡ or ΔG‡(T), kJ  mol−1 Type of dynamics kex(T),  s−1 Solvent Nucleus, techniques Refs

[Pr(NO3)3(diaza-18-
crown-6)]

ΔH‡ = 22 IE – CD2Cl2 1H, BSATTD-LIS [134, 135]

[Pr(NO3)3(18-crown-6)] Δ H‡ = 26 IE, PR – CD2Cl2 1H, BSATTD-LIS [136, 137]
[Ce(NO3)3(18-crown-6)] ΔG‡ (320 K) = 28 ΔG‡ 

(320 K) = 58
IE, PR
RI

– CD2Cl2/CDCl3 1H, BSATTD-LIS [130, 134]

[Pr(NO3)3(18-crown-6)] ΔG‡ (320 K) = 39 ΔG‡ 
(320 K) = 49

IE, PR
RI

– CD2Cl2 1H, BSATTD-LIS [137]

[Nd(NO3)3(18-crown-6)] ΔG‡ (320 K) = 33 ΔG‡ 
(320 K) = 45

IE, PR
RI

– CD2Cl2/CDCl3 1H, BSATTD-LIS [130]

[Pr(fod)2(18-crown-6)]+ ΔG‡ (363 K) = 74 RI – CDCl3 1H, BSATTD-LIS [138]
[La(DOTTEA)]3+ ΔG‡(298 K) = 58.8 RI 300 (298 K) H2O/  CD3CN 13C, BSA [57]
[La(DOTEAM)]3− ΔG‡(298 K) = 58.9 RI – H2O/  CD3CN 13C, BSA [129]
[La(DO2AMeIm)] ΔG‡(298 K) = 62.6 RI 107 (298 K) H2O/  CD3CN 13C, BSA [130]
[(R)-Eu(gDOTA)]5– ARF(M to m)

ARF(m to M)
45 (293 K)
11 (293 K)

H2O/  CD3CN 1H, MT [110]

[Eu(DTMA)]3+ ΔG‡(298 K) = 62.2 RI(M to m)
RI(m to M)

80 (298 K)
430 (298 K)

H2O/  CD3CN 1H, MT,
2D-EXSY

[42]

[Eu(DOTMAM)]3+ ΔG‡(298 K) = 62.5 ARF(M to M)
ARF(m to M)

230 (298 K)
70 (298 K)

H2O/  CD3CN 1H, MT [42]

Table 7  Chemical shifts (ppm) and assignment of signals of the com-
plexes [Ln(H2O)n(DOTA)]− (LnL) in 1H NMR spectra (Ln = Eu, Ho, 
Yb) [139]

Signal assignment Chemical shifts (ppm)

EuL HoL YbL

SAP isomer
ax1 36.5 − 242.6 133
ax2 − 10.7 86.9 − 47
e1 − 1.9 − 55.4 24
e2 − 8.0 − 55.4 20
ac1 − 17,3 53.6 − 38
ac2 − 19.5 161.0 − 82
TSAP isomer
ax1* 13.6 − 124.0 80
ax2* − 2.4 53.5 − 32
e1* − 8.7 − 35.6 15
e2* − 11.2 − 34.7 10
ac1* − 4.2 39.3 − 25
ac2* − 6.1 104.5 − 54
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and are completely mutually consistent. It should be noted 
that the kinetics (on a NMR time scale) of reversible chemi-
cal reactions in paramagnetic lanthanide complexes is quite 
possible to quantify using the band-shape analysis tech-
nique taking into account temperature dependence of LIS 
[128–131], a homonuclear double resonance NMR tech-
niques (SST, MT and 2D EXSY [42, 44].

Equilibrium constants KT = [TSAP]/[SAP], where [TSAP] 
and [SAP] is concentrations of conformers TSAP and SAP, 
respectively.

Here BSA is the band-shape analysis within the frame-
work of dynamic NMR. BSATTD-LIS means the use of the 

band-shape analysis technique taking into account tempera-
ture dependence of LIS. SST is spin saturation transfer tech-
nique. CD* is the circular dichroism (the differential absorp-
tion of left and right circularly polarized light). PRR is the 
phenyl ring rotation. IE is the interconversion of enantiom-
ers. PR is pseudorotation. RI is the ring inversion. ARF is 
arm rotation frozen. RDR is the rotation of the decker rings. 
MT is the selective magnetization transfer method. EXSY 
is the exchange spectroscopy. M and m refer to square-anti-
prismatic (SAP) and twisted square-antiprismatic (TSAP) 
isomeric structures.

Table 8  Lanthanide-induced splittings (Δδ, ppm) of the 1H NMR signals of diastereotopic protons of various groups of macrocyclic ligands and 
the structural type of molecules in Ln complex compounds at ambient temperature

Here L is ptfa anion, L’ is hfa anion, MOFPP is 5,15-bis(3,5-dimethoxyphenyl)-10,20-bis(pentafluorophenyl) porphine, S is 
1,4,7,10-tetrakis(carboxyethyl)-1,4,7,10-tetraazacyclododecane

Compound Ln Solvent Inclusion type 
structure

Kinetic 
stability

Groups Δδ, ppm Refs

[Ln(ClO4)3(12- crown-4)] Tm CD3CN  +  + CH2 215 [140]
[Ln(NO3)3(DCH-18-crown-6)] Pr CD3CN/CDCl3  +  + CH2 5 [141]
[Ln(NO3)2(DA-18-crown-6)]+ Eu Eu CDCl3  +  + CH2 57 [138]
[Ln(L)2(18-crown-6)]+ Ce CD3CN;  CD2Cl2  +  + CH2 0.6 [129]

Pr CD3CN  +  + CH2 2 [129]
Nd CD3CN  +  + CH2 0.6 [129]
Eu CD3CN  +  + CH2 0.8 [129]

[Ln(NO3)3(18-crown-6)] Pr CD3CN;  CD2Cl2  +  + CH2 10 [142]
[Ln(L)2(DB-18-crown-6)]+ Pr CDCl3  +  + CH2 6.7 [129]
[Ln (MOFPP)2] Ce DMSO-d6  +  + C6H2-(OMe)2 3.12 [143]
(RRRR)-[Ln(S)] Eu CD3CN/H2O  +  + CH2 46.8 [110]

Yb CD3CN/H2O  +  + CH2 133.5 [110]
[Ln(H2O)n(DOTA)]− Ho D2O  +  + CH2 187 [69]

Yb D2O  +  + CH2 109 [119]

Fig. 15  Temperature depend-
ence of paramagnetic LIS of the 
complex [Ho(H2O)n(DOTA)]− 
in 800 MHz 1H NMR spectra. 
ac2 (♦), ax2 (*), ac1 (▲) are 
signals of SAP conformer, 
solvent is  D2O [69]
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To verify the correctness of [Ln(H2O)n(DOTA)] (Ln = Eu, 
Ho, Yb) signal assignments in the NMR spectra the analysis 
of paramagnetic LIS has been made by using corresponding 
NMR spectral data according to [139] (Table 7).

It could be noted that in the [Ln(H2O)n(DOTA)]− com-
plexes there is a large-scale splitting between diastereotopic 
protons (“ax1”- “e1” and “ax2”- “e2” pairs). It has been pre-
viously noted [8] that such a splitting indicates that the com-
plex is inclusive and kinetically stable. Table 7 lists several 
Ln complexes with MCPE, porphyrins and DOTA-like mol-
ecules whose spatial structure in solution has been studied 
in detail. The data in the Table 7 show that the detection of 
lanthanide-induced splitting of diastereotopic protons of dif-
ferent groups of macrocyclic ligand molecules is sufficient 
for the detection of kinetically stable complexes of these 
macrocycles with lanthanide cations having the structure 
of inclusive type both for lanthanide complexes with crown 
ether in organic solutions, and for DOTA complexes in aque-
ous media. It should be noted that Table 8 shows only a few 
examples when the lanthanide-induced splitting of diaste-
reotopic protons is zero. However, such examples could be 
given significantly more than shown in Table 8.

Temperature dependences of paramagnetic LIS for sig-
nals of hydrogen atoms of different  CH2 groups in complex 
of [Ho(H2O)n(DOTA)]− are shown in Fig. 15 [69].

As shown in Fig. 15, the dependence of LIS (δobs-δdia) 
with respect to 1/T is linear (Eq. 29) [8]:

(28)�obs − �dia = a + b∕T ,

Moreover, the linear dependence of LIS versus reverse 
temperature (most of the experiments in the 200  K 
to 350  K temperature range occured) is observed for 
the majority of Ln complexes, such as the complexes 
[Ln(H2O)n(EDTA)]− (Ln = Pr, Er, Ho, Tm and Yb) [94–99]. 
The signal of the H atom «ac2» (161 ppm at 300 K) of the 
[Ho(H2O)n(DOTA)]− complex has a maximum LIS sensi-
tivity d(∆δex)/dT = 1.46 ppm/K. The temperature sensitiv-
ity d(∆δex)/dT for the signal «ac2» is much higher than the 
temperature sensitivity of the chemical shift of pure water 
(about 0.01 ppm/K). It should also be noted that the value 
of d(∆δex)/dT = 1.46 is greater than many other lanthanide 
complexes of PAPC ligands, including the complex of 
[Tm(DOTP)]2− [85].

Lanthanide complexes with DTPA‑like ligands

Aminopolycarboxylates have been extensively studied [100, 
138, 139, 140, 141, 142, 143144, 147, 148, 149, 150], and 
their high affinity for metal coordination is utilized in a 
wide spectrum of industrial products such as agrochemi-
cals, cleaners, detergents, bleaching agents, and magnetic 
resonance imaging contrast agents [101, 145]. Perhaps the 
most well-known reagent in this family, DTPA has been first 
used by Orr in an eluent mixture to efficiently separate tri-
valent americium from promethium using an ion-exchange 
method [152]. Later Weaver and Kappelmann used DTPA 
as an aqueous holdback reagent in a liquid − liquid formula-
tion known as the TALSPEAK (Trivalent Actinide − Lan-
thanide Separation by Phosphorus reagent Extraction from 
Aqueous Komplexes) process. [153, 154]. Recently, a lot 

Fig. 16  The structure of DTPA 
and novel DTPA derivatives
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of novel DTPA derivatives have been synthesized [155, 
156, 157, 158, 159, 160, 161] such as DTPA-BMA (DTPA-
bis(methyl)-amide) and other derivatives with various 
alkyl or aryl groups [162–170] some novel macrocyclic 
DTPA bis(amide) derivatives [171–173], and derivatives 
with the replacement of the two terminal carboxylates of 
 DTPA5− with the non-ionic amide groups [174, 175]. The 
structures of DTPA and DTPA derivatives have been shown 
in Fig. 16.

In recent years we can mention that the lanthanide com-
plexes (Ln) with DTPA and with DTPA-amide derivatives 
have attracted considerable interest. This is a consequent 
of the successful application of [Gd(DTPA)]2− as a con-
trast agent in magnetic resonance imaging (MRI) for the 
enhancement of proton relaxation rates [15, 170–179]. The 
potential of [Ln(DTPA)]2− complexes as contrast agent for 
magnetic resonance imaging (MRI CA) must be investigate 
taking into account some relevant physicochemical proper-
ties such as (i) the protonation constants; (ii) thermodynamic 
and conditional stability constants; (iii) the selectivity for the 
Ln(III) ion over the endogenous metal ions such as Zn(II), 
Ca(II), and Cu(II); (iv) the relaxivities in aqueous solutions, 
which express the efficacy of a  Ln3+ complex to increase the 
relaxation rate of water protons.

Various MRI agents currently available for clinical 
uses could be divided into the two types such as anionic 
[Gd(DTPA)(H2O)]2− and neutral [Gd(DTPA-bisamide)
(H2O)] complexes. Among the two complexes, although 
the first commercially available contrast agent represents the 
dimeglumine salt of [Gd(DTPA)(H2O)]2− [180] the latter 
is preferred because of a relatively low osmotic pressure in 
body fluids after intravenous administration [175].

Cacheriset et al. assumed that, although the dissociation 
of [GdL3(H2O)] (L3 ligand shown in Fig. 16) is fast and 
a complexation equilibrium exists in body fluids, the high 
selectivity of the DTPA-BMA3− provides an in vivo safety of 
the injected contrast agent [169]. However, more recently it 
has been found that the kinetic stability of [GdL3H2O)] and 

related Gd-DTPA-bis(amide) complexes is high and compa-
rable to that of [Gd(DTPA)(H2O)]2−[182, 183]

This finding also implies that stability constants and 
selectivity level play a minor role in determining nontoxicity 
for a contrast agent; the crucial factor undoubtedly consists 
in a high kinetic stability [182–184].

High kinetic stability represents an important requirement 
for Ln complexes used as contrast enhancement agents in 
magnetic resonance imaging. The kinetic stabilities of the 
Ln complexes formed with DTPA derivatives are character-
ized by the rates of exchange reactions with Ln and with 
endogenous Cu and Zn. The exchange reactions occur via 
the proton-assisted dissociation of the complexes and via a 
direct attack of the exchanging metal ions on the complex.

The kinetic stability of the [Gd(L3)]+ complexes can be 
characterized by the rate of exchange (transmetallation) 
reactions as it follows [184–188]:

where L is DTPA or such derivatives as  L0-L6;  Mn+ is the 
exchanging metal ion, for example  Eu3+,  Cu2+ or  Zn2+.

In the presence of a large excess of  Mn+ the exchange 
reaction rate can be expressed by Eq. (30)

where kobs is a pseudo-first-order rate constant and  [GdL]t 
is the total concentration of  Gd3+ complex.

E. Tóth and E. Brücher explored the kinetic inertness of 
[Gd(L3)]+ by studying exchange reactions with  Eu3+,  Zn2+ 
and  Cu2+, characterized the exchange reaction rates by vary-
ing the concentration of the  H+ or  Mn+ ions for obtaining the 
rate law, and determined the rate and mechanism of water 
exchange on the  Gd3+ complex, combining variable temper-
ature and pressure in 17ONMR and EPR studies [180, 181]. 
The rate constants k1, k3 and k4, and the stability constant 
KGdLM obtained in the fit are shown in Table 9.

(29)GdL +Mn+ = ML(n−3)+ + Gd3+

(30)−
d[GdL]t

dt
= kobs[GdL]t

Table 9  Rate constants 
characterizing the exchange 
reactions between the  Gd3+ 
complexes of the DTPA-
amide derivative ligands and 
 Eu3+,Cu2+ or  Zn2+ (25ºC, 1.0 M 
KCl)

a Ref. [189, 190]..b: Ref. [183]; c: Ref. [187]; d: Ref [186]. where k1 = kGdHLKGdHL, k3 = kGdLMKGdLM and 
k4 = kHGdLMKGdLM. KGdHL the protonation constant; KGdLM: stability constant (KGdLM = [GdLM]/[GdL][M])

Exch. ion Rate constant/M 
−1  s−1

L8 a L5
b L2 c L6

d

Eu3+ k1 0.58 1.6 0.23 0.38 ± 0.02
k3 4.9 ×  10−4 3.4 ×  10−3 (1.4 ± 0.2) ×  10−4

k4 5.0 ± 0.7
Cu2+ k1 0.58 1.6 0.28 0.40 ± 0.09

k3 0.93 0.62 7.3 ×  10−2 (6.3 ± 0.1) ×  10−2

Zn2+ k1 0.58 0.6 0.21 0.5 ± 0.15
k3 5.6 ×  10−2 8.1 ×  10−2 1.57 ×  10−3 (8.7 ± 0.3) ×  10−3

k4 29 110 ± 10
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All the rate constants for the proton assisted dissocia-
tion (k1) are rather similar for [Gd(L0)]2−, [Gd(L2)] and 
[Gd(L3)]+, but for [Gd(L1)]− the k1 value is about three times 
higher. This means that the carboxylate-to-amide substitu-
tion on the terminal and central nitrogens at (L0)5− exerts 
no significant effect on the rate of the proton assisted dis-
sociation of the  Gd3+ complexes. The positively charged 
complex [Gd(L3)(H2O)]+ has a lower thermodynamic sta-
bility constant than the parent [Gd(DTPA)(H2O)]2− or some 
 Gd3+ complexes with DTPA-bis(amide). In contrast to the 
thermodynamic stability, the kinetic inertness of [Gd(L3)]+, 
characterised by the rates of metal exchange reactions with 
 Eu3+,  Cu2+ and  Zn2+ ions, is higher.

The exchange reactions occur via proton- and metal ion 
assisted dissociation of [Gd(L3)]+.

These reactions are slower for [Gd(L3)]+ than for 
[Gd(DTPA)]2−, since the amide groups cannot be proto-
nated and interact only weakly with the attacking metal 
ions. The rate of water exchange on [Gd(L2)(H2O)] and 
[Gd-(L3)(H2O)]+ is reduced in comparison to [Gd(DTPA)
(H2O)]2−. This is explained by the lower negative charge 
and decreased steric crowding at the water binding site in 

amides as compared to carboxylate analogues. The activa-
tion volumes evidence a dissociative interchange and a limit-
ing dissociative mechanism for [Gd(L2)(H2O)] and [Gd(L3)
(H2O)]+, respectively.

High solubility in water alongside with non-toxicity is an 
essential criterion for the practical application as MRI CA. 
In additioN,Nowadays there is a variety of DTPA-bis(amide) 
ligands known, many of which carry aromatic or large ali-
phatic substituents, thus resulting in poor solubility in water 
upon complexation with Gd [158, 160, 165, 167, 189–192].

Relaxivities express the efficacy of a  Ln3+ complex to 
increase the relaxation rate of water protons. Usually, the 
relaxivity (r1) of complexes and Gd(DTPA)2− used as the 
reference have been determined.

As example we can mention that the relaxivity of ML22, 
(M: La, Sm, Eu, Gd, Tb) and Gd(DTPA)2− have been 
0.14, 1.66, 3.14, 6.08, 2.79 and 4.34 l·mmol−1·s−1, respec-
tively, which have been reported by Z. Y. Yang [193]. The 
spin–lattice relaxivity of GdL22 has been larger than that of 
Gd(DTPA)2−. The relaxivity of GdL had also been inves-
tigated in human serum albumin (HSA) solution, and the 

Table 10  Relaxivity of the 
Complexes [192, 193]

Compound [M]/ mol·  l−1 t0/s T1/s (1/T1)p/s−1 r1/mmol·l·s−1

H2O +  D2O 5.40 0.128
LaL22·2(H2O) 0.093 4.90 0.141 0.013 0.14
SmL22·2(H2O) 0.097 2.40 0.289 0.161 1.66
EuL22·4(H2O) 0.097 1.60 0.433 0.305 3.14
GdL22·5(H2O) 0.099 0.95 0.730 0.602 6.08
TbL22·2(H2O) 0.092 1.80 0.385 0.257 2.79
Gd-DTPA 0.148 0.90 0.770 0.642 4.34

Table 11  Relaxivity data 
of [Gd(Lx)(H2O)]·xH2O in 
aqueous and aqueous HP-b-CD 
solutions [194, 195]

a In [HP-b-CD] = 50 mM; b: [Gd(DTPA)]2−, r1 and r2 measured at  B0 = 1.0 T; [Gd(Lx)(H2O)]·xH2O: Lx: 
L10 – L21

Complexes r1  (mM−1  s−1) r2  (mM−1  s−1) r1 a  (mM−1  s−1) r2
a  (mM−1  s−1)

[Gd(L10)(H2O)]·xH2O 1.58 1.50 9.4 9.7
[Gd(L11)(H2O)]·xH2O 1.43 1.23 10.4 11.0
[Gd(L12)(H2O)]·xH2O 1.31 1.00 8.6 8.7
[Gd(L13)(H2O)]·xH2O 1.44 1.23 11.6 12.1
[Gd(L14)(H2O)]·xH2O 1.59 1.71 8.7 8.8
[Gd(L15)(H2O)]·xH2O 1.54 1.35 8.8 8.9
[Gd(L16)(H2O)]·xH2O 1.47 1.31 9.1 9.2
[Gd(L17)(H2O)]·xH2O 1.65 1.52 12.6 13.0
[Gd(L18)(H2O)]·xH2O 1.95 1.94 10.1 10.4
[Gd(L19)(H2O)]·xH2O 1.71 1.63 12.2 12.5
[Gd(L20)(H2O)]·xH2O 1.68 1.65 10.4 10.5
[Gd(L21)(H2O)]·xH2O 1.54 1.40 10.5 10
Gd(DTPABMA) 4.58 4.76 - -
[Gd(DTPA)]2− b 3.40 3.80 - -
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relaxivity of GdL has been enhanced from 6.08 l·mmol−1·s−1 
in water solution to 9.09 l  mmol−1·s−1 in HSA solution.

The relaxation rate enhancement value of the complex 
for water protons can be calculated according to Eqs. (32, 
33) [187].

where (1/T1)o is the observed solvent relaxation rate in the 
presence of a paramagnetic species; (1/T1)d is the solvent 
relaxation rate in the absence of a paramagnetic species; 
(1/T1)p represents the additional paramagnetic contribution; 
[M] is the concentration of paramagnetic metal ion.

The high relaxivity is favourable of tissue imaging. The 
relaxivity (r1) of complexes and [Gd(DTPA)]2− used as the 
reference are given in Table 10. The results showed that the 
spin–lattice relaxivity of GdL22 has been larger than that of 
[Gd(DTPA)]2−.

Other example of the selectivity of DTPA-bis(amide) 
ligands for the Gd(III) ion over the endogenous metal ions 
such as Zn(II), Ca(II), and Cu(II), and relaxivities (r1 and 
r2) of Gd(III)-DTPA-bis(amide) complexes both in aque-
ous and hydroxypropyl-b-cyclodextrin (HP-b-CD) solutions 
reported by T. J. Kim [194]. HP-b-CD is biocompatible and 
has been used in the preparation of aqueous solution of 
water-insoluble drugs [195]. The relaxivities (r1 and r2) of 
[Gd(Lx)(H2O)]·xH2O (Lx: L10-L21) in aqueous and aqueous 
HP-b-CD solutions are collected in Table 11. Relaxivities 
(r1 and r2) have been calculated as an inverse of relaxation 
time per mM.

In aqueous solutions, the complexes formed by Gd with 
ligands (L10-L21) show significantly lower relaxivities than 
analogous Gd(III) complexes of DTPA-BMA and DTPA.

In addition, the relaxivities (r1 and r2) of aqueous 
solutions of [Gd(Lx)(H2O)]·xH2O (Lx: L10-L21), drop 
significantly as compared with [Gd(DTPA-BMA)(H2O)] 

(31)
(
1∕T1

)
p
=
(
1∕T1

)
o
−

(
1∕T1

)
d
,

(32)r1 =
(
1∕T1

)
p
∕[M],

although they increase dramatically (6–tenfold) in aqueous 
hydroxypropyl-b-cyclodextrin (HP-b-CD) solution.

It is known that a significant increase in relaxivity is 
established when ‘‘host–guest’’ inclusion complexes are 
formed between the hydrophobic b-cyclodextrin cavity 

Fig. 17  Structure of the DTPA 
ligand (A), ball-and-stick 
representation of a metal-DTPA 
complex (B). In part B, the 
hydrogen atoms are omitted for 
clarity, the nitrogen atoms are 
shown in blue, and the oxygen 
atoms in red; the oxygen atoms 
coordinated to the metal ion are 
labeled as O′and the noncoordi-
nated carbonylic oxygen atoms 
as O′′

Fig. 18  Variable temperature 17O NMR spectra registered at 14.1  T 
for the Pr-DTPA complex in aqueous solution [205]. No apodiza-
tion of the free induction decay has been used. The dotted lines are 
guides for the eye emphasizing chemical shift variations. The varia-
tion of the full line width at half-height versus the inverse tempera-
ture (35 − 135  °C) is shown in the inset for the signal at 500 − 450 
p.p.m. as a semilogarithmic plot; the confidence intervals correspond 
to ± 10% (twice the estimated relative standard error). For comparison 
purpose, the data for Sm-DTPA line width are shown as a plain line
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of hydroxypropyl-b-cyclodextrin (HP-b-CD) and Gd(III) 
complexes [186, 196].

In this regard, the aliphatic amide side-arms in [Gd(Lx)
(H2O)]·xH2O (Lx: L10-L21) are expected to interact with 
the hydrophobic cavities of the b-CD moieties of HP-b-CD 
thus leading to the formation of ‘‘host–guest’’ complexes. 
Indeed, a dramatic increase in r1 and r2 values are to be 
noted. These observations demonstrate that the inclusion 
has truly taken place between [Gd(Lx)(H2O)]·x(H2O) (Lx: 
L10-L21) and HPb-CD.

The structure and conformatoional dynamics of Ln-DTPA 
complexes have been the subject of several studies by X-ray 
diffraction and/or nuclear magnetic resonance (NMR) [94, 
197–204].

X-ray structural studies on the  Ln3+ complexes of some 
DTPA bis(amide) derivatives have revealed that the ligands 
are coordinated to the  Ln3+ via three acetate oxygens, three 
nitrogen atoms and the two carbonyl oxygens of the amide 
groups. The ninth coordination site is occupied by an  H2O 
molecule [155, 158–160]. The multiplicity of the 1H NMR 
spectra observed first by Geraldes et al. [163] points to the 
existence of several conformational isomers [155, 173, 175]. 
The results of 1H and 13C NMR studies indicate that the 
structures of the  Ln3+ DTPA bis(amide) complexes in aque-
ous solution are similar to their solid-state structures. The 
generic structure of [Ln(DTPA)]2− complexes is depicted 
in Fig. 17.

By the example, we could mention the DTPA chelates 
of various diamagnetic and paramagnetic lanthanide(III) 
metal ions, as well as a chemically similar DTPA chelate of 
 Y3+, in an aqueous solution. The internal dynamics of the 
Y-DTPA chelate and various Ln-DTPA chelates have been 
investigated in aqueous solution by variable temperature 17O 
NMR by L. Fusaro [205] (As shown in Fig. 18). As a conse-
quence of poor chemical shift dispersion and fast quadrupole 
relaxatioN,No kinetic data could be obtained for the chelates 

of the diamagnetic  La3+,  Lu3+, and  Y3+ metal ions nor for 
the chelate of the weakly paramagnetic  Sm3+ ion.

However, the apparent activation energy characterizing 
the overall rotational dynamics, as determined from the 
temperature dependence of the line width, have been found 
to be in excellent agreement with the literature data. The 
17O NMR spectra show several signals for the Pr-DTPA and 
Eu-DTPA complexes and reveal that these compounds are 
fluxional as a consequence of both the racemization process 
and the interchange of the coordinated and noncoordinated 
oxygen atoms of the carboxylate group. The fluxional behav-
ior of the carboxylate groups is, however, not expected to 
significantly affect the residence time of the water molecule 
coordinated to the metal ion. The spectra registered for the 
Eu-DTPA complex show chemical exchange owing to the 
well-known racemization process and, at high temperature, 
feature signal broadening that reveals a fluxional process 
involving the interchange of the coordinated and noncoor-
dinated oxygen atoms of the carboxylate groups. The free 
energy barriers of both the Pr-DTPA and Eu-DTPA com-
plexes are remarkably lower than the calculated values 
recently reported by Mayer et al. for a series of Ln-DOTA 
complexes [115], and are somewhat greater than the acti-
vation free energy characterizing the racemization of these 
DTPA chelates, which, on the order of 60 kJ  mol−1. Further-
more, the smallest activation free energy measured for the 
Pr-DTPA complex, about 45 kJ  mol−1, is significantly lower 
than the activation free energy characterizing the racemiza-
tion process. However, these values are significantly higher 
than the activation free energy characterizing the exchange 
of the water molecule coordinated to the metal ion, which 
corresponds to a value of 35 kJ  mol−1, suggesting that the 
two processes are independent.

Previously, intramolecular conformation dynamics of 
[Ln(H2O)n(DTPA)]2− complexes in case of  Pr3+,  Eu3+ and 

Table 12  Activation free energies (ΔG‡
298, kJ  mol−1), temperature derivative of experimental lanthanide-induced shifts (∂δ(T)/∂T, ppm/K) and 

methods used for the investigation of intramolecular dynamics in  [Ln3+(H2O)n(DTPA)]2− complexes

a EXSY-CT means a combined approach based on 2D EXSY and NMR “determining coalescence temperatures”; b: BSA means band-shape 
analysis; c: BSATTD-LIS means band-shape analysis technique taking into account the temperature dependence of LIS.

Lanthanide Ion Radius/Å Activation Energy/
(kJ  mol−1)

Method ∂δ(T)/∂T, ppm/K solvent Ref

Pr3+ 1.13 57 ± 4 1H EXSY-CT a – D2O;D2O/CD3OD [14]
60 17O BSA b 1.1 (17O) D2O [205]
53 ± 5 1H BSATTD-LIS 0.17 D2O [207]

Eu3+ 1.09 55 ± 5 1H EXSY-CT – D2O [14]
55 17O BSA D2O [205]
64 ± 5 1H BSATTD-LISc 0.11 D2O [207]

Ho3+ 1.04 66 ± 5 1H BSATTD-LISc 0.64 D2O [207]
Yb3+ 1.01 49 ± 10 1H EXSY-CT – D2O [14]

45 ± 5 1H BSATTD-LISc 0.43 D2O [207]
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 Yb3+ have been studied by a combined approach based on 
1H 2D EXSY and NMR by R. Lauffer [14].

The conformat ional  dynamics  of  [Ln(H2O)
(DTPA)]2− complexes (Ln =  Pr3+, and  Eu3+) has been 
also investigated by L. Fusaro as mentioned above [205]. 
Although, the two types of conformational dynamic pro-
cesses have been identified by 17O NMR, the first one is 
conditioned by rotation of the carboxylate fragment, and 
the second one is conditioned by the enantiomerization. 
However, there are some differences between the values 
of the free energy of activation of conformational race-
mization, obtained by these two different methods. S.P. 
Babailov have previously proposed a method for studying 
the conformational dynamics of Ln complexes, based on 
the shape of the NMR signal analysis, taking into account 
temperature changes in paramagnetic LIS (BSATTD-LIS) 
[200, 201]. Meanwhile, comparison of results obtained by 
three methods for complexes  Pr3+ (I),  Yb3+ (II) and  Ho3+ 
(III) with DTPA by using 1H NMR (withing the frame-
work of BSATTD-LIS) and studies on the intramolecular 
racemization and more detailed study the substantial tem-
perature dependence of LISs has been carried out [207] 
(as shown in Table 12).

It should be noted that the approach based on the line 
shape analysis taking into account the temperature variation 
of LIS for the first time has been applied to the investigation 
of the complexes of holmium. The determination of the rate 
constants of the processes and the free energy of activation 
is similar in the case of the three methods. As it can be seen 
from Table 11 for complexes of Pr to Ho the free activa-
tion energy of intramolecular dynamics slightly increases 
with decreasing lanthanide cation radius. This monotonic 
increase in the activation free energy of conformational race-
mization in a series of Ln is consistent with the results of 
studies in other complexes {interconversion of conformers} 
in the [Ln(H2O)(DOTA)]− complexes [65] intermolecular 

dynamics in [Ln(H2O)n(DTPA)]2− for the yttrium subgroup 
of lanthanide ions [96], the conformation inversion of the 
18-crown-6 in the complexes of [Ln(18-crown-6)(NO3)3] 
[202]}. As one can see from Table 11, the free energy val-
ues obtained in different ways differ in 5 kJ   mol−1(Yb), 
7 kJ  mol−1(Pr) and 9 kJ  mol−1(Eu). Three different meth-
ods (1H EXSY-CT, 17O BSA and 1H BSATTD-LIS) have 
been used in the experimental studies concerning the com-
plexes (Table 12). Two of them are based on 1H NMR data. 
The third method is based on 17O NMR data. Using these 
methods to measure the energy parameters of molecular 
dynamics can lead to systematic errors [14]. Moreover, in 
some cases, a part of the data has been obtained for the case 
of aqueous solutions and the other part- for solutions in a 
water–methanol mixture [14]. All of these factors can lead to 
systematic errors in the assessment of the activation energy 
of conformational dynamics. These relatively large errors 
could be in particular caused by the necessity of correction 
for the temperature dependence of the paramagnetic LISs at 
the temperature range close to the coalescence. It has been 
found by 1H NMR that the experimental LISs values (δ) 
of I, II and III are well fitted by linear dependence on 1/T 
(Fig. 19). In addition, in the case of DTPA complexes, the 
conformational dynamics parameters can depend also on the 
pH value of the solutions, since these complexes form acidic 
complexes (unlike, for example, DOTA).

Derivative δ(T) has been calculated for signals obtained 
from I, II and III in  D2O at 278 K, the maximum values 
thereof amounting to 0.17, 0.43 and 0.64 p.p.m./K for I, II 
and III respectively. It should be noted that other complex 
compounds, studied earlier using 1H NMR both in organic 
and in aqueous media, are characterized by the LIS tem-
perature sensitivity ranging from 0 to 1.5 p.p.m./K. The 
obtained results indicate that coordination compounds I, II 
and III could be considered as moderately sensitive 1H NMR 

Fig. 19  Paramagnetic LISs in 500 MHz 1H NMR of  [Yb3+(H2O)n(DTPA)]2− and  [Pr3+(H2O)n(DTPA)]2− depending on 1/T at pH 7; concentra-
tion is 5 ×  10−3 M in  D2O [207]
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lanthanide paramagnetic probes for in situ temperature con-
trol in aqueous solution.

The temperature dependences of paramagnetic lanthanide 
induced shifts in NMR spectra show that Ln complexes with 
DTPA ligand could be of practical importance in medicine 
and biology as thermo-sensing MRI contrast agents for can-
cer and inflammation detection (via mapping the tempera-
ture distribution in a human or animal body).

Conclusions

In this review, we have shown how the NMR method can be 
used in the analysis of the molecular structure and dynam-
ics of Ln complexes with PAPC ligands (EDTA, DOTA and 
DTPA and some of their derivatives).

We have carried out a detailed description of the methods 
available from the literature for studying the structure and 
molecular dynamics of lanthanide paramagnetic complexes 
in solutions. It is emphasized that the currently available 
NMR investigation methods make it possible to perform 
an efficient determination of the structure and molecular 
dynamics of kinetically stable dissolved lanthanide com-
plexes with different organic complexing agents including 
EDTA-like, DTPA-like and DOTA-like ligands.

The analysis of pseudocontact contributions to the LISs 
provides, in particular, making it possible to determine 
structural parameters for Ln complexes.

Another completely independent approach to the studies 
on the structure of paramagnetic lanthanide complexes con-
sists in the analysis of paramagnetic relaxation rate enhance-
ment on the ligand nuclei. In this context, the following two 
efficient directions should be noted. They consist in the anal-
ysis of dipole contributions to paramagnetic relaxation rate 
enhancement, and in the studies on Curie-spin contributions 
to paramagnetic relaxation rate enhancement.

Paramagnetic lanthanide cations represent adjustable 
probes for studying dynamic processes occurring in sub-
strate molecules that can form complexes with lanthanide 
cations in solution. The paramagnetic lanthanide probe 
provides an extension in the range of rate constant val-
ues for chemical exchange processes in comparison with 
DNMR application to diamagnetic substances. The fol-
lowing four dynamic NMR techniques are chosen to use 
not only for qualitative, but also for quantitative studies on 
the processes occurring in substrate molecules of lantha-
nide complexes: band-shape analysis taking into account 
lanthanide-induced chemical shifts (for Ce, Pr, Nd, Eu, Tb, 
Dy, Ho, Er, Tm, Yb) depending on temperature, selective 
magnetization transfer (for Eu), spin saturation transfer 
(for Pr and Dy), and 2D exchange spectroscopy (for Pr, 
Eu and Yb).

By using this set of methods, it has been found that 
free molecular-dynamics activation energy ΔG≠

298 in the 
series of  Na2[Ln(DTPA)(H2O)], Na[Ln(H2O)(DOTA)], 
Na[Yb(H2O)(EDTA)], and [Ln(18-crown-6)(NO3)3] com-
plexes monotonously changes with decreasing lanthanide 
cation radius. This is most likely owing to the effect of 
lanthanide contraction.

According to the analysis of the data obtained for a 
large number of lanthanide complexes with different 
PAPC ligands, it can be concluded that LISs have a linear 
dependence on the inverse temperature (1/T).

It should be also noted that based on the mentioned 
features the Ln complexes exhibit sensory properties in 
determining local temperature in liquid organic and aque-
ous media, which has been verified using a considerable 
set of lanthanide complexes.

Recently, there have appeared some examples that dem-
onstrate the potentialities of using such complexes, for 
example, as relaxation thermosensor probes.

The analysis of paramagnetic properties such as the 
temperature sensitivity of LIS and paramagnetic increases 
in relaxation rates indicates the prospect of using kineti-
cally stable lanthanide complexes as shift and relaxation 
temperature-sensitive probes for determining local tem-
perature and diagnosing diseases using MRI technologies. 
In general, NMR confirms its high efficiency as an analyti-
cal method and, in combination with contrast methods in 
MRI, shows new possibilities in the diagnosis of diseases 
(in particular in oncology).
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