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A B S T R A C T

In this study we take advantage of the large body of X-ray data reported for lanthanide complexes, as well as their 
similar coordination chemistry properties, to gain insight on the dynamic processes involving λ ↔ δ configu
rational changes leading to isomer interconversion. The analysis of X-ray data reveals that different donor groups 
are characterized by Gaussian distributions of the dihedral N–C–X–Y angles ϕ. In the case of ethylenediamine 
groups (X = C; Y = N) Gaussian distributions are very narrow, while acetates (X = C; Y = O) provide very broad 
distributions. The analysis of the potential energy surfaces (PESs) using DFT reveals that ethylenediamine groups 
are characterised by well-defined deep energy minima, while those of acetate groups are rather swallow. Other 
donor groups like acetamide, pyridine or phosphinate show intermediate Gaussian distributions with respect to 
ethylenediamine and acetates. The PESs were fitted to a potential incorporating quadratic, cubic and quartic 
terms. The quadratic force constants k11 obtained for the different donor types follow the trend of the full width 
at half maxima (FWHM) of Gaussian distributions obtained from X-ray data. The k11 values are very similar for a 
given donor group, while the anharmonic cubic (k111) and quartic (k1111) force constants vary significantly 
depending on the environment of the donor group. Overall, this work demonstrates that the analysis of X-ray 
crystallographic data in lanthanide complexes can provide very useful information on their coordination 
chemistry preferences and dynamic processes.

1. Introduction

The coordination chemistry of lanthanide(III) ions in aqueous media 
has been the subject of intense research efforts over the past four de
cades [1–6]. Early works reported in the early 1960 s evidenced that 
DTPA forms very stable complexes with the Ln(III) ions [7], exceeding 
the stability of EDTA analogues by several orders of magnitude [8,9]. 

Two decades later it was discovered that the macrocyclic ligand DOTA 
forms very stable and inert complexes with the lanthanides [10–15]. 
Since then, DOTA and DTPA were considered the gold standards for 
lanthanide complexation, with the macrocyclic structure of DOTA 
resulting in slow complexation and dissociation kinetics, in sharp 
contrast to DTPA derivatives (Scheme 1) [16,17]. The Gd(III) complexes 
with these ligands and closely related derivatives were introduced as 
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contrast agents for magnetic resonance imaging (MRI) in the late 1980 s 
and 1990 s [18,19]. The development of MRI contrast agents based on 
these scaffolds continued over the years [20], with a tetrameric Gd(III) 
DOTA derivative currently being in advanced clinical trials [21]. 
Research efforts were also conducted to prepare Ln(III) complexes of 
DTPA and DOTA derivatives for other applications, including the design 
of luminescent probes [22–25] and radiopharmaceuticals [26–28].

The dynamics of Ln(III) complexes of DOTA and DTPA derivatives 
have been investigated rather extensively using NMR techniques, 
providing detailed information on the exchange of coordinated water 
molecules with the bulk [29], as well as the dynamic processes 
responsible for the interconversion between the different stereoisomers 
present in solution [30–33]. Computational studies were also very 
important to provide detailed information on these dynamic processes at 
the molecular level [34–37], an issue of great relevance to understand 
the efficiency of MRI contrast agents and their behavior in solution [38]. 
Isomer interconversion involves changes in configuration of five- 
membered chelate rings formed upon coordination of the ligand to the 
metal ion. The chelate rings formed upon coordination of the ethyl
enediamine and acetate units of DTPA and DOTA derivatives are not 
planar. The puckering of these chelate rings can be measured by the 
corresponding N–C–C–N and N–C–C–O dihedral angles, which may take 
positive or negative values, corresponding to the conformations referred 
as to δ and λ, respectively (Fig. 1). The interconversion between isomers 
present in solution involves δ ↔ λ interconversions of these chelate rings 
[1,32,36]. The puckering of five-membered chelate rings has been 
related with the dynamics of δ ↔ λ exchange in transition metal com
plexes [39]. Other dynamic processes that have been investigated in Ln 
(III) DOTA derivatives are the rotation of acetate arms, which exchanges 
the coordinated and un-coordinated oxygen atoms of acetate groups. 
This exchange process involves high activation energy barriers 
compared to the δ ↔ λ interconversion process in both Ln(III)-DOTA and 
Ln(III)-DTPA complexes [40–42].

In a recent work, we used the structures of DOTA and DTPA de
rivatives reported in the Cambridge Structural Database (CSD) to derive 

a series of donor radii that allow estimating Ln(III)-donor distances for 
any lanthanide cation regardless its coordination number and oxidation 
state.[43] Herein, we sought to use the same set of data to gain infor
mation on the dynamics of Ln(III) complexes by analyzing the dihedral 
angles characterizing the coordination of different structural motifs 
present in DTPA and DOTA derivatives. The information obtained from 
X-ray data was further analyzed using computational studies based on 
state of the art density function theory (DFT). The puckering of these 
dihedral angles provides valuable information on the structure and dy
namics of Ln(III) complexes.

Scheme 1. Ligands discussed in this work.

Fig. 1. Schematic representation of the δ and λ conformations of five- 
membered chelate rings formed by ethylenediamine (left) and acetate 
(right) groups.
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2. Methods

2.1. CSD data

The crystal structures of rare-earth complexes of the DTPA and DOTA 
families were retrieved from the CSD after an extensive and careful 
search. A full list of the structures analyzed, their CSD codes and dihe
dral angles are provided in the Supplementary material (Tables S1-S16). 
A few structures have been reported in the Protein Data Bank (PDB) in 
which DOTA derivatives were co-crystallized with proteins. However, 
the different torsion angles measured in these macromolecular struc
tures exhibit significant differences with respect to the small molecule 
crystals, and thus they were omitted in this work (see for instance 
Ref. [44]).

2.2. DFT calculations

The geometries of the Gd(III) complexes were optimized using 
Gaussian 16 [45], employing the range-separated hybrid wB97XD 
functional [46], which incorporates empirical dispersion corrections. 
This functional performs well to compute the geometries, energy bar
riers and coordination numbers of lanthanide complexes [47–49]. No 
explicit second-sphere water molecules were considered, in spite of 
being necessary to compute accurate Gd–Owater distances and 17O spin 
densities [50,51]. However, inclusion of explicit second sphere water 
molecules also increases the complexity of the PES, by generating 
different local energy minima with similar energies. Relativistic effects 
were incorporated using the quasi-relativistic effective core potential 
ECP53MWB for Gd(III), which includes 46 + 4f7 electrons in the core, 
together with the associated (8s7p6d3f2g)/[6s5p5d3f2g] valence basis 
set (ECP53MWB-II) [52,53]. The standard Def2–TZVPP basis set was 
used for the ligand atoms [54]. Bulk water solvent effects were incor
porated with the integral equation formalism variant of PCM (IEF-PCM 
variant) [55,56]. Frequency calculations confirmed that the optimized 
geometries corresponded to actual energy minima. The size of the 
integration grid was augmented with the integral = superfinegrid 
keyword. Relaxed potential energy surface scan were performed starting 
from the optimized geometries using the opt = modredundant option of 
Gaussian. Optimized Cartesian coordinates of the structures used in this 
work and a sample input file are provided in the Supplementary material
(Tables S17-S23). Test calculations performed on the Gd(NH2)3 system 
show that the wB97XD/ECP53MWB/ Def2–TZVPP method provides a 
PES virtually identical to the gold standard coupled-cluster CCSD(T) 
method [57]. Additionally, calculations using a small core (wB97XD/ 
ECP28MWB/Def2–TZVPP) indicate that the use of large (53 electrons) 
or small (28 electrons) cores provide very similar PESs [58] (Fig. S1).

3. Results and discussion

3.1. Puckering of five-membered chelate rings involving ethylenediamine, 
acetate and acetamide groups

The puckering of the five-membered chelate rings in lanthanide(III) 
complexes was analysed by using a dataset comprising the X-ray struc
tures of all DTPA and DOTA derivatives deposited to date in the CSD (79 
and 364 structures, respectively). Both these important families of 
complexes contain ethylenediamine units in their scaffolds that form 
five-membered chelate rings upon coordination to the metal ion. Some 
structural features of these chelate rings have been reviewed recently 
[59].

The N-C-C-N torsion angles characterising the ethylenediamine 
chelate rings have absolute values close to 60◦, at an average of 59.3◦. 
This is expected, as a value of 60◦ yields a staggered conformation of the 
ethyl groups [60]. No significant differences are observed in the distri
butions of ethylenediamine groups in DTPA and DOTA derivatives, for 
which the average values are 62.7 and 59.0◦, respectively. As was stated 

in the introduction, the N–C–C–N dihedrals may take positive or nega
tive values, corresponding to the conformations referred as to δ and λ, 
respectively [60]. Nevertheless, DTPA and DOTA complexes often 
crystallise as racemates, with two enantiomers being present in the 
crystal. Thus, the sign of the N-C-C-N torsion angles measured from 
crystal data does not necessary reflect the presence of one particular 
stereoisomer, but rather that selected to define the asymmetric unit. 
Nevertheless, the values of the N-C-C-N torsion angles in DOTA and 
DTPA complexes yield two quite symmetrical Gaussian distributions 
centred at ± 59.1◦ and a full width at half maximum (FWHM) of only ~ 
6.3◦ (Fig. 2). We interpret this rather narrow distribution of the dihedral 
angles as the result of a deep energy minimum on the potential energy 
surface. This is in line with different NMR studies, which indicated a 
rather high free energy barrier for the δ ↔ λ interconversion of five- 
membered chelate rings in DTPA and DTPA-bisamide lanthanide com
plexes (~55 kJ/mol) [30,61]. The interconversion in DOTA derivatives 
were found to possess similar activation free energies [33].

The N-C-C-N torsion angles characterising the ethylenediamine 
chelate rings of complexes with macrocyclic derivatives of TACN, 
PYCLEN and PYAN were also analysed to assess the effect of macrocyclic 
ring size and rigidity. These macrocyclic platforms have found rather 
widespread use for stable lanthanide complexation [62–65]. We obtain 
mean values close to 60◦ for PYCLEN (59.4◦, 58 values) and PYAN 
(58.0◦, 42 values), in agreement with the distributions observed for 
DOTA and DTPA derivatives. However, TACN derivatives display 
broader distribution centered at 47.3 ± 0.1◦ (FWHM = 13.5◦, 190 
values), which is far away from the ideal value of 60◦ (Fig. S2). This 
indicates that the coordination of lanthanide ions to the small-sized 
TACN ring introduces a certain degree of strain to the macrocyclic 
unit, while the larger rings of CYCLEN, PYCLEN and PYAN can accom
modate the metal ion while maintaining N-C-C-N torsion angles close to 
60◦.

The 1,4,7,10-tetraazacyclododecane framework was functionalized 
with a rather wide range of pendant arms, among which acetate and 
acetamide groups are the most common ones (i. e. in DOTA and DOTAM, 
respectively). A similar situation holds for DTPA derivatives. The N-C-C- 
O dihedrals of coordinated acetate groups show a very broad distribu
tion, with absolute values in the range 0 – 45◦ and an average absolute 
value of 20.6◦. DTPA and DOTA complexes are characterized by similar 
average absolute values of 18.6 and 21.8◦, respectively. The histogram 
of N-C-C-O dihedrals display two maxima at + 21.0 ± 0.5◦ and − 19.7 ±
0.5◦, with FWHM values of 27.2◦ and 25.0◦, respectively (Fig. 2, see also 
Table 1). The position of the maxima reflects the formation of less 

Fig. 2. Histograms showing the N-C-C-X dihedral angles characterizing five- 
membered chelate rings in DTPA and DOTA derivatives: (a) Ethylenediamine 
groups (X = N); (b) Acetate groups (X = O); (c) Acetamide groups (X = O). The 
solid lines correspond to the fits of the data to Gaussian distributions.
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puckered chelate rings compared with the ethylenediamine moieties. 
Furthermore, the very broad distribution of the two maxima suggests a 
rather low activation energy for the δ ↔ λ interconversion, which should 
proceed through a transition state in which the five-membered chelate 
ring is planar. In the case of an ethylenediamine chelate, this leads to an 
eclipsed conformation of the H atoms of the neighbouring C atoms. The 
absence of hydrogen atoms at the carbonyl C atom is likely responsible, 
at least in part, of the broad distribution of dihedral angles. This suggests 
that the δ ↔ λ interconversion associated to the rotation of acetate 
groups should be characterized by low activation energies, unless steric 
effects of vicinal groups hinder the process. This has been nicely 
demonstrated for [Ln(DOTA)]- complexes, in which the rotation of the 
four acetate arms follows a concerted process characterized by a rather 
large activation free energy (> 50 kJ/mol) [35]. However, the lack of a 
pendant arm in [Ln(DO3A)] complexes results in much lower energy 
barriers for the rotation of acetate arms (~20 kJ/mol) [66]. A fast δ ↔ λ 
interconversion of the acetate groups is also compatible with the NMR 
spectra reported for Ln(III) complexes of acyclic ligands such as EGTA 
and OBETA, as well as the mesocyclic AAZTA ligand [67–69].

A rather large number of X-ray structures of DOTA and DTPA amide 
derivatives have been reported (142 structures, see Supplementary 
material). The analysis of N-C-C-O dihedrals of acetamide groups evi
dences that their chelate rings are significantly more puckered than 
those involving acetates, with two slightly asymmetrical Gaussian dis
tributions with maxima at 29.1 ± 0.4◦ and –28.9 ± 0.3◦, and FWHM 
values of 15.5◦ and 13.7◦, respectively (Fig. 2). Thus, Gaussian distri
butions are narrower for acetamides than for acetates, indicating that 
likely the δ ↔ λ interconversion in acetamides is associated to higher 
activation energies than for acetates. Of note, all DTPA and DOTA de
rivatives containing primary amide groups are Z isomers, and thus the 
NH amide group points to the methylenic CH2 protons. The presence of 
the E isomer in solution was postulated recently on the bases of NMR 
data recorded for Eu(III)⋅DOTA-monoamide complexes containing chi
ral centers in both α or δ positions of the acetamide pendant arm [70].

The N-C-C-O dihedrals involving acetate and acetamide pendant 
arms do not correlate with the observed Ln–O bond distances. This can 
be clearly seen in Fig. 3, which plots the dihedral angles versus the Ln-O 
distance for Gd(III) complexes. Bond distances are obviously dependent 
not only on the particular Ln(III) ion, but also on the coordination 
number. However, the DOTA and DTPA Gd(III) derivatives considered 
here largely contain nine-coordinated metal ions (~95 %), with the 
remaining complexes having eight-coordinated Gd(III) ions. The plots 
shown in Fig. 3 display scattered haphazard points, demonstrating that 
there is no correlation between the Gd–O distances and the dihedral 
angles. The Ln–O distances involving acetate groups tend to be slightly 
shorter than those of acetamide groups.

3.2. Potential energy surfaces of five-membered chelate rings involving 
ethylenediamine, acetate and acetamide groups

Relaxed potential energy surface (PES) scans were performed on the 
[Gd(DTPA)(H2O)]2- and [Gd(DTPA-BMA)(H2O)] complexes using DFT 
calculations (see computational details above). The potential energy 
surfaces obtained upon scanning the two N–C–C–N dihedral angles (ϕ) 
of ethylenediamine groups reveal rather deep energy minima at ~+65◦

(Fig. 4). The positive signs of the two dihedral angles indicates that these 
five-membered chelate rings adopt δ configurations. Conversely, the 
N–C–C–O dihedral angles of acetate groups are all negative, reflecting λ 
configurations of the corresponding chelate rings. The position of the 
minimum varies slightly depending on the specific acetate group, 
ranging from –22.0◦ to − 26.6◦. Thus, the position of the energy minima 
on the PESs of both ethylenediamine and acetate groups are close to the 
centres of their Gaussian distributions observed in the solid state 
(Table 1).

The signs of ϕ indicate that the optimized structure of the [Gd(DTPA) 
(H2O)]2- complex displays a Λ(δδ) configuration, where Λ indicates the 
overall helicity originating from the layout of the five acetate pendant 

Table 1 
Centre (xc, ◦) and full width at half maximum (FWHM, ◦) of the Gaussian dis
tributions of dihedral angles in lanthanide(III) complexes.[a].

Donor group dihedral xc FWHM

Ethylenediamine[b] N-C-C-N 59.07 ± 0.07 6.2 ± 0.2
​ ​ − 59.13 ± 0.06 6.4 ± 0.2
Acetate[b] N-C-C-O 21.0 ± 0.5 27.2 ± 1.4
​ ​ − 19.7 ± 0.5 25.0 ± 1.4
Acetamide[b] N-C-C-O 29.1 ± 0.4 15.5 ± 1.2
​ ​ − 28.9 ± 0.3 13.7 ± 0.7
Pyridine[c] N-C-C-N 32.0 ± 0.2 7.4 ± 0.4
Phosphinate[c] N-C-P-O 25.2 ± 0.2 11.7 ± 0.4

[a] Standard errors of the least-squares fits are also provided. [b] Dihedral angles 
fitted to a double Gaussian distribution. [c] Absolute values of dihedral angles 
fitted to a single Gaussian function.

Fig. 3. Plots of the absolute values of N-C-C-O dihedral angles characterizing 
five-membered chelate rings in Gd(III) DTPA and DOTA derivatives versus the 
corresponding Gd-O bond distances: (a) acetate groups, (b) acetamide groups.

Fig. 4. Relaxed PESs obtained with DFT for acetate groups 1A-5A and ethyl
enediamine groups 6E and 7E in [Gd(DTPA)(H2O)]2-. The lines correspond to 
the fit of the data as explained in the text.
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arms (Fig. 5). It is worth mentioning that the [Gd(DTPA)(H2O)]2- 

complex has been crystallized in the form of the Ag+, aminoguanidine, 
and K+ salts, all of which display (δδ) configurations of the ethyl
enediamine groups [71–73]. While most of the acetate groups display λ 
configurations, some of them display dihedral angles close to zero or 
even positive. However, this is not surprising considering the curves 
shown in Fig. 4, which reveal that the N–C–C–O dihedrals of acetate 
groups define a rather swallow PES. The shape of the PESs generated for 
the five acetate groups is relatively similar on the negative side of 
dihedral angles, which imply bending the acetate group towards a 
neighbouring one. This provokes a steep increase in energy associated to 
steric and electrostatic repulsive effects arising from approximating two 
carboxylate groups. However, they differ considerably as the dihedral 
angle takes positive values. For instance, chelate rings 2A and 5A 
generate relatively symmetrical PESs. This indicates that the modifica
tion of the dihedral angle from the equilibrium value causes comparable 
energy penalties regardless the direction taken on the PES. This shape is 
in sharp contrast to those generated by chelate rings 1A and 4A. In the 
case of the latter, the dihedral N–C–C–O angle ϕ can vary from –23.4◦ up 
to 45◦ at an energy cost of only ~ 2 kcal mol− 1.

The PESs calculated with DFT can be represented in the vicinity of 

the energy minimum by a quadratic potential characterized by a force 
constant k11. However, the analysis of the PESs over a wide range of ϕ 
values requires the introduction of anharmonic cubic and quartic terms, 
characterised by force constants k111 and k1111, respectively: 

E(ϕ) =
1
2
k11(ϕ − ϕe)

2
+

1
2
k111(ϕ − ϕe)

3
+

1
2
k1111(ϕ − ϕe)

4 (1) 

In Eq [1), ϕ represents the value of the dihedral angle and ϕe is the 
value of the dihedral at equilibrium [74]. The PESs calculated for both 
ethylenediamine and acetate groups can be fitted very well to Eq [1], 
affording the force constants and ϕe values presented in Table 2. Obvi
ously, the quadratic and quartic terms can only have positive contri
butions to the energy, while the cubic term has opposite contributions at 
each side of ϕe (Fig. 6). Thus, high k11 and k1111 values contribute to 
steep the energy increase on both sides of ϕe, while a high k111 value has 
a positive contribution to energy on the negative side of ϕe and a 
negative contribution on the positive side. The quartic term has an 
increasing contribution with respect to the quadratic term as ϕ deviates 
from ϕe. Thus, the k1111 force constants likely catch steric and electro
static interactions occurring within the molecule upon significant 
changes in ϕ, as the concern group approaches neighbouring molecule 
fragments.

The harmonic k11 force constants obtained for the five chelate rings 
are rather similar, being within the range (2.7–3.7) × 10-3 kcal mol− 1 

deg− 2. The corresponding values obtained for the ethylenediamine 
groups are ~ 6 times higher, in line with the deep energy minima of their 
PESs and the narrow distribution of ϕ values observed in X-ray data. The 
two ethylenediamine groups are characterized by similar anharmonic 
cubic force constants k111. However, acetate groups show significant 
variations on their k111 values. In particular, chelate ring 2A is charac
terised by a k111 value being one order of magnitude smaller than those 
of acetate groups 1A and 4A. This indicates that chelate 2A has a rather 
harmonic PES that originates from important steric and electrostatic 
effects taking place as ϕ takes more positive values. Chelate ring 5A 
shows a similar behaviour, though to a lesser extent than 5A. Thus, the 
k111 values provide an estimate of the environmental effects that hinder 
the rotation of the acetate group as ϕ changes sign, with lower k111 
values indicating more important steric and/or electrostatic effects that 
hinder acetate rotation. Nevertheless, both k111 and k1111 force 

Fig. 5. Structures of the [Gd(DTPA)(H2O)]2- (top) and [Gd(DTPA-BMA)(H2O)] 
(bottom) complexes obtained with DFT calculations and labelling of the five- 
membered chelate rings.

Table 2 
Results of the fits of PESs of the [Gd(DTPA)(H2O)]2- and [Gd(DTPA-BMA)(H2O)] 
complexes calculated with DFT.[a].

Chelate 
Ring

Donor group k11 (×103 

kcal 
mol− 1 

deg− 2)

k111 

(×105 

kcal 
mol− 1 

deg− 3)

k1111 

(×107 

kcal 
mol− 1 

deg− 4)

ϕe (◦)

1A Acetate 2.71 ±
0.02

4.80 ±
0.04

3.33 ±
0.05

− 26.5 
± 0.1

2A Acetate 3.43 ±
0.02

0.31 ±
0.04

0.85 ±
0.08

–22.6 ±
0.1

2Am Acetamide 3.79 ±
0.04

3.1 ± 0.1 [b] − 28.0 
± 0.2

3A Acetate 3.10 ±
0.02

3.32 ±
0.05

3.42 ±
0.07

− 20.9 
± 0.1

4A Acetate 2.78 ±
0.02

4.43 ±
0.04

3.49 ±
0.05

–22.7 ±
0.1

4Am Acetamide 3.40 ±
0.06

5.8 ± 0.1 3.2 ± 0.1 –23.3 ±
0.3

5A Acetate 3.69 ±
0.02

1.9 ± 0.1 1.11 ±
0.04

–23.44 
± 0.06

6E Ethylenediamine 19.5 ±
0.2

19.4 ±
0.4

[b] 65.0 ±
0.1

7E Ethylenediamine 18.4 ±
0.1

17.2 ±
0.2

[b] 65.9 ±
0.1

[a] See Fig. 5 for labelling; standard errors of the least-squares fits are pro
vided. b Value fixed to 0, as otherwise values with large statistical errors were 
obtained.
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constants contribute to anharmonic shapes of the PESs.
The PESs of acetate and acetamide groups were investigated by 

comparing chelates 2A and 4A in [Gd(DTPA)(H2O)]2- with the equiva
lent 2Am and 4Am chelates in [Gd(DTPA-BMA)(H2O)] (see Figs. 4 and 
7). The optimised structure of [Gd(DTPA-BMA)(H2O)] displays a Λ(δδ) 
configuration, as observed in the solid state structures [75]. Thus, [Gd 
(DTPA)(H2O)]2- and [Gd(DTPA-BMA)(H2O)] display very similar 
structures, which allows for a comparison of the five-membered chelate 
rings formed by acetate and acetamide groups. As a result, the PESs 
calculated for 2A/2Am and 4A/4Am have similar shapes. Inspection of 
the PESs indicates that acetamide groups provide deeper minima than 
the equivalent acetate groups, an effect that is reflected in the corre
sponding harmonic k11 force constants, which are significantly higher 
for acetamide groups compared to acetates (Table 2). This trend is again 
in good agreement with the narrower distribution of ϕ values observed 
in the solid state for acetamides compared to acetates. The effect is 
particularly evident for chelates 4A and 4Am, being less important for 

2A and 2Am. The PESs calculated for the 2A/2Am and 4A/4Am pairs 
indicate that acetamide groups have somewhat higher cubic anharmonic 
contributions, as demonstrated by the corresponding k111 values. This 
indicates that the rotation of a methylacetamide group is less hindered 
by the environment compared with acetate groups, an effect that can be 
explained by the increasing electrostatic repulsion generated when two 
negatively charged carboxylate groups approach each other.

3.3. Other donor groups

A relatively large number of lanthanide complexes of DTPA and 
DOTA derivatives containing 2-methylpyridine or phosphinate groups 
were also characterized using X-ray diffraction. Given that the number 
of structures reported is more limited than for acetates and acetamides, 
we analysed the absolute angles of their N-C-C-N and N-C-P-O dihedrals 
(Fig. 8). The Gaussian distributions of pyridine and phosphinate groups 
are centered at 32.0 and 25.2◦, respectively, with the pyridine donor 
being characterized by a narrow distribution (FWHM = 7.0◦) and 
phosphinates showing a larger FWHM of 11.7◦. The latter value is 
slightly lower than those characterizing acetamide groups (Table 1). 
Noteworthy, the mean N-C-C-N angle characterizing the dihedral angles 
of pyridine groups in TACN derivatives (35.3◦, 119 values) is very 
similar to that observed for DTPA and DOTA complexes.

An additional set of DFT calculations was performed on the [Gd 
(DOTA)(H2O)]-, [Gd(DOTAM)(H2O)]3+, [Gd(DOTPH)]- and [Gd(LPY) 
(H2O)]3+ complexes, in order to compare the features of acetate, acet
amide, phosphinate and pyridyl groups (Fig. 9). The X-ray structures of 
the four complexes were reported in the literature. The [Gd(DOTA) 
(H2O)]- [76–78], [Gd(DOTAM)(H2O)]3+ [79–81] and [Gd(LPY)(H2O)]3+

[37] complexes display capped square antiprismatic coordination en
vironments in the solid state, which correspond to the Λ(δδδδ)/Δ(λλλλ) 
enantiomeric pair [32,33]. On the other hand, the [Gd(DOTPH)]- com
plex displays a Δ(δδδδ)/Λ(λλλλ) configuration [82], which yields a 
twisted square antiprismatic coordination environment, as usually 
observed for DOTA derivatives containing bulky phosphonate or phos
phinate arms [36].

The PESs calculated for these DOTA derivatives (Table 3) are similar 
to those calculated for the DTPA derivatives described above. The fits of 
the data afford k11 values that follow the trend acetate < acetamide <
phosphinate < pyridine. This trend correlates very well with the line
widths of the Gaussian distributions obtained for these groups using X- 
ray data (Table 1), with a lower k11 value corresponding to a broader 
distribution. The bulky and negatively charged phosphinate group 

Fig. 6. Relaxed PESs obtained for acetate groups 4A in [Gd(DTPA)(H2O)]2- and 
the contributions of quadratic, cubic and quartic terms of Eq [1] obtained from 
the fits of the data.

Fig. 7. Relaxed PESs obtained for acetate groups 2A and 4A in [Gd(DTPA) 
(H2O)]2- compared with the 2Am and 4Am acetamide groups in [Gd(DTPA- 
BMA)(H2O)]. The lines correspond to the fit of the data to Eq [1].

Fig. 8. Histograms showing the N-C-C-X dihedral angles characterizing five- 
membered chelate rings in DTPA and DOTA derivatives: (a) methylpyridine 
groups (X = N; Y = C); (b) methylphosphinate groups (X = O; Y = P). The solid 
lines correspond to the fits of the data to Gaussian distributions.
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exhibits the lowest k111 value among this series of complexes, indicating 
that environmental effects are playing an important role in hindering 
pendant arm rotation. The highest k111 values are obtained for the 
charge-neutral pendant arms, which suggests that electrostatic effects 
play a major role in this family of complexes containing four densely 
packed pendant arms.

A final set of calculations was performed on the [Gd(DO3A)(H2O)] 
complex to assess whether a less constrained structure will produce 
similar force constants. We thus analyzed the PESs of the terminal 
carboxylate groups, as one is lining towards the central acetate group 
and the second one towards a coordinated water molecule. These cal
culations provide rather similar PESs (Fig. S3, Supplementary material) 
and force constants (Table 3), with k11 values similar to those obtained 
for [Gd(DOTA)(H2O)]-, [Gd(DTPA)(H2O)]2- and [Gd(DTPA-BMA) 
(H2O)], indicating that the quadratic force constants depend essentially 
on the nature of the donor group, while the cubic and quartic terms 
account for environmental effects.

The PESs calculated for carboxylate, amide, pyridine and 

phosphinate groups display a single minimum, in sharp constrast with 
the PES characterizing ethylenediamine groups (Fig. S4, Supplementary 
material). In the latter case, the PES reaches a maximum at around ϕ =
0 in which the H atoms of the ethyl groups are eclipsed, leading to a 
second energy minimum. This process corresponds to a λ ↔ δ configu
rational change. This is in line with previous computational studies, 
which evidenced that the (λλλλ)↔(δδδδ) interconversion is a stepwise 
process, each involving the inversion of an individual ethylenediamine 
group [34–37,83]. These results suggest that the arm rotation process in 
the complexes investigated here is likely to follow a concerted mecha
nism, involving simultaneous rotation of several donor groups. 
Concerted arm rotation processes were proposed for [Ln(DOTA)]– 

complexes using computational studies [34].

4. Conclusions

We have analysed the dihedral angles of different donor groups 
observed in the X-ray structures of lanthanide complexes with DOTA 
and DTPA derivatives. These torsion angles characterise the configura
tion of the corresponding five-membered chelate rings, either δ or λ, 
whose change in configuration are responsible for isomer interconver
sion in solution.

The analysis of the distribution of dihedral angles in the solid state, 
as well as the analysis of PESs with DFT, allows classifying the different 
five-membered chelate rings according to their resistance to deforma
tion: acetate < acetamide < phosphinate < pyridine < ethylenediamine. 
This trend is consistently evidenced by both the FWHM of the Gaussian 
distributions obtained from X-ray data and the harmonic k11 force 
constants. The PESs characterising the λ ↔ δ configurational change of 
ethylenediamine units display two energy minima, suggesting that the 
isomer interconversion pathways involving the inversion of ethyl
enediamine units follow stepwise mechanisms. However, the PESs ob
tained for acetate, acetamide, phosphinate and pyridine groups are 
rather swallow and display a single energy minimum, suggesting that 
the isomer interconversion pathways involving λ ↔ δ configurational 
changes of these groups tend to follow concerted mechanisms. The 
harmonic k11 force constants for a given donor group fall within a rather 
narrow range, while the cubic and quartic force constants vary consid
erably due to environmental effects.

The results reported here have implications in ligand design, in 
particular if the goal is to obtain highly stable and inert complexes. In a 
recent work, we demonstrated that the thermodynamic stability of Gd 
(III) complexes can be predicted to a good accuracy by empirical ex
pressions that consider the individual contribution of different groups 
[84]. However, the prediction of kinetic inertness is more challenging, 
as different pathways can lead to complex dissociation (i. e. sponta
neous, proton assisted, metal assisted…) [16]. Nevertheless, complex 
rigidity has been identified as a key factor to attain kinetic inertness. The 
present contribution represents the first step towards quantifying the 
rigidity of metal complexes towards the prediction of the kinetic inert
ness of lanthanide complexes.
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curation. David Esteban-Gómez: Methodology, Funding acquisition. 
Juan C. Frías: Writing – review & editing, Data curation, Conceptual
ization. Carlos Platas-Iglesias: Writing – original draft, Methodology, 
Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 

Fig. 9. Relaxed PESs obtained for the rotation of an acetate pendant arms in 
[Gd(DOTA)(H2O)]-, an acetamide arm in [Gd(DOTAM)(H2O)]3+, a pyridine 
arm in [Gd(LPY)](H2O)]3+ and a phosphinate arm in [Gd(DOTPH)]-. The solid 
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Table 3 
Results of the fits of PESs of the [Gd(DOTA)(H2O)]-, [Gd(DOTAM)(H2O)]3+, [Gd 
(DOTPH)]- and [Gd(LPY)(H2O)]3+ complexes calculated with DFT.[a].

Complex Donor 
group

k11 (×103 

kcal mol− 1 

deg− 2)

k111 (×105 

kcal mol− 1 

deg− 3)

k1111 

(×107 kcal 
mol− 1 

deg− 3)

ϕe (◦)

[Gd(DOTA) 
(H2O)]-

Acetate 3.71 ±
0.04

4.77 ±
0.08

2.5 ± 0.2 27.8 
± 0.2

[Gd(DO3A) 
(H2O)2]-

Acetate 3.20 ±
0.01

4.12 ±
0.07

3.47 ±
0.06

26.2 
± 0.1

​ Acetate 3.45 ±
0.02

5.19 ±
0.07

4.04 ±
0.07

28.1 
± 0.1

[Gd 
(DOTAM) 
(H2O)]3+

Acetamide 5.20 ±
0.07

6.5 ± 0.1 [b] 27.5 
± 0.2

[Gd 
(DOTPH)]-

Phosphinate 5.45 ±
0.05

3.2 ± 0.1 8.1 ± 0.3 28.8 
± 0.1

[Gd(LPY) 
(H2O)]3+

Pyridine 6.19 ±
0.08

6.3 ± 0.1 1.1 ± 0.3 32.2 
± 0.2

[a] Standard errors of the least-squares fits are provided. [b] Value fixed to 0, as 
otherwise values with large statistical errors were obtained.
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