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Complexes of lanthanide(III) ions (Ln) with tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetate (DOTA) are

a benchmark in the field of magnetism due to their well-investigated and sometimes surprising features.

Ab initio calculations suggest that the ninth ligand, an axial water molecule, is key in defining the

magnetic properties because it breaks the potential C4 symmetry of the resulting complexes. In this

paper, we experimentally isolate the role of the water molecule by excluding it from the metal

coordination sphere without altering the chemical structure of the ligand. Our complexes are therefore

designed to be geometrically tetragonal and strict crystallographic symmetry is achieved by exploiting

a combination of solution ionic strength and solid state packing effects. A thorough multitechnique

approach has been used to unravel the electronic structure and magnetic anisotropy of the complexes.

Moreover, the geometry enhancement allows us to predict, using only one angle obtained from the

crystal structure, the ground state composition of all the studied derivatives (Ln = Tb to Yb). Therefore,

these systems also provide an excellent platform to test the validity and limitations of the ab initio

methods. Our combined experimental and theoretical investigation proves that the water molecule is

indeed key in defining the magnetic anisotropy and the slow relaxation of these complexes.
Introduction

The tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic acid (H4DOTA)
forms stable coordination compounds with almost all metal ions
in the periodic table,1 and its complexes with lanthanide ions
(Ln) are particularly studied due to their magnetic properties.
Magnetic resonance imaging contrast agents based on
LnDOTA$H2O are commercial and very efficient under both low2

and high3–5 magnetic elds. Moreover, the LnDOTA$H2O
complexes are nowadays a benchmark in the eld of molecular
magnetism due to their well-investigated magnetic anisotropy6

and Single Molecule Magnet (SMM) properties.7–9 The two factors
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that rule the magnetic and the relaxometric responses are the
magnetic anisotropy of the lanthanide ion and its coordination
environment.5,10 In the case of LnDOTA$H2O (structure reported
in Fig. 1a), the apically coordinated water molecule is the key
ligand in determining the magnetic anisotropy. The hydrogen
atoms of the water molecule make it a non-linear ligator in the
Fig. 1 Structural comparison between (a) LnDOTA$H2O and (b)
LnDOTA (this work). Angles and distances in the figure are averaged
along the entire series. See Table S2† for individual values. dLn–Oplane

:
distance between the Ln ion and the plane formed by the coordinating
oxygen atoms; q: angle between the (pseudo)-C4 axis and the Ln–
O(carboxylic) bonds; dplanes: distance between the planes formed by
the oxygen and nitrogen atoms; 4: dihedral O–Ln–N angle. Colour
code: Ln: aquamarine, O: red, N: blue, C: grey. H atoms, counterions
and co-crystallised molecules were omitted for clarity.
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angular overlap model formalism, disrupting the potential C4

symmetry of the DOTA ligand sphere. It was theoretically pre-
dicted11 that the water ligation is sufficient to remove the
degeneracy in the carboxylic oxygen plane, and its orientation can
magnetically favour only one direction (easy axis).6,8,12 Symmetry
breakings are also important for SMM properties and can be
detrimental for the slow relaxation, especially at low tempera-
tures, where the quantum tunnelling (QT) process dominates.13

Moreover, the axial position of the oxygen atom of the water
molecule reduces the equatorial character of the Crystal Field
(CF) in the 9-coordinate complexes.14,15

The rationalization of the magnetic anisotropy of these
complexes was not easy to rationalize. The coordinated
carboxylic oxygens are the main source of electrostatic eld
around the 4f orbitals, stabilizing jmJi states with a “prolate”
distribution of the electron density. Therefore, the states with
the largest jmJi projection are the most stabilised for the ions
Er3+, Tm3+ and Yb3+, and an easy axis along the Ln–OH2 bond is
observed. On the other side, for the ions with the largest jmJi
states displaying an “oblate” shape of the electron density, such
as Tb3+ and Dy3+, an easy plane of magnetisation should have
been observed. However, the asymmetry induced by the apical
water molecule and the distortions of the DOTA ligand due to
the bond network promoted by the counterions prevented the
observation of this easy plane/easy axis trend along the whole
series.6 In particular, for complexes with ions such as Dy3+, the
ground state anisotropy is easy axis in the carboxylic plane but
an easy plane-like magnetic anisotropy is recovered at higher
temperatures, when excited states with nearly perpendicular
easy magnetisation axes become populated.6 Also, the relative
effects on the anisotropy of the asymmetries induced by the
DOTA distortion (packing effects) and the water orientation
were unclear, i.e., which were necessary and/or sufficient
conditions to observe an easy plane behaviour in ions where the
largest mJ values are associated with an oblate distribution of
the electron density.

In this work we have successfully removed the water mole-
cule from the metal coordination sphere and, at the same time,
imposed rigorous tetragonal symmetry on seven LnDOTA
complexes (Ln = Y and Tb to Yb) in the solid state. In order to
isolate the inuence of the symmetry on the magnetic anisot-
ropy, we have performed an extensive magnetometric and
spectroscopic characterization as well as ab initio calculations.
We present here the experimental answers to twomuch debated
questions: (I) Does removing the water molecule cause a change
in anisotropy (easy axis to easy plane) in complexes with
a lanthanide ion characterised by an “oblate” electronic shape
for the largest mJ values (e.g. Tb3+ and Dy3+)? (II) Does the
removal of the water molecule enhance the equatorial CF
around the metal centre therefore boosting the slow relaxation
for lanthanide complexes where the largest jmJi states display
a “prolate” distribution of the electron density (e.g. Er3+ and
Yb3+)? Answering to these questions allows to investigate the
magneto-structural correlations and the real nature of the
lanthanide coordination bond by employing an observable that
is purely originating from electrons in the 4f orbitals: the
magnetic anisotropy.
114 | Chem. Sci., 2024, 15, 113–123
Results and discussion
Synthesis and crystal structure

In literature, two routes towards exclusion of the apical water
ligand in the solid state have been pursued. One approach has
been the modication of the carboxylic arms of the DOTA
ligand leading to tetragonal symmetry, at the cost of altering the
CF.16–18 In other cases the DOTA ligand was kept unchanged, but
in poorly symmetric environments generated by the dense
network of intermolecular interactions.19–21

Excluding the apical ligand from coordination in a complex
where the DOTA ligand is unaltered and concurrently imposing
tetragonal symmetry is a challenging task. The use of non-
coordinating solvents under inert gas could appear a tempting
strategy, however the solubility of the DOTA ligand and most
lanthanide precursors can limit this synthetic route. As an alter-
native path, we have considered to act on the solution ionic
strength. Indeed, studies on Ln3+ complexes with DOTA-like
ligands in solution revealed that structure and metal coordina-
tion sphere are sensitive to variations of the ionic strength.22,23

Along the past years, the need of more effective contrast
agents directed many efforts towards a better comprehension of
the factors governing the water exchange rate (i.e. the equilib-
rium between the LnDOTA and the LnDOTA$H2O species).24

These complexes undergo an equilibrium in solution between
Twisted Square Antiprismatic (TSA, N–Ln–O torsion angle < 30°)
and Square Antiprismatic (SA, N–Ln–O torsion angle ca. 40°)
diastereoisomers.23–26 Both forms were recently isolated also in
the solid state.27 The water exchange rate is faster in the TSA
isomers.24 Indeed, it seems to be facilitated by its interaction
with the bulk water (outer sphere) which is stronger in the TSA
form because the Ln3+ ion sinks into the DOTA pocket,19,27–29

making the Ln–OH2 bond longer (i.e. the interaction weaker). In
fact, it has been suggested that the water exchange proceeds via
a dissociative mechanism with an early transition state.19,30

Such a structural change can also be detected by looking at the
isotropic shi values for complexes with paramagnetic ions.31

Subtle variations of enthalpy and entropy terms can govern the
described isomeric and coordinative equilibrium28,32 that, for
the purpose of this paper (i.e. removing the water molecule),
must be shied towards the TSA isomers. The high stability
constants of lanthanide complexes with DOTA ligands allow for
a reasonable comparison between solution and solid state
situations.33 It was shown that higher ionic strength favours the
TSA isomer over the SA isomer, but notably it was concluded
that “This shi in equilibrium, which is entropy driven, does not
result from the effect of low water activity on stabilizing species
without inner sphere water [.]”.23 This conclusion is of direct
relevance to our goal. Indeed, it underlines the necessity for
working at high ionic strength and combining lattice effects for
stabilizing the desired 8-coordinate complexes.

Accordingly, the choice of counter ion(s) is central and only
ions compatible with tetragonal packing are reasonable candi-
dates. The solution behaviour of Ln(DOTA-like) complexes is
dependent on the nature of the dissolved ions.23,34,35 For
instance, strong Lewis acids such as uoride anions can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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signicantly alter the outer coordination sphere but are likely to
bind the metal centre substituting to the water coordinated
molecule.36–38 A good compromise seems to be offered by the
use of the chloride anion which should prevent the coordina-
tion of any apical ligand.23

The combination of all the mentioned information has led
us to the choice of Me4NOH as deprotonating agent and of
Me4NCl as ionic strength enhancer. The Me4N

+ cation is
compatible with tetragonal symmetry and prevents the network
of bonds that leads to symmetry breakings in, e.g., Na
[LnDOTA$H2O] complexes.8,9 At the same time, the Cl− coun-
terion does not coordinate to the metal ion.23 By using ionic
strength and packing effects as “threads of a puppeteer”, we
have developed a synthetic protocol able to remove a player
from the scene and produce crystalline 8-coordinated
[Ln(DOTA)]− complexes in decent yield (30–40%).

In a typical synthesis, 4 equivalents of Me4NOH were added
to a water solution of H4DOTA and the lanthanide chloride salt.
Aer ltration, 10.5 equivalents of Me4NCl were added and the
resultant solution was allowed to slowly concentrate at ca. 50 °C.
Aer few hours to few days needle shaped crystals suitable for
single crystal X-ray diffraction studies were obtained. More
details about the synthesis are reported in ESI.†

All derivatives crystallise in the P4bm space group with the
general formula [Me4N][LnDOTA]$2Me4NCl$5H2O (Ln = Y, Tb,
Dy, Ho, Er, Tm, Yb). In Fig. S1† we reported the powder X-ray
diffractograms for the whole series. From now on we will refer
to the complexes with the symbol of the lanthanide ion in bold.
The principal symmetry axis of the structure (C4) passes through
the lanthanide, making the complexes rigorously tetragonal.
Details about the metrics of the complexes are reported in Table
S1.† Here, we examine some relevant structural parameters to
assess how the absence of the apical water molecule from the
metal coordination sphere changes the CF around the Ln3+ ion.
The formal removal of the water molecule impacts three main
geometrical parameters showed in Fig. 1. We will discuss all of
them using angles and distances averaged along the entire
series, while exact values for each structure are reported in
Table S2.† (I) The Ln3+ ion sinks inside the macrocyclic cavity:
this can be seen by the increase in the distance (dLn–Oplane

in
Fig. 1) between the Ln ion and the plane formed by the coor-
dinating oxygen atoms (ca. 1.05 Å vs. 0.72 Å) as well as by the
smaller angle (q in Fig. 1) between the (pseudo)-C4 axis and the
Ln–O(carboxylic) bonds (ca. 63° vs. 72°). (II) The molecular
packing increases the distance (dplanes in Fig. 1) between the
planes formed by the oxygen and nitrogen atoms, respectively,
by approximately 10% and (III) the dihedral O–Ln–N angle (4 in
Fig. 1) gets reduced to 24° (39° in LnDOTA$H2O). All structural
information indicate that the compounds are isolated as TSA
diastereoisomers. In the following paragraphs we will show the
impact that these modications have on the electronic structure
and magnetic properties of the complexes.
Electronic structure and magnetic properties

The electronic structure and magnetic properties have been
unravelled using a combined spectroscopic and magnetometric
© 2024 The Author(s). Published by the Royal Society of Chemistry
study. The energy level structure has been experimentally
investigated by combining Inelastic Neutron Scattering (INS),
Luminescence, and Electron Paramagnetic Resonance (EPR).
The magnetometric characterization has been performed using
dc and ac measurements.

All spectroscopic and magnetometric data for each aniso-
tropic complex have been merged using a single home-written
MATLAB programme based on EASYSPIN39 and the MINUIT
minimization subroutine.40 to conduct a global t using
a Hamiltonian containing a Crystal Field and a Zeeman term:

H ¼
X

k¼2;4;6

Xk
q¼�k

B
q
kÔ

q

k

�
Ĵ
�
þ gJmBĴ$B (1)

The C4 molecular symmetry allows to restrict the number of
CF parameters from 27 to 7: three diagonal parameters
(B02, B

0
4 and B06), and four off-diagonal parameters (B44, B

−4
4 , B46 and

B−4
6 ). A rotation of the reference frame can be used to set one of

the out of diagonal parameters to zero, therefore we decided to
set B−4

4 = 0 reducing the number of tted parameters to 6.
As initial guess we have used the CF parameters calculated

ab initio and reported in Table S3.† Computational details about
the ab initio calculations are reported in ESI.† The values of the
CF parameters extracted from the t are given in Table S4.†
Noticeably, the parameters have the same sign (in Wybourne
notation) for all the studied derivatives, as expected for an iso-
structural series. The tted parameters and the simulated
electronic structure allowed us to extract a coherent picture of
all the data from the different experimental techniques, as
discussed below.

INS has been used several times to study the energy level
structure of lanthanide complexes of relevance in molecular
magnetism.41 In order to have a broad view of the electronic
structure along the series we have studied Tb, Dy, Ho and Er. In
Fig. 2 we reported the scattering function S(Q,u) recorded at T=

1.6 K and with an incident neutron wavelength l = 4.8 Å. The
scattering function is the Fourier transform in space and time
of the time-dependent pair correlation function. This function
contains all the necessary information from an INS experiment.
The Q-dependence of S(Q,u) is related to the structure, i.e.
where atoms or electron density is; the u-dependence gives
information about dynamics. Yellow spots correspond to
signals (see Table 1). The energy resolution broadening of the
neuron spectra does not allow a direct discrimination of the
components. This has been made through an appropriate t. Q-
Cuts evidencing the magnetic peaks are reported in Fig. S2–S5.†
We have identied 2 peaks for Tb, one for Dy and three for Ho,
while Er was silent. Both the ab initio calculations and experi-
mental t reproduce these observations very well, as reported in
Table 1.

All derivatives have been investigated using luminescence
spectroscopy at 77 K to reveal the CF splitting of the ground
multiplet. Only Tb and Dy exhibited resolved luminescence
spectra. For both derivatives well-resolved transitions to the
ground state could be observed (Fig. S6–S9†). The barycentre of
the visible excited states is reported in Tables S5 and S6.† The
Chem. Sci., 2024, 15, 113–123 | 115



Fig. 2 Scattering function S (Q,u) plots recorded at T = 1.6 K and l = 4.8 Å for Tb, Dy, Ho and Er. The black arrows indicate the magnetic
transitions.

Table 1 INS transitions experimentally recorded (2nd column, T = 1.6
K), fitted (3rd column) and predicted by ab initio calculations (4th

column) for the investigated complexes. Transitions marked with an
asterisk are transitions involving low energy excited states (populated
at T = 1.6 K)

E/cm−1 Exp Fit
Ab
initio

Tb 2.5–9.5 7.45 6.9
10–14 11.5* 8*

Dy 10–11.6 10.0 13.6
Ho 0–4 3.05* & 3.7 0.3

5–8 9.30* 1.3
12–14 13 21

Er — — —

Chemical Science Edge Article
energy levels extracted from ab initio and experimental t are
reported on top of the experiments in Fig. S6 and S9† and are in
agreement with the experimental results. It is interesting to
notice that both compounds show low lying excited states, as
expected from the equatorial nature of DOTA ligand.

The magnetically diluted versions of all the Kramers deriv-
atives (molar ratio ca. Y : Ln = 98 : 2) were also investigated
using low temperature EPR spectroscopy to gain information
about the ground state composition. The results are reported in
Table 2 and Fig. S10–S12.† The anisotropy of the ground
doublet is easy plane for YDy and easy axis for YEr and YYb.
Both for Er and Yb, however, large transversal g-factors are
observed. Both the ab initio calculations and the experimental
t are in excellent agreement with the experiments. Table S7†
contains other parameters extracted from the tting, such as
the hyperne couplings.

Dc magnetometric measurements have been performed on
all derivatives. The shape of the cT vs. T plots is characteristic of
Table 2 Principal values of the g tensors recorded by EPR spectros-
copy at low temperature (column 2), fitted (column 3) and calculated
ab initio (column 4)

Ground g components (gt, gk)

Exp Fit Ab initio

YDy 9.46, — 9.97, 1.03 10.1, 0.573
YEr 3.52, 11.58 3.51, 12.3 3.37, 11.938
YYb 2.89, 4.22 2.90, 4.26 2.82, 4.34

116 | Chem. Sci., 2024, 15, 113–123
Ln complexes. In all samples, the decrease observed in all
samples at low temperature can be attributed to the depopula-
tion of the CF levels. The room temperature cT values are close
to the Curie constant for all derivatives except Tm and Yb (5.5 vs.
7.15 and 1.88 vs. 2.57 emu Kmol−1 for Tm and Yb, respectively),
suggesting a signicantly larger CF splitting of these two
derivatives compared to the others (see Table S8†). Interest-
ingly, none of the LnDOTA$H2O complexes showed such a low
value of the cT at room temperature.6 While the experiments
and tting result are in excellent agreement (Fig. 3a, see also
Fig. S13† for separate plots) the ab initio calculations fail in
reproducing the relatively low room temperature cT value of Tm
and Yb (see Fig. S14†). The reason for this discrepancy must be
attributed to an underestimation of the total CF splitting. This
is immediately evident by comparing the energy level splitting
of all the studied derivatives (Fig. S15†). Tables S9–S14 and S15–
S21† report the energy levels and their composition for t and
ab initio, respectively. In order to quantify the discrepancy
between ab initio and tting, we have calculated the CF
strength:42,43

Sk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2k þ 1

 ��B0
k

��2 þ 2
X
qs0

��Bq
k

��2!
vuut (2)

Stot ¼ S2 þ S4 þ S6

3
(3)

The CF strengths are reported in Fig. S16 (t) and S17 (ab
initio).† As expected, the value of the Tm total CF strength (Stot,
reported in Fig. S16†) obtained from the experimental t is the
highest along the series, while the one extracted ab initio is
comparable with the others (Fig. S17†).

Our CF analysis suggests that Tm should retain a signicant
fraction of its low temperature anisotropy even at room
temperature. We have calculated the room temperature
anisotropy of the magnetic susceptibility (Dc = cpar − cperp) at
H= 0.1 T and normalized it for the T= 2 K value. Tm retains 2%
of its low temperature susceptibility anisotropy, more than 3.5
times the average normalized Dc for the other derivatives
(0.55%).

Magnetisation curves at T = 2 K were recorded for all
derivatives and reported in Fig. 3b. Curves at other tempera-
tures are reported in Fig. S18 (t) and S19 (ab initio).† Also in
this case, the experiments and tting result are in excellent
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 (a) cT vs. T experimental curves (symbols) and best fits (solid
lines) obtained atH= 1000Oe. (b) Magnetisation curves (symbols) and
best fit (solid lines) obtained at T = 2 K.

Fig. 4 Magnetic susceptibility simulated at T= 2 K and B= 0.1 T for (a)
Dy and (b) Er using the experimentally determined CF parameters. The
scale is the same for both plots. The largest value for Dy is 5.76 emu
mol−1, while the one for Er is 6.87 emu mol−1. The colour scale is
proportional to the value of the magnetic susceptibility.

Edge Article Chemical Science
agreement. The ab initio computed magnetization curves are in
fair agreement with the experimental data for Kramers ions
while we see a larger deviations for non-Kramers ions
(Fig. S19†). This is not surprising: non-Kramers ions possess,
for this series, singlet ground states, therefore small differences
in the eigenvalue of the rst excited state could cause dramatic
changes in the shape and magnitude of the magnetization
curves. Interestingly, adding the 8th order CF parameters,
usually neglected, improves the agreement between experi-
ments and theory. This is especially signicant for Tb (see
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. S20†). The necessity to employ operators with order higher
than 6 is an indication that the CF approximation is not entirely
valid for Tb, and some degree of covalency should be consid-
ered, i.e., the 4f-ligand coordination bond is not a purely elec-
trostatic interaction.44,45 This nding is also in agreement with
the observed reduction of the covalency in the 4f coordination
bond along the series, as computed through the electronic and
relativistic nephelauxetic effects (see next section).
Anisotropy of the complexes

The results of the experimental t and the ab initio calculations
allow us to describe in detail the anisotropy of these complexes.
Fig. 4 represents the low temperature low eld magnetic
susceptibility calculated for Dy and Er (as representatives of
complexes with ions where the electron density of the states
with the largest jmJi projections displays an oblate or prolate
distribution, respectively). The DOTA ligand alone acts as
a textbook equatorial ligand: ions such as Tb3+, Dy3+ and Ho3+

show easy plane anisotropy, while the ions Er3+, Tm3+ and Yb3+

display easy axis anisotropy. This is evident from the g values
obtained from EPR (see Table 2). Moreover, the low temperature
magnetic anisotropy type is maintained, for these derivatives,
up to room temperature at all elds. The situation was different
in the LnDOTA$H2O derivatives, where the low temperature and
high temperature magnetic anisotropy did not coincide for
some derivatives.6 We can conclude that the tetragonal geom-
etry stabilizes a well-dened type of anisotropy for all derivatives
at all experimental conditions.

The mJ compositions of the states reported in Tables S9–
S14† (tted) and Tables S15–S21† (ab initio) corroborates the
Chem. Sci., 2024, 15, 113–123 | 117



Table 3 Main jmJi component of the ground state obtained with our
various models for all anisotropic derivatives

Charge density Fit Ab initio

Tb 0 0 0
Dy 1/2 1/2 3/2
Ho 4 4 2
Er 13/2 13/2 13/2
Tm 6 6 6
Yb 5/2 5/2 5/2

Chemical Science Edge Article
overall equatorial nature of the DOTA ligand: the states with
the largest mJ components are the highest in energy for Tb, Dy
and Ho, while they are the ground or rst excited ones for Er,
Tm and Yb.

The enhanced symmetry achieved thanks to the absence of
the water molecule renders the studied compounds sufficiently
simple for a meaningful analysis of the electron density of each
mJ state.15 Ab initio calculations on the LnDOTA$H2O systems
have revealed that the nitrogen ligators of the macrocyclic
ligand do not contribute signicantly to the ligand eld,
compared to the highly charged carboxylic oxygen atoms.11 In
the hypothesis of low tetragonal mixing, we argue that the mJ

state with less electron density at ca. 63° (the q angle in Fig. 1,
see also Table S2†) should be the most stabilized. This analysis
can be seen as a simpler version of the electrostatic models
proposed by Baldov̀ı,46 Chilton12 and Jiang,47 and a more rened
approach compared to the one proposed by Rinehart and
Long.14

In Fig. 5 we report a polar plot of the mJ states superimposed
to the chemical structure of the complexes. The dotted lines
represent the position of the carboxylic ligators. In the second
column of Table 3 we report the result obtained from this
model. Considering the gross assumption of negligible wave
functions mixing, and negligible contribution of the N atoms,
the model provides excellent agreement with both experiments
and theory. The model correctly predicts the main contribution
to the ground state obtained from the t for all derivatives.
However, the results of our analysis disagree with the ground
state composition predicted by ab initio calculations for Dy and
Ho. In both cases, the disagreement can be explained consid-
ering that in these ions several mJ states provide very similar
charge density at the selected angle (see Fig. S21†). For example,
the states with mJ = 3/2 and 1/2 of Dy provide almost equal
contributions.
Fig. 5 Electron density (R) of the mJ states (coloured lines) superimpo
emphasize the position of the carboxylic coordinating oxygen atoms. Th

118 | Chem. Sci., 2024, 15, 113–123
Since our electrostatic model and the results of the global t
of the experiments were completely compatible, we also ana-
lysed the composition of the other states. Notably, our simple
model also correctly identies the composition of the rst
excited state of all derivatives. Even more impressively, the
entire mJ ladder can be correctly predicted for Tm and Yb.

An insight on this scenario comes from the analysis of the
electronic structure within the framework of the ab initio ligand
eld theory (AILFT).48 Using this approach, we evaluated the
covalent contribution to the 4f coordination bonding. Since the
CASSCF methodology is known to underestimate ligand eld
parameters, the outcomes of the AILFT calculations cannot be
interpreted as a quantitative result but, despite its limitations,
they provide qualitative trends of covalency along the lantha-
nide series.49 The contribution of the 4f orbitals to the coordi-
nation bond can be assessed through the electronic and
relativistic nephelauxetic effects.50 The rst one is the reduction
of the 4f interelectronic repulsion (Racah E3 parameter) with
respect to the free ion, that arises from the expansion of the 4f
electronic cloud due to the orbital hybridization with the
ligands. Analogously, the relativistic nephelauxetic effect is the
reduction of the spin–orbit coupling z, which is also a radial
sed on the molecular structures of the complexes. The dotted lines
e most stabilized mJ is evidenced with a black circle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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expansion effect akin to the 4f orbital hybridization with the
ligands upon complex formation.51 The analysis of both quan-
tities shows the same trend (see Table S22†): the computed
nephelauxetic ratios with respect to the free ion for both E3 and
z parameters increase for the late lanthanides, and this reduc-
tion in covalency is practically linear as a function of the Z
atomic number. This means that the nephelauxetic effect is
more pronounced for early lanthanide ions, suggesting a higher
degree of covalency in the bonds. This trend is in agreement
with previous studies where the same trend has been
observed,52 and is also coherent with the previous study by some
of us on [Dy(DOTA)H2O]

−, where a covalent contribution has
been computed for the Dy–H2O bond, i.e. around 25%.11

However, it is worth stressing that this analysis is purely based
on the magnetic/spectroscopic properties arising from the
electrons in the 4f orbitals. Summarizing, since only the 4f
electrons are included in the active space in the multi-
congurational calculation, this shows how the 4f shell alone
contributes to the lanthanide coordination bonds. A complete
view of the covalency trends along the group could be computed
only when including inside the active space the 5d and 6s shells,
whose contribution to the metal–ligand bonding is not negli-
gible. Since the model that we have developed in this paper is
based on electrostatic considerations, we expect high accuracy
for late lanthanides and some discrepancies for ions where the
shape of the states with the largest jmJi projections is oblate, as
observed.

These considerations suggest that a renement of the simple
electrostatic model presented in this paper (Fig. 5) by including
a correction with some degree of covalency could be a simple yet
powerful tool for the prediction of eigenvectors in lanthanide
complexes, with the additional advantage of being computa-
tionally inexpensive.

It appears now interesting to discuss if the anisotropy
change compared to the LnDOTA$H2O species is here caused by
the water removal, by the symmetry enhancement or by both
effects combined. Sample ab initio calculations on
DyDOTA$H2O have shown that an hypothetical removal of the
water molecule without any geometric alteration would still
produce a markedly easy axis anisotropy.11 Moreover, we have
also performed ab initio calculations keeping unaltered the
structure of the symmetric DyDOTA and adding a water mole-
cule in apical position (Dy+H2O model). The Dy–O bond length
and Dy-O-H angles were set to the values found for the opti-
mized structure of the asymmetric DyDOTA$H2O. The compu-
tational results (Table S23†) show that even the small
perturbation induced by the water's H atoms produce a marked
easy axis anisotropy (gz ca. 17) of the ground and rst excited
doublet. Both the easy axis of the ground and of the rst excited
state now lie in the carboxylic plane and they are almost
perpendicular to each other (87.5°). We can conclude that both
the removal of the water molecule and the symmetry enhance-
ment are necessary conditions to observe the ideal behaviour
expected in an equatorial CF for an ion where the largest jmJi
state projection is depicted by an oblate distribution of the
electron density.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Single molecule magnet behaviour

The LnDOTA$H2O derivatives show a systematic magnetic
behaviour along the series: only Kramers ions exhibit in-eld
SMM behaviour.6,9 DyDOTA$H2O shows also a fast QT-driven
relaxation (s z 5 10−6 s) in zero applied eld.7 In principle,
a simple removal of the apical water molecule (without any
structural change) should increase the relaxation times of
thermally activated processes in ions where the states with
the larger and smaller jmJi projections show a prolate and
oblate electron distribution, respectively. In contrast, ions
characterised by an oblate shape for those states with the
larger jmJi projections and a prolate electron distribution for
the states with smaller jmJi projections should ideally not
display any slow relaxation. However, our structural analysis
has evidenced that the position of the lanthanide ion inside
the macrocyclic cavity is perturbed by the absence of coordi-
nating water (i.e. the metal ion sinks inside the cavity). The
innermost location of the Ln3+ ion in the DOTA ligand cavity
gives rise to a less equatorial charge disposition of the oxygen
atoms around the metal ion. Such structural modication of
the Ln3+ ion coordination environment results in an electron
density arrangement that overall affects the slow magnet-
isation dynamic of ions such as Er3+ and Yb3+ (i.e. prolate
electron distribution for the states with the larger jmJi
projections) in a more subtle way compared to the naive
hypothesis of perfect equatorial character of the ligand. At the
same time, the symmetrisation of the structure should slow
down QT for all derivatives.13 The slow relaxation must be
therefore interpreted as the result of the subtle balance
between these effects.

The ions of the series where the states with an oblate electron
distribution is associated to the larger jmJi projections did not
show any signicant fraction of slowly relaxing molecules, as
expected. The main relaxation process for all these derivatives
was QT. Ac measurements on these systems are reported in the
ESI (Fig. S22–S29†).

No zero-eld signal could be detected in the investigated
frequency window for complexes containing lanthanide ions
displaying a prolate shape of the states with the larger jmJi
projections. This result is expected for Tm since the
symmetry causes mixing of the mJ = +6 and −6 states in third
order, effectively removing the degeneracy and stabilizing
a singlet ground state. Conversely, the absence of zero eld
relaxation might seem counterintuitive for Er and Yb.
However, due to the metal ion sinking, the oxygen atoms of
the carboxylic groups are less equatorial in our system
compared to the hydrated complex. As reported in Table 3,
the ground states of neither Er nor Yb are dominated by the
highest mJ projection.

The application of a magnetic eld slows down the relaxa-
tion in both Er and Yb. The relaxation times were extracted from
the concomitant t of the in-phase and out-of-phase magnetic
susceptibility components using an extended Debye model. The
eld and temperature dependence of the relaxation times were
tted using the following equation.53,54
Chem. Sci., 2024, 15, 113–123 | 119



Fig. 6 Relaxation time of Yb. (a) Field dependence at T = 2 K. (b)
Temperature dependence at H = 1000 Oe. The dots are experimental
points with their error bars. The black line is the best fit obtained by
combining QT (red line), direct (blue line), and two Raman (green and
magenta lines) processes. The black dots are the relaxation times
recorded on YbDOTA$H2O. The errors are extracted from the
combined fit of the c′ and c′′ curves using a home-written MATLAB
program based on the MINUIT minimization subroutine. Error bars are
included in both datasets and if not visible are smaller than the symbol.
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s�1 ¼ B1

1þ B2H2
þDHmT þ R1

eħu1=kBT

ðeħu1=kBT � 1Þ2

þ R2

eħu2=kBT

ðeħu2=kBT � 1Þ2
(4)

The four terms in eqn (4) refer to QT, direct process, and two
Raman processes, respectively.54 For each derivative we have
minimized the number of tting parameters by setting to zero
the less relevant ones in the equation (vide infra).

A eld scan at T = 2 K reveals that Er has a complex relaxa-
tion pathway, with multiple allowed relaxation processes
(Fig. S30†). Attempts in tting the experimental data did not
provide any reasonable estimation of the relaxation time
because the maxima are outside the experimental frequency
window. At H = 1000 Oe one dominant relaxation process is
present. This external applied eld was chosen to study the
dynamic magnetic behaviour of Er at different temperatures
(Fig. S31†). The shi of the peak towards high frequencies with
increasing the temperature is indicative of the thermally acti-
vated nature of the process. Also the values of the relaxation
time distribution (a, Fig. S32†) are moderate and decrease with
increasing temperature, as observed for thermally activated
processes. Indeed, the application of a t procedure combining
a direct mechanism and one Raman process (i.e. the second and
third terms in eqn (4)) produces values in good agreement with
the experiments (see Fig. S33†). The best t values are: D =

1.35(1) s−1 K−1 Oe−m, m = 1.0(1), R1 = 1.57(4) × 105 s−1, u1 =

13(1) cm−1. The value of the frequency is in agreement with
previously reported values for lanthanide Single Ion Magnets
(SIMs), where the lowest in energy vibrations at G are the main
driver of the Raman relaxation.53,55 The quality of the t was not
signicantly improved by inclusion of QT and/or an Orbach
process (with an effective barrier xed to the energy value of the
rst excited state). It should be noted that the eld dependence
of the direct process is here linear, while usually a higher
exponent is observed.56

The Yb complex also shows an in-eld SMM behaviour. A
eld scan at T = 2 K reveals a single identiable relaxation
process for applied elds below 4000 Oe (Fig. S34†). The
application of higher elds produces a dramatic increase of the
distribution of the relaxation times suggesting the presence of
multiple relaxation processes. Since the measurements were
taken at T = 2 K, the eld dependence of the relaxation rate was
tted with a combination of QT and direct processes (the only
ones signicant at such low temperature) as reported in Fig. 6a.
The best t yields: B1= 394(31) s−1, B2= 2.4(5)× 10−6 Oe−2, D=

0.153(3) s−1 K−1 Oe−m and m = 1.0(1). As for Er, the eld
dependence of the direct process is linear.

We have performed a temperature scan at the optimum eld
of H = 1000 Oe (Fig. S35†). As for Er, the a values, reported in
Fig. S36,† are rather small in the entire temperature range,
suggesting a thermally activated process. The temperature
dependence of the slow relaxation (Fig. 6b) has been tted by
xing all the terms obtained in the eld scan and adding two
Raman terms. Therefore, our t included four free parameters:
120 | Chem. Sci., 2024, 15, 113–123
the weights (R1 and R2) and the energies of the phonons (u1 and
u2) of the Raman processes. The best t was obtained with R1 =

3.57(0.73) × 105 s−1, R2 = 2.37(1.37) × 107 s−1, u1 = 9.5(5) cm−1,
u2 = 38(3) cm−1. The lowest frequency is very close to the one
found for Er, as expected from the isostructural nature of the
whole series. In this case, however, it is important to note that
a single Raman process was not sufficient to reasonably repro-
duce the experimental data. Moreover, the inclusion of an
Orbach term (with the effective barrier xed to the gap between
© 2024 The Author(s). Published by the Royal Society of Chemistry



Table 4 Summary of the active relaxation processes for all the studied
derivatives

H/Oe Slow relaxation process
Fast relaxation
process

Dy 5000 QT QT
Ho 4000 QT QT
Er 1000 Direct + Raman
Yb 1000 QT + direct + Raman

Edge Article Chemical Science
the ground and the rst excited state obtained either from t or
ab initio) did not produce reasonable results.

It is interesting to notice that the relaxation time recorded
for Yb is consistently longer than the one of its hydrated
congener (Fig. 6b), while the opposite is true for Er (see
Fig. S33†). We note that the optimization of relaxation times in
lanthanide SMMs oen is challenged by concurrent variations
in electron density shape and ion size. With dominating Raman
relaxation mechanisms the stiffening of the complexes with the
smaller central ions provide reason for the observed variation,
although the subtle balance between the removal of the water
molecule (axiality increasing) and the sinking of the ion inside
the cavity (axiality decreasing) need to be considered in the
temperature and eld regimes inuenced by thermally acti-
vated relaxation. Table 4 summarizes the main relaxation
mechanisms and optimal elds for all the studied derivatives.
Conclusions

In this paper we reported the synthesis, experimental charac-
terization and modelling of seven strictly tetragonal new
complexes in which the DOTA ligand coordinates a single lan-
thanoid ion without the presence of the usual apical water
molecule. The preparation of the samples does not require dry
conditions, but instead was conducted using water as a solvent:
the modulation of the solution ionic strength was the key for
isolating the complexes without any water molecule in themetal
coordination sphere.

Such a formal removal of the coordinated water, compared
to the previous LnDOTA$H2O examples, causes a sinking of the
Ln3+ ion inside the DOTA cavity that has a strong impact on the
magnetic properties. The room temperature values of the cT
product signicantly deviate from the Curie constants for Tm
and Yb, suggesting surprisingly large CF splittings for these
ions. Our combined spectroscopic, computational, and
magnetometric study shows that removing the apical water
molecule and enhancing the symmetry changes from easy axis
to easy plane the magnetic anisotropy of complexes where the
lanthanide ion displays an oblate electronic shape of the states
with the larger jmJi projections (Tb, Dy and Ho). The high
symmetry of our systems was also used to correctly predict the
ground state composition of all anisotropic derivatives by using
a simple electrostatic model based on the electron densities of
the mJ states. However, this study shed further light on the
subtle coexistence of covalent and electrostatic contributions in
the lanthanide coordination bond. The covalent contribution
© 2024 The Author(s). Published by the Royal Society of Chemistry
cannot be completely neglected, although it becomes progres-
sively less relevant along the series.

As a consequence of the Ln3+ ion innermost location in the
DOTA ligand cavity, the oxygen atoms generate a less equatorial
eld around the metal ion. Therefore, the new Ln3+ ion coor-
dination environment provides an electron density arrange-
ment that modulates the slow magnetisation dynamic of ions
such as Er3+ and Yb3+ (i.e. prolate and oblate electron distri-
bution for the states with the larger and smaller jmJi projec-
tions, respectively) in a more complex way compared to the
assumption of an ideal equatorial character of the ligand. In
particular, the slow relaxation is faster in Er and slower in Yb
compared to their LnDOTA$H2O congeners. In the context of
the use of these systems in relaxometry studies, the moderate
and opposed effects on the magnetic relaxation of removing the
axial water for Yb and Er could be interesting and potentially
exploitable.
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