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ABSTRACT: The physicochemical properties of lanthanide-
(III) ions are directly linked to the structure of the
surrounding ligands. Rapid ligand exchange prohibits direct
structure−property relationships from being formed for simple
complexes in solution because the property measured will be
an average over several structures. For kinetically inert
lanthanide(III) complexes, the simpler speciation may
alleviate the problem, yet the archetypical complexes formed
by ligands derived from cyclen are known to have at least four
different forms in solutioneach with a variation in the
crystal field that gives rise to significantly different properties.
Slow interchange between forms has been engineered, so that
a single complex geometry can be studied, but fast or intermediate interchange between forms is much more commonly
observed. The rapid structural fluctuation can report on the changing chemical environment and can be disregarded if a specific
property of a lanthanide(III) complex is exploited in an application. However, if we are to understand the chemistry of the
lanthanide(III) ions in solution, we must include the structural fluctuation that takes place even in kinetically inert
lanthanide(III) complexes in our studies. Here, we have scrutinized the processes that determine the speciation of
lanthanide(III) complexes of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA)-like ligands, in particular the
processes that enable exchange between forms that have different physicochemical properties, exemplified by the exchange
between the diastereomeric capped square-antiprismatic (cSAP) and capped twisted-square-antiprismatic (cTSAP) forms of
DOTA-like lanthanide(III) complexes. In the characterization of a kinetically inert f-element complex, understanding the
structural fluctuation in the system is critical because a single observed property can arise from a weighted average, from all
forms present, or from a single form with a dominating contribution. Further, the experimental condition will influence both the
distribution of lanthanide(III) species in solution and the rates of the processes that change the coordination sphere of the
lanthanide(III) ions. This is highlighted using data from a series of cyclen-derived ligands with different pendant arms and
different denticity. The data were obtained in experiments that take place on different time scales to show that the rate of the
process that results in a structural change must be considered against the time of the experiment. We conclude that the
structural fluctuations must be taken into account and that they cannot be predicted from the ligand structure. Thus, an
estimate of the exchange rates between forms, the relative concentrations of the specific forms, and the effect of the specific
structure of each form of the complex must be included in the description of the solution properties of f-element chelates.

■ INTRODUCTION

The coordination chemistry of an f block is fascinating, and
newer complexes include record-breaking single-molecule
magnets,2−5 responsive molecules for the detection of oxygen
and cyanide,6,7 and solution-based light upconverters.8,9 The
aqueous chemistry of 4f elements is often considered simple
because a single redox state dominates; thus, all lanthanides are
trivalent cations with no directional interactions.11,12 While
other oxidation states have been shown to be accessible,13−18

the chemistry of lanthanides in aqueous solution is that of
trivalent ions and is defined by rapid ligand exchange and
structures that maximize the number of hard donors in the first
coordination sphere.19−21 In combination, the result is that, for
4f-element coordination chemistry in solution, we are missing

what we consider the foundation of chemistry: well-established
structure−property relationships.
The solution chemistry of the f elements is of ever-increasing

importance because lanthanides and actinides are found in all
aspects of modern technology23−25 and are critical in clean
energy technology from windmill magnets over batteries to
nuclear power. The primary area of concern is the separation
and isolation of pure f elements, which requires understanding
and control of the speciation in solvent extraction
processes.26−30 Investigation of the f-element speciation and
structure in simple acids started with Choppin and Spedding
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and Habenschuss32,33 and has continued with greater success
for the 5f elements34−43 rather than for the 4f elements,44−46

although lanthanide luminescence is a strong tool that
indirectly informs on the solution structure.47−51 The main
issue for the 4f elements is the purely electrostatic bonding and
rapid ligand exchange that make most observed properties an
average from several species in solutionan average that
changes as a function of the concentration, pH, temperature,
ionic strength, etc.52,53 Further, if the time scale of the
experiment is slow compared to the rate of ligand exchange,
the possibility that an observation is a weighted average has to
be considered. The number of possible structures in solution
must be reduced and determined in order to build structure−
property relationships, and this can be done by using
multidentate chelators that form kinetically inert complexes
with trivalent lanthanide ions.55,56

Kinetically inert lanthanide(III) complexes have been
explored for optical and magnetic bioimaging55,57 and are
dominated by octa- and nonadentate chelators made from
macrocyclic 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,7-
triazacyclononane backbones.53,56 In particular, cyclen with
four carboxylate (1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
raacetic acid, DOTA) or carboxamide pendant arms has been
studied in great detail.1,10,22,58−70 The size match between
these macrocyclic chelators and the lanthanide(III) ions results
in the remarkable inertness of the DOTA-like com-
plexes.22,55,56,71−73 Because the structure is critical for the
performance and properties of the molecule, the solution
structure of the lanthanide complexes in use as magnetic
resonance imaging (MRI) contrast agents has been described
in detail.55,73−75 Further, the structure of DOTA is one of the
limiting forms that nine-coordinate complexes can have in
solution. The solution to the Thompson problem for a
coordination number (CN) of 9 is a tricapped trigonal prism,
yet this structure and the capped square antiprism are both
found as the limiting geometric structure of lanthanide
complexes in the solid state and solution.74,76 The DOTA-
like ligands can further adopt a capped twisted square
antiprism (cTSAP). In both the SAP and TSAP conformations,
the structures of the DOTA-like complexes are defined by two
planes of donor atoms, where the lanthanide(III) ion is
coordinated in the cavity formed by the eight donor atoms
(Figure 1). Although we refer to the structures as SAP and
TSAP, it must be noted that the actual conformation of the
complexes will not be the pure geometric form but can be
assumed to be in a form that closely resembles one of the
limiting forms, for DOTA-like complexes: TSAP and SAP.77,78

The conformations of lanthanide(III) complexes of DOTA
were first described by Desreux22,59 and fully unraveled by

Aime and co-workers, and these supported the description of
converting isomers in solution and added an equilibrium
between the capped and noncapped forms, with and without
an inner-sphere water molecule.1,60,62 Thus, eight forms of
DOTA-like complexes have been established, and the exchange
processes between these have been scrutinized with particular
goals in mind. In order to design lanthanide complexes with
good relaxometric properties, high rates of water exchange,
etc., both locked structures79,80 and ligands that form
complexes in a specific form have been made.55,65,69,81

While the use of a chelator that forms kinetically inert
complexes leads to a simpler speciation56 and dynamic
fluctuations of lanthanide ions in solution have been reduced,
at least eight interconverting forms still have to be considered
in the building of structure−property relationships. The
importance of linking a specific solution structure, e.g., a
specific form of DOTA, to an observed property has been
highlighted by the study and optimization of MRI contrast
agents. The magnetic properties observed for a single form
have been shown to vary greatly from the weighted average
observed from the complex in solution.69 This fact is
highlighted by the values of the water exchange rate (kex)
shown in Chart 1.66,69,82 At a higher level of detail, not only is

the form of the complex important, but the orientation and
interactions between the ligand scaffold and capping ligand
have to be included to adequately describe the magnetic
properties of some complexes.83 Note that water exchange
does not change the structure of the lanthanide(III) complex,
and kex here is used to illustrate a property that differs between
two lanthanide(III) species in solution.
From the work on MRI contrast agents, it is evident that the

structural fluctuation of kinetically inert lanthanide(III)
complexes must be considered when the properties in solution
are reported. Further, it has been shown that these will be
perturbed by any change in ligand charge, solvent polarity, pH,
temperature, or ionic strength.63,64,68,82 Other examples that

Figure 1. Schematic representation of the coordination sphere of
DOTA with a lanthanide(III) ion illustrating the ligand geometry,
cavity, and capping ligand position.

Chart 1. Differences in the Water Exchange Rates in SAP
and TSAP Isomers66,82
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illustrate the strong link between the observed properties and
solution structure include the effect of changes in the capping
ligand in kinetically inert complexes.67,84−87 An additional
support is found in studies of complexes in both the solid state
and solution, where NMR and electron paramagnetic
resonance spectroscopy show significant changes in observ-
ables with small structural perturbations.88−91 Finally, it is
worth noting that while the structural fluctuations are
detrimental to linking observables to specific structures, they
are instrumental in the design of next-generation luminescence
probes, where small structural perturbations are used to make
responsive optical probes. In these, the response arises with the
weighted average and is changed by interactions between the
lanthanide complex and an analyte.92−94

Here, we describe the structural fluctuations in kinetically
inert lanthanide(III) complexes to highlight the effect of small
changes in the solution structure on the solution properties of
the 4f elements. We advocate that structural fluctuations of a
lanthanide complex should be reported and contrasted to the
time scale of the experiments performed, thereby allowing the
reader to readily determine whether the reported property is
due to a weighted average or arises from a single form of the
studied compound.

■ RESULTS AND DISCUSSION
Weighted Average Issue. To create structure−property

relationships, the two must be correlated. Figure 2 shows a

situation where a lanthanide complex is dissolved in a solution
where there is a competing ligand. As a consequence, the
solution will contain a mixture of two species. Assume that the
two forms have different water exchange rates, luminescence
quantum yields, chemical shifts, etc. Depending on the rates of
the reaction and back-reaction, two different outcomes are
possible from an experiment aimed at determining the
property of the dissolved complex. If the process changing
the speciation of the lanthanide(III) ion is slow on the time
scale of the experiment, two properties will be determined
(Figure 2A). If the process is fast, a single property will be
determined (Figure 2B). In the case in Figure 2B, this may be
erroneously attributed to structure 1, or it may be realized that
it originates from a weighted average between 1 and 2.

Because DOTA and DOTA-like ligands are the most widely
explored, we choose to consider the structural fluctuations in
solution of these complexes. We prepared europium(III) and
ytterbium(III) complexes of the eight ligands shown in Chart
2. All of the compounds are known, but a collection of their 1H

NMR and luminescence spectra has not been reported from
the same laboratory. The experimental details and synthetic
procedures are included in the Supporting Information. The
experimental data will be compared to the reported rates of
conformational change, in order to contrast these with the time
scales of commonly used experimental techniques.

Example of Structural Fluctuation. As an illustration as
to why the fluxional nature of lanthanide(III) complexes must
be reported, we use the SAP/TSAP equilibrium. This
structural fluctuation in DOTA-like ligands has been
extensively studied.59,60,62 Figure 3 shows four forms of the
complex that are two interconverting sets of diaster-
eomers.22,60,62 There are two different helicities in complexes
from DOTA-like ligands. One is formed by the four five-
membered rings, δδδδ or λλλλ, between the nitrogen atoms,
the lanthanide, and the ethylene bridge, indicated with blue in
Figure 3. The second helicity is formed by the layout of the

Figure 2. Top: Cartoon showing two lanthanide(III) species in
solution and the process whereby the lanthanide(III) complex
interconverts between the species. Bottom: Cartoon showing an
observable from an experiment that is on a time scale much faster (A)
or much slower (B) than the exchange process.

Chart 2. Ligands Used for the Illustration of Structural
Fluctuations
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acetate arms Δ or Λ, indicated with red in Figure 3. The
difference between the two diastereomers is seen as the angle
between the two donor-atom planes. This gives rise to two
forms: a square-antiprismatic form [SAP; Λ(δδδδ) and
Δ(λλλλ)] with opposite helicities in the two chiral elements
and a twisted square-antiprismatic form [TSAP; Δ(δδδδ) and
Λ(λλλλ)]. The four forms interconvert in solution by arm
rotation (Δ ↔ Λ) or ring inversion (δδδδ ↔ λλλλ).
Through this relatively minor change in the conformation, it

is apparent how fluctuations in speciation affect the solution
properties. The SAP/TSAP is reported to change important
properties like relaxivity (through the water exchange rates;
Chart 1) and the chemical shift observed from ligand
resonances in NMR. Thus, the SAP and TSAP conformations
are possible to distinguish in 1H NMR spectra. Note that any
chiral asymmetric substitution on the ligand will make all four
enantiomers shown in Figure 3 different, and all four forms will
give rise to distinct physicochemical properties.
The interchange of isomers has been probed using NMR

spectroscopy; in particular, exchange spectroscopy (EXSY)
spectra, variable-temperature NMR, and 17O NMR have been
used.10,60,64,70,98,99

In addition to the diastereomeric form of the complex, the
nature of the capping ligand has to be considered.62 If two
capping ligands are found in the solution, a minimum of eight
forms must be considered. However, it is important to
emphasize that the SAP/TSAP structural variation and
exchange between different capping ligands are not the only
equilibria of importance for the solution structure but are just
examples of these. In contrast to complexes with labile ligands,
where the nature of the ligands at all eight or nine positions
available in the complex must be considered, the kinetically
inert complexes are found in a highly limited number of forms
because the ligand takes up seven or eight positions, thus
leaving only one or two exchanging ligands and leading to
smaller structural fluctuations.56 Even so, we have to address
the fact that the properties observed from kinetically inert
lanthanide(III) complexes are still a weighted average of all
possible forms.

One option is to make tailored ligands that adopt a preferred
form. To optimize the performance of MRI contrast agents,
complexes have been made that favor the TSAP form. This was
done by introducing a chiral center in the ligand backbone,
thus limiting the number of forms found in solution.100

Alternatively, it is possible to limit the number of isomers in
solution by adding chiral centers to the macrocycle, to the
pendant arms, or to both.54,64,65,67,79−81,101 The structures of
the ligands influence the ratio of isomers and thus the
properties observed.
To simplify this picture, “locked” structures have been

synthesized, where the SAP/TSAP isomerization has been
frozen out. This has allowed for one isomer to be isolated, thus
limiting the number of possible conformations in solution.80,79

However, ternary complexes and capping solvent molecules
will still give rise to changes in the constitution of the
complexes. Further, the time scales of the experiment must be
considered to determine how “locked” the structures are, and
the exchange between different forms of the investigated
complex must be considered in relation to the time scale of the
experiment used to determine a given property.

Types of Structural Fluctuations in DOTA-like
Ligands. There are multiple forms of structural fluctuations
to consider for lanthanide(III) complexes of DOTA-like
ligands in solution. The best described is the conformational
equilibrium between diastereomers, which has been explained
in detail vide supra. The SAP/TSAP equilibrium will act as an
illustration here, but as pointed out by Aime,62 the capping
position must also be considered. In fact, there are a minimum
of five processes that must be considered in the description of
the form of a complex in aqueous solution, and these are
shown in Figure 4. The first process is decomplexation (K1),
which is expected to be irrelevant in kinetically inert complexes
but relevant for linear ligands and some DO3A complexes.56

The second process is often ignored and involves the nature of
the capping ligands. Because the constitution of the
lanthanide(III) complexes changes according to the medium
composition, the process leading to the formation of ternary
complexes must be included (K2), that is, each individual
process where the solvent is displaced by anions like fluoride,
carbonate, or hydroxide (e.g., by deprotonation).87,102 Partial
decomplexation by reorientation of the coordinating arms or
simply ligand reorientation that allows for additional capping
ligands (K5) is a third process that, like the first two, causes a
change in both the constitution and structure of the
complex.52,102−105 Finally, the equilibrium between solvated
and solvent-free complexes (K6) has to be included before
considering that each of the different lanthanide(III)-
containing species are present in up to four interconverting
conformations (K3/K4). Figure 4 includes an estimate of the
forms that are relevant for complexes of DOTA and
substituted DO3A ligands when dissolved in a buffer at
constant ionic strength. This illustration shows the vast
complexity of the speciation of kinetically inert lanthanide
(III) complexes in, e.g., biological media. Note that all of the
different forms of the kinetically inert lanthanide(III) complex
are influenced by the medium, and drastic changes have been
observed when parameters such as the pH, solvent or ionic
strength are varied.68,106 Thus, all of the processes in Figure 4
lead to solution structures, where the lanthanide(III) ions will
give rise to different observable properties. Accordingly, the
time scale of each process must be contrasted to that of the
experiment. In a kinetically inert lanthanide (III) complex, the

Figure 3. Schematic representation of the dynamic exchange
processes between isomers in solution. The blue circle represents
the chirality associated with the cyclen ring (δδδδ/λλλλ). The red
circle shows the helicity formed by the layout of the acetate arms (Δ/
Λ).
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first process (k1) occurs with a time constant that is 10−3 s−1 or
slower56 and can be ignored in all laboratory experiments.
Similarly, the rate of the process exchanging axial fluoride with
water (k2) has been calculated to approximately 1 s−1, which is
slow in most experimental techniques.87 In contrast, the
solvent-exchange process (k5/k6) can occur with a time
constant of ∼106−109 s−1, which is fast compared to most
experimental time scales (Figure 5).
If the medium is not changed and the constitution of the

lanthanide complex is maintained like for complexes of DOTA,
the problem is reduced to a level where only the
interconverting diastereomers SAP and TSAP have to be
considered. This simpler case is what we use as an example to
highlight the issue of the weighted average. Using the data
from the europium(III) and ytterbium(III) complexes made
from the ligands shown in Chart 2, we compare situations
where a weighted average is observed (Figure 2B) to situations
where observables for each form in solution are determined
(Figure 2A).
Before considering the experimental data, we consider the

literature data. The exchange rates of inversion between
stereoisomers SAP and TSAP (k3 and k4) have been
determined for several DOTA-like systems. We have compiled
these in Table 1, and all ligands are shown in the Supporting

Information. The exchange rates are defined for both arm
rotation and ring inversion (Figure 3) and vary from 17 to
7650 s−1. This range of time constants overlaps with typical
experiments such as luminescence and NMR spectroscopy, and
the SAP/TSAP equilibrium must thus be considered when
properties derived from these experiments are reported. Note
that the structural fluctuations are all in equilibrium and that all
are characterized by a medium- and temperature-dependent
time constant. The observable solution properties of a
lanthanide(III) complex in solution are defined by all of the
processesand indeed rates thereofinfluencing the speci-
ation of the lanthanide(III) ion in the sample.

Contrasting Structural Fluctuation and Experimental
Time Scales. As emphasized, it is essential to consider
structural fluctuations against the related time scale of an
experiment. The properties observed are evaluated by the rate
of fluctuations (kprocess) against the rate of experiment (kexp).
See Figures 2 and 4. The most common techniques for
studying f-element chelates are paramagnetic NMR spectros-
copy, luminescence measurements, and various bioimaging
techniques.
The time scale in NMR spectroscopy is determined by the

difference in the chemical shift between different exchanging
conformations and the field strength of the instrument.107

Multiple protons exchange in the studied complexes by either
arm rotation or ring inversion. However, the largest difference
between exchanging signals is between the axial proton in SAP
and an equatorial proton in TSAP, with a difference in
chemical shift of ∼35 ppm. Hence, the shortest time scale for a
europium(III) complex studied using 1H NMR spectroscopy is
∼26 μs/kexp ∼ 3.9 × 104 s−1 on a 500 MHz instrument. A
ytterbium(III) spectrum, where the signals are shifted by up to
140 ppm, would have a significantly shorter time constant of
∼6 μs/kexp − 1.5 × 105 s−1.
The time constant of luminescence spectroscopy is

determined by the excited state lifetime of the emitter which
varies between solvents, ligand structures, and lanthanide ions,
but ranges from 100 ns/kexp ∼ 1 × 107 s−1 to 4 ms/kexp ∼ 250
s−1.

Figure 4. Different forms of equilibria when both the constitution and
conformation that is the solution structure of lanthanide(III)
complexes in solution are changed. K1 is dissociation. K2 shows the
exchange of a solvent molecule with a competitive monodentate
ligand. K3 and K4 are the conformational changes in the ligand from
the SAP to TSAP form by either ring inversion (k3) or arm rotation
(k4). K5 is the equilibrium between one and two solvent molecules in
the inner sphere due to a reorientation/decomplexation of one
coordinating arm. K6 is the loss of a capping water ligand moving
between CN = 8 and 9. On the sides, the number of possible species
of the europium(III) complex of DOTA and a lanthanide(III)
complex of a DO3A-type ligand are shown.

Figure 5. Time scale of different experimental techniques against rate
constants for some processes. For MRI, the time scale is from
milliseconds to seconds, as indicated by the purple region. k1 is metal
dissociation for [Gd(DOTA)]−, k2 is fluoride exchange in the axial
position, k1′ is dissociation in [Gd(NOTA)], k3 is the exchange rate of
ring inversion for [Eu(DOTA)]−, k4 is the rate of arm rotation in
[Eu(DOTA)]−, k4′ is the rate of arm rotation in [Eu(DOTAM)]3+,
and k6 is the rate of water exchange on [Gd(DOTA)(H2O)]

−.
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Absorption is an instantaneous process with a time constant
of femtoseconds, in contrast to MRI scans, where a time scale
in the range of milliseconds to multiple seconds has to be
considered. Figure 5 compares the time constants of relevant
experimental techniques to those of processes that change the
speciation of lanthanide(III) complexes in solution (Table 1
and Figure 4). Note that only absorption spectroscopy gives
data that are unaffected by structural changes and that even
decomplexationoften the slowest processmust be consid-
ered for some complexes.
Structural Fluctuation on the Microsecond Time

Scale: 1H NMR. Complexes of europium(III) and ytterbium-
(III) were made and purified from the ligands in Chart 2,
following a literature procedure.52 1H NMR spectra were
recorded in D2O, and the spectra are plotted in Figure 6 (see
the Supporting Information for details). The time scale of the
experiments depends on the lanthanide(III) ion, the field
strength of the spectrometer, and the chemical shift of the
resonances under consideration. For the axial protons, kexp is
3.8 × 104 s−1 for europium(III) complexes and 1.5 × 105 s−1

for ytterbium(III) complexes. The spectra from the complexes
of DOTA (k1 ≈ 10−8 s−1, k3 = 35 s−1, and k4 = 78 s−1) were
used as references.60,61 The structure of DOTA is considered
to be frozen on the NMR time scale because both ring
inversion (kexp = 3 × 104 s−1 ≫ k3 = 35 s−1) and arm rotation
(kexp= 3 × 104 s−1 ≫ k3 = 78 s−1) are slower than the time
frame of the experiment. The resonances used in the analysis of
the NMR spectra are the axial ring protons that are observed in
specific regions of the spectra indicated in Figure 6. Because
the DOTA complexes are frozen, we can report observables

from both the SAP and TSAP conformers with δSAP = 34 ppm
and δTSAP = 14 ppm for [Eu(DOTA)(D2O)]

−, values that we
can relate to a specific structure. This is equivalent to case A
illustrated in Figure 2, where the time scale of the experiment
is faster than the change in speciation and two properties can
be determined. In contrast, the DOTAM complexes have an
arm rotation process (kexp= 3 × 104 s−1 to k4 = 1 × 104 s−1)
that appears fast compared to the NMR time scale; here the
observable cannot be related to a specific structure and must
be reported as δaverage = 26 for [Eu(DOTAM)(D2O)]3+

originating from a weighted average between different forms
(Figure 2B).63,64

The 1H NMR spectra in Figure 6 can be used to group the
complexes according to the observed rate constants for the
processes interconverting the SAP and TSAP forms of the
complexes. Ring inversion (k3) and arm rotation (k4) are both
slow on the NMR time scale for complexes of DOTA and the
DOTA-monoamides DOTA-methylamide and DOTA-penty-
lamide. Thus, the observable from the NMR spectra and all
experiments with a similar time constant can be used in
structure−property relationships to determine different proper-
ties (Figure 2A). The DOTA-tetraamides DOTAM and
DTMA (k3 = 430 s−1 and k4 = 3192 s−1), and to a lesser
extent DOTA-dipentylamide, have fast arm rotation (k4) on
the NMR time scale. As a result, we do not know if the
resonance is shifted from the expected value (DOTA) because
of ligand-field effects or the observation is due to exchange
between forms (Figure 2B). Because we cannot relate the
property directly to the structure, we cannot use the observable
to build structure−property relationships. Finally, the

Table 1. Kinetic Data from the Literature for DOTA-like Complexesa

complex ΔG⧧ (kJ mol−1) ΔH⧧ (kJ mol−1) ΔS⧧ (J mol−1 K−1) kex (s
−1) process ref

Lu(DOTA) 62.7(2.0) 69.3(1.0) 22.02(3.4) 64b SAP → TSAP 1
Lu(DOTA) 58.7(2.0) 54.4(1.0) −14.1(3.5) 319b TSAP → SAP 1
Yb(DOTA) 61.2(0.6) 64(8) 9(27) 116b ring inversion 10
La(DOTA) 60.7(1.2) 59.4(0.8) −4.6(3.3) 23 (278 K) ring inversion 22
La(DOTP) 101(11) 12 × 10−6 ring inversion 31
Lu(DO3A-Bz) 23.4c 4.9 × 108 arm rotation 54
Lu(DO3A-Bz) 61.1c 122 ring inversion 54
Eu(DOTA) 62.2d 78 arm rotation 61, 76
Eu(DOTA) 64.2d 35 ring inversion 61
Eu(4-RRRR) 63.6d 45(15) ring Inversion (SAP → TSAP) 65, 79
Eu(4-RRRS) 63.8d 40(15) ring Inversion (SAP → TSAP) 65, 79
Eu(DOTAM) 54.6d 39.1(2) −52.1(7) 1700(200) SAP → TSAP arm rotation 66, 80
Eu(DOTAM) 50.8d 39.1(2) −39.4(7) 7650(200) TSAP → SAP arm rotation 66
Eu(DTMA) 56.9d 62.5(2) 18.7(6) 671(43) SAP → TSAP arm rotation 66
Eu(DTMA) 53.0d 58.8(3) 19.4(10) 3192(330) TSAP → SAP arm rotation 66
Eu(DTMA) 62.1d 55.9(1) −21.1(5) 79.5(5) SAP → TSAP ring inversion 66
Eu(DTMA) 58.0d 61.0(3) 10.1(10) 430 (53) TSAP → SAP ring inversion 66
Eu(DOTMAM) 59.5d 60.2(3) 2.3(11) 232.9(25) SAP → TSAP ring inversion 66
Eu(DOTMAM) 62.4d 63.9(3) 4.8(11) 70.8(8) TSAP → SAP ring inversion 66
Eu(DOTA-2dma) 66 17b arm rotation 60, 82
La(DO2A2P) 64.9(0.8) 109.2(0.8) 145.2(17.6) 18.7(1) arm rotation 95
La(DO2A2P) 65.7(12) 38.9(2.9) −89.5(10.0) 19.7(1) ring inversion 62, 95
Lu(DO2A2P) 65.8(10.0) 127.2(10.46) 205.9(33.9) 20.1(1) arm rotation 95
Lu(DO2A2P) 64.4(3.8) 60.5(3.8) −14.2(12.1) 31.3(1) ring inversion 96
Lu(DTMA) 62.2 77b ring inversion 79, 95
Lu(DTMA) 56.9 660b arm rotation 95
Lu(DO3A-PIC) 65(5) 119(2) 181(2) 25b ring inversion 10, 70, 97

aLigands in boldface are revisited here. bCalculated values from reported ΔG⧧. cComputed values from density functional theory calculations.
dCalculated values from reported rate constants.

Inorganic Chemistry Forum Article

DOI: 10.1021/acs.inorgchem.9b01571
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01571/suppl_file/ic9b01571_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b01571


heptadentate DO3A-benzyl and DO3A-propargyl ligands show
fast or intermediate exchange between isomers on the NMR
time scale.54,70 Calculations of the activation barrier for DO3A-

benzyl have shown arm rotation to be much faster than ring
inversion and were thereby assumed to be the process
responsible for the fast interconversion between isomers
observed in the experimental data.54 Experimentally, arm
rotation and ring inversion can be distinguished because the
former results in exchange between the resonances indicated as
SAP and TSAP in Figure 6, while the latter results in exchange
between protons at positive and negative chemical shifts.10,61,82

Structural Fluctuation on the Millisecond Time Scale:
Europium(III)-Centered Luminescence. Europium(III)-
centered emission has been reported as a tool to determine
the conformational changes in solution,58,59,65,74,103,108 and
according to crystal-field splitting, it is possible to deduce the
number of species in solution by counting the number of peaks
observed in specific transitions. The transitions originate in the
nondegenerate 5D0 state, and a number of emission lines must
reflect the degeneracy of the lower-energy J state. Hence, it
should be possible to compare the number of observed lines in
a band to the maximum possible degeneracy of this J state in a
specific coordination symmetry.109,110 For example, if [Eu-
(DOTA)(H2O)]

− is assumed to have C4 symmetry, only one
line is possible in the 5D0 → 7F0 transition and seven lines
should be seen in the 5D0 →

7F4 band.
108

Complexes with frozen structures are expected to show
sharp defined lines in the europium(III) emission spectra with
a number of peaks equal to or less the degeneracy. Complexes
with intermediate or fast exchange between forms compared to
the excited state lifetime of the complex will show broader and
less defined peaks due to the presence of multiple forms, all
with different ligand fields resulting in broad ill-defined
emission bands. Note that the emission spectrum from each
species will always be a series of narrow emission lines, and
that broad emission bands in lanthanide luminescence itself is
an indication that the sample is a mixture of species.
The excited state lifetime of a lanthanide complex depends

on the surrounding medium and they have been determined
for the europium(III) complexes in both H2O and D2O. The
result are compiled in Table 2 along with the calculated

number of inner sphere solvent molcules q.50,111,112 The time
scale of the luminescence experiments are fairly similar across
the complexes around 0.5 ms/kexp ∼ 2000 s−1 in H2O and ∼2
ms/kexp ∼ 500 s−1 in D2O, which in these complexes does not
constitute a major difference. This is borne out in the spectra
in Figure 7, where no major difference is observed between
H2O and D2O. This is partly due to the fact that changes in the
luminescence spectra requires a significant change in ligand
field, partly due to the similar time scales of the two

Figure 6. 1H NMR spectra of ytterbium(III) (left) and europium(III)
(right) complexes with resonances from axial ring protons in the SAP
and TSAP forms observed in [Ln(DOTA)]−, as indicated by the gray
regions.

Table 2. Luminescence Lifetimes of Europium(III)
Complexes Measured in H2O and D2O

a

complex τH2O/ms τD2O/ms q

[Eu(DOTA)]− 0.65 2.44 1.2
[Eu(DOTAM)]3+ 0.51 1.90 0.9
[Eu(DTMA)]3+ 0.57 2.10 1.0
[Eu(DOTA-dipentylamide)]+ 0.46 1.64 1.5
[Eu(DOTA-methylamide)] 0.61 2.35 1.2
[Eu(DOTA-pentylamide)] 0.64 2.38 1.0
[Eu(DO3A-propargyl)] 0.46 1.73 1.7
[Eu(DO3A-benzyl)] 0.39 1.72 2.1

aThe modified Horrocks’ equation was used to determine q.111 q = A
(τH2O

−1 − τD2O
−1 − B − C).
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experiments, and partly because the bands from each form
overlap. This implies that even though the structural
fluctuations are slow, we cannot resolve the luminescence
lifetime or the luminescence quantum yield inherent to any
form. It is only possible to report the excited state properties of
the distribution of different forms in solution i.e. the pie chart
in Figure 4.
As above, DOTA is used as internal reference first for

contrasting the numbers in Table 2. Remembering that the
error on q is ±0.5,111 it would appear that the complexes fall
into three groups: DOTA, DOTA-tetraamide, and DOTA-
monoamide complexes that, as expected, have a single capping
water molecule, DO3A complexes with two coordinating water
molecules, and the DOTA-diamide that is assumed to be
present in a form with one water molecule and in a form where
one carboxamide arm is replaced with water. Because the
emission spectrum of DOTA-dipentylamide is similar to that
of the DOTA complex, slow exchange between the q = 1 and 2
forms must be assumed. Thus, the octadentate ligands lead to
nine-coordinate complexes with one capping water molecule,
and the heptadentate DO3A complexes result in complexes
with two additional ligands.
Closer inspection of the spectra in Figure 7 reveals that there

are complexes that show differences between H2O and D2O.
The europium(III) complexes of DOTAM, DO3A-propargyl,
and, to a lesser extent, DO3A-benzyl give rise to different
spectra in H2O and D2O. This implies that structural
fluctuations occur on a time scale equal or faster than that of
the experiment and that the structural fluctuations give rise to
species with significantly different properties, as illustrated in
Figure 2. Because the spectra were not recorded using
controlled conditions, e.g., with known pH, ionic strength,
and temperature, a detailed analysis was not performed.

Media Effects on Speciation and Structural Fluctua-
tion. The media effects in lanthanide luminescence have been
investigated for DOTA-like complexes, and drastic fluctuations
in speciation and solution structure can be ascribed to what in
other subfields of chemistry would be described as innocent
media changes.106,112,113 To highlight the importance of
absolute control of the solvent parameters, DO3A-propargyl
was investigated at pH 6 and 10 using NMR spectroscopy,
where the structural fluctuations are directly observed.
Figure 8 shows the 1H NMR spectra of europium(III) and

ytterbium(III) complexes of DO3A-propargyl at pD = 6 and

10. The spectra are evidently different; e.g., as seen in the
spectrum of the europium(III) complex, at pD = 10 only one
resonance corresponding to the axial protons is observed. This
indicates a fast exchange between multiple forms in solution.
At pD = 6, where very broad resonances are observed in a
limited number, the exchange process appears to be on an
intermediate time scale. A similar observation is made for the
ytterbium(III) complex, which at pD = 6 appears to be in slow
exchange because resonances from all of the axial protons in
the unsymmetrical complex are observed from the SAP form of
the complex. At pD = 10, these collapse to just a single, less
shifted resonance, indicating that the forms are in fast
exchange. While the change in pD is dramatic in this example,
so is the accompanying change in the solution structure,
serving as a good example of why both the solution structure
and medium composition must be reported in complete detail
in the creation of structure−property relationships in
lanthanide(III) coordination chemistry.

Figure 7. Emission spectra of europium(III) complexes measured in
H2O (red) and D2O (black) following excitation at 393 nm.

Figure 8. 1H NMR spectra of [Yb(DO3A-propagyl)] (top) and
[Eu(DO3A-Propargyl)] (bottom) measured at pD 6 and 10 to show
the structural variations with varying pD. The resonances from the
axial ring protons in the SAP and TSAP forms observed in the
[Ln(DOTA)]− indicated by the gray regions.
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■ CONCLUSIONS

The allure of f-element coordination chemistry in solution is
strong. On the fundamental level, there is a plethora of areas
where it is possible to contribute significantly to our
understanding of these elements, and the ever-increasing
demand for these elements in their pure form provides amble
motivation for the work. The challenge is that the f elements,
in stark contrast to organic molecules, exhibit rapidly
fluctuating structures in solutions. Both the constitution and
conformation changes not only with the medium composition
but also in time. Here, we have shown that these fluctuations
have to be taken into account in the building of structure−
property relationships and explored the time scales of the
structural fluctuations that occur in DOTA-like kinetically inert
lanthanide(III) complexes. In these, dissociation can be
ignored in all experiments, a fact that is true only for
complexes with documented kinetic inertness. This leaves
changes in the constitution associated with the capping ligand
that can be present where the CN is 9 and absent if steric
hindrance of the ligand favors a CN of 8. Using Horrocks’
equation to determine q or relaxometric studies will often allow
the importance of this equilibrium to be determined. If capping
ligands are present, the composition of the media used to study
the properties of the complex becomes important. Competing
ligands from adventitious bicarbonate to coordinating buffers
and changes due to the pH must be taken into account, and
the constitution of the complex(es) in the sample studied must
be determined. This can be extremely challenging. Finally,
when the constitution of the complexes studied has been
determined, the different conformations of each constitution
must be considered, here illustrated with the equilibrium
between the SAP and TSAP forms of DOTA-like complexes.
This is important because each individual form of the complex
will have unique properties that are directly related to the
actual structure surrounding the lanthanide(III) center.
While the challenge may seem exceedingly complicated, we

are able to determine the solution structure of lanthanide(III)
complexes with DOTA and DOTA-like ligands. In turn, this
allows us to build structure−property relationships, but only if
we as a field are completely transparent regarding the
experimental conditions and declare when an observed
property is from a specific structure and when it is the result
of a weighted average.
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S.; Tripier, R.; Platas-Iglesias, C.; Charbonnier̀e, L. J. Supramolecular
Luminescent Lanthanide Dimers for Fluoride Sequestering and
Sensing. Angew. Chem., Int. Ed. 2014, 53 (28), 7259−7263.
(86) Blackburn, O. A.; Chilton, N. F.; Keller, K.; Tait, C. E.; Myers,
W. K.; McInnes, E. J. L.; Kenwright, A. M.; Beer, P. D.; Timmel, C.
R.; Faulkner, S. Spectroscopic and Crystal Field Consequences of
Fluoride Binding by [Yb-DTMA]3+ in Aqueous Solution. Angew.
Chem., Int. Ed. 2015, 54 (37), 10783−10786.
(87) Blackburn, O. A.; Kenwright, A. M.; Beer, P. D.; Faulkner, S.
Axial fluoride binding by lanthanide DTMA complexes alters the local
crystal field, resulting in dramatic spectroscopic changes. Dalton
Transactions 2015, 44 (45), 19509−19517.
(88) Mason, K.; Harnden, A. C.; Patrick, C. W.; Poh, A. W. J.;
Batsanov, A. S.; Suturina, E. A.; Vonci, M.; McInnes, E. J. L.; Chilton,
N. F.; Parker, D. Exquisite sensitivity of the ligand field to solvation
and donor polarisability in coordinatively saturated lanthanide

Inorganic Chemistry Forum Article

DOI: 10.1021/acs.inorgchem.9b01571
Inorg. Chem. XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acs.inorgchem.9b01571


complexes. Chem. Commun. (Cambridge, U. K.) 2018, 54 (61), 8486−
8489.
(89) Poh, A. W. J.; Aguilar, J. A.; Kenwright, A. M.; Mason, K.;
Parker, D. Aggregation of Rare Earth Coordination Complexes in
Solution Studied by Paramagnetic and DOSY NMR. Chem. - Eur. J.
2018, 24 (60), 16170−16175.
(90) Vonci, M.; Mason, K.; Neil, E. R.; Yufit, D. S.; McInnes, E. J. L.;
Parker, D.; Chilton, N. F. Sensitivity of Magnetic Anisotropy in the
Solid State for Lanthanide Complexes with Small Crystal Field
Splitting. Inorg. Chem. 2019, 58 (9), 5733−5745.
(91) Suturina, E. A.; Mason, K.; Botta, M.; Carniato, F.; Kuprov, I.;
Chilton, N. F.; McInnes, E. J. L.; Vonci, M.; Parker, D. Periodic trends
and hidden dynamics of magnetic properties in three series of
triazacyclononane lanthanide complexes. Dalton Transactions 2019,
48 (23), 8400−8409.
(92) Shuvaev, S.; Pal, R.; Parker, D. Selectively switching on
europium emission in drug site one of human serum albumin. Chem.
Commun. (Cambridge, U. K.) 2017, 53 (50), 6724−6727.
(93) Shuvaev, S.; Fox, M. A.; Parker, D. Monitoring of the ADP/
ATP Ratio by Induced Circularly Polarised Europium Luminescence.
Angew. Chem., Int. Ed. 2018, 57 (25), 7488−7492.
(94) Shuvaev, S.; Suturina, E. A.; Mason, K.; Parker, D. Chiral
probes for [small alpha]1-AGP reporting by species-specific induced
circularly polarised luminescence. Chemical Science 2018, 9 (11),
2996−3003.
(95) Purgel, M.; Baranyai, Z.; de Blas, A.; Rodríguez-Blas, T.; Bańyai,
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Goḿez, D.; Charbonnier̀e, L. J.; Tircso,́ G.; Tot́h, I.; Blas, A. d.;
Rodríguez-Blas, T.; Platas-Iglesias, C. Lanthanide dota-like Complexes
Containing a Picolinate Pendant: Structural Entry for the Design of
LnIII-Based Luminescent Probes. Inorg. Chem. 2011, 50 (9), 4125−
4141.
(98) Fusaro, L.; Luhmer, M. 17O NMR Study of Diamagnetic and
Paramagnetic Lanthanide(III)−DOTA Complexes in Aqueous
Solution. Inorg. Chem. 2014, 53 (16), 8717−8722.
(99) Fusaro, L.; Luhmer, M. An oxygen-17 dynamic NMR study of
the Pr−DOTA complex. Dalton Transactions 2014, 43 (3), 967−972.
(100) Howard, J. A. K.; Kenwright, A. M.; Moloney, J. M.; Parker,
D.; Woods, M.; Port, M.; Navet, M.; Rousseau, O. Structure and
dynamics of all of the stereoisomers of europium complexes of
tetra(carboxyethyl) derivatives of dota: ring inversion is decoupled
from cooperative arm rotation in the RRRR and RRRS isomers. Chem.
Commun. 1998, No. 13, 1381−1382.
(101) Dickins, R. S.; Howard, J. A. K.; Maupin, C. L.; Moloney, J.
M.; Parker, D.; Riehl, J. P.; Siligardi, G.; Williams, J. A. G. Synthesis,
Time-Resolved Luminescence, NMR Spectroscopy, Circular Dichro-
ism and Circularly Polarised Luminescence Studies of Enantiopure
Macrocyclic Lanthanide Tetraamide Complexes. Chem. - Eur. J. 1999,
5 (3), 1095−1105.
(102) Butler, S. J.; Parker, D. Anion binding in water at lanthanide
centres: from structure and selectivity to signalling and sensing. Chem.
Soc. Rev. 2013, 42 (4), 1652−1666.
(103) Blackburn, O. A.; Routledge, J. D.; Jennings, L. B.; Rees, N.
H.; Kenwright, A. M.; Beer, P. D.; Faulkner, S. Substituent effects on
fluoride binding by lanthanide complexes of DOTA-tetraamides.
Dalton Transactions 2016, 45 (7), 3070−3077.
(104) Perez-Malo, M.; Szabo, G.; Eppard, E.; Vagner, A.; Brucher,
E.; Toth, I.; Maiocchi, A.; Suh, E. H.; Kovacs, Z.; Baranyai, Z.; Rosch,
F. Improved Efficacy of Synthesizing *M(III)-Labeled DOTA

Complexes in Binary Mixtures of Water and Organic Solvents. A
Combined Radio- and Physicochemical Study. Inorg. Chem. 2018, 57
(10), 6107−6117.
(105) Junker, A. K. R.; Sørensen, T. J. Shining light on the excited
state energy cascade in kinetically inert Ln(iii) complexes of a
coumarin-appended DO3A ligand. Dalton Transactions 2019, 48 (3),
964−970.
(106) Sørensen, T. J.; Hill, L. R.; Faulkner, S. Thermodynamics of
Self-Assembly of Dicarboxylate Ions with Binuclear Lanthanide
Complexes. ChemistryOpen 2015, 4 (4), 509−515.
(107) Sanders, J. K. M.; Hunter, B. K. Modern NMR spectroscopy: a
guide for chemists; Oxford University Press: New York, 1988.
(108) Forsberg, J. H. Complexes of lanthanide (III) ions with
nitrogen donor ligands. Coord. Chem. Rev. 1973, 10 (1), 195−226.
(109) Binnemans, K. Interpretation of europium(III) spectra. Coord.
Chem. Rev. 2015, 295, 1−45.
(110) Tanner, P. A. Some misconceptions concerning the electronic
spectra of tri-positive europium and cerium. Chem. Soc. Rev. 2013, 42
(12), 5090−5101.
(111) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker,
D.; Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, M. Non-
radiative deactivation of the excited states of europium, terbium and
ytterbium complexes by proximate energy-matched OH, NH and CH
oscillators: an improved luminescence method for establishing
solution hydration states. J. Chem. Soc., Perkin Trans. 2 1999, No. 3,
493−504.
(112) Tropiano, M.; Blackburn, O. A.; Tilney, J. A.; Hill, L. R.; Just
Sørensen, T.; Faulkner, S. Exploring the effect of remote substituents
and solution structure on the luminescence of three lanthanide
complexes. J. Lumin. 2015, 167, 296−304.
(113) Parker, D. Luminescent lanthanide sensors for pH, pO2 and
selected anions. Coord. Chem. Rev. 2000, 205 (1), 109−130.

Inorganic Chemistry Forum Article

DOI: 10.1021/acs.inorgchem.9b01571
Inorg. Chem. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.inorgchem.9b01571

