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Abstract 

Density functional theory (DFT) has become a general tool to investigate the structure and properties of 
complicated inorganic molecules, such as lanthanide(III) coordination compounds, due to the high accuracy 
that can be achieved at relatively low computational cost. Herein, we present an overview of different 
successful applications of DFT to investigate the structure, dynamics, vibrational spectra, NMR chemical 
shifts, hyperfine interactions, excited states, and magnetic properties of lanthanide(III) complexes. We 
devote particular attention to our own work on the conformational analysis of LnIII-polyaminocarboxylate 
complexes. Besides, a short discussion on the different approaches used to investigate lanthanide(III) 
complexes, i. e. all-electron relativistic calculations and the use of relativistic effective core potentials 
(RECPs), is also presented. The issue of whether the 4f electrons of the lanthanides are involved in chemical 
bonding or not is also shortly discussed. 

Keywords: density functional theory; computational chemistry; lanthanide complexes; ab initio calculations; 
relativistic effects; rare-earths; RECPs; magnetic anisotropy; Sparkle/PM3 models; Hohenberg-Kohn 
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Introduction and scope 

The lanthanides constitute a unique series of elements that occupy the first period of the f-block from 
lanthanum (Z = 57) to lutetium (Z = 71). They are characterized by the common +III oxidation state with 
electronic [Xe]4fn configurations (n = 1-14) that confer to their compounds fascinating electronic, 
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spectroscopic and magnetic properties. The successful biomedical application of lanthanide chelates both in 
diagnostics [1-5] and therapy [6-9] has promoted a fast development of lanthanide coordination chemistry 
during the last two decades [10]. Indeed, GdIII complexes are currently used in vivo as magnetic resonance 
imaging (MRI) contrast agents, which enhance the image contrast by preferentially influencing the relaxation 
efficiency of the water proton nuclei in the target tissue. Furthermore, luminescent lanthanide complexes 
offer exceptional photophysical properties that find applications in different fields such as biomedical 
analyses and imaging [11], while many research groups working in the field of molecular magnetism have 
investigated LnIII complexes due to their large magnetic moment and magnetic anisotropy [12-14]. An 
understanding of the coordination chemistry of lanthanides is also important in nuclear fuel reprocessing, 
where the separation of nuclear wastes containing both trivalent lanthanides and trivalent minor actinides is 
complicated by the similar chemical properties of these species [15,16]. 

The description of the electronic structure of LnIII complexes is essential to an understanding of their 
chemical and physical properties, and therefore to aid developing applications in many technological fields. 
The experimental work performed in LnIII coordination compounds provides a plethora of information about 
the solid-state and solution structure of the complexes, as well as on their physicochemical properties. 
However, theoretical investigations performed on this kind of systems are very much behind the 
experimental knowledge, which can be partially adscribed to the difficulties that are faced in the quantum 
chemical treatment of LnIII complexes. Among these difficulties are: i) The presence of open shell 4f 
electrons; ii) the treatment of relativistic effects, and iii) the preference of LnIII ions for high coordination 
numbers (typically 8-9) [17], which may lead to structural artefacts if the ligands are oversimplified [18]. 
The difficulties associated to the treatment of the open shell 4f electrons have been ocassionally overtaken 
either by using yttrium as a model for lanthanides [19-21], or by limiting the calculations to the closed-shell 
members of the series LaIII or LuIII [22,23]. In spite of these problems, in the last decade much progress has 
been made on the computational treatment of lanthanide compounds, and many succesful computational 
studies have been published. 

Due to the difficulties in modeling lanthanide complexes some authors have turned their attention to 
molecular mechanics (MM) methods, which were used succesfully to predict the structures of certain 
lanthanide complexes [24-26]. However, the use of MM methods to investigate lanthanide complexes is 
often problematic due to the lack of parametrization of lanthanide high-coordination compounds in 
commonly available force-fields. Alternatively, semiempirical calculations based on the Sparkle/AM1 or 
Sparkle/PM3 models were shown to provide molecular structures of lanthanide(III) complexes comparable 
to those obtained with more sophisticated ab initio methods but with a much smaller expense of 
computational power [27-32]. These models were subsequently succesfully applied for the prediction of 
different spectroscopic properties such as absorption spectra and the position of the ligand-centred singlet 
and triplet state positions [33]. However, these semiempirical approaches have been tested so far in a limited 
number of systems, and therefore require very careful evaluation and testing by comparison with high level 
calculations. 

Density functional theory (DFT) has become a general tool to investigate the properties of complicated 
inorganic molecules due to the high accuracy that can be achieved at relatively low computational cost [34]. 
DFT methods are based on the Hohenberg-Kohn theorem, which states that all molecular electronic 
properties can be calculated if the electron density of the system is known. Although the exact form of all the 
components of the functional (a function of a function) that gives the energy from the electron density is not 
known, the currently available functionals provide in most cases a very accurate description of many 
chemical properties. Most current density functionals have been developed by adjusting only a few 
parameters to reference sets of molecules, but it turned out that these functionals also work quite well for 
metal-containing compounds that are hardly tractable by sophisticated ab initio methods. Thus, the DFT 
approach has revealed to be a powerful alternative for investigating metal complexes to the classical Hartree-



 

 

Fock (HF) or post-HF methods. Although high-level correlated wavefunction based ab initio computational 
methods have been occasionally applied to investigate small lanthanide complexes [35,36], the scaling 
behavior of these methods with system size prevent their application to larger systems with the currently 
available computational resources. DFT calculations provide two major advantages in the context of metal-
containing systems: i) they scale relatively well with the size of the system to be investigated, so that 
relatively large complexes can be calculated, and ii) the computed orbitals are suitable for molecular orbital 
analysis and interpretation of the bonding and properties of the system. However, it must be also pointed out 
that DFT calculations show some serious limitations for the treatment of some particular systems [37]. For 
instance, hydrogen bonding and proton transfer reactions are often not treated properly by DFT methods 
[38], while DFT calculations on metal complexes are also known to favor low coordination numbers [39]. 

The present article is intended to provide an overview of different successful applications of DFT 
calculations to investigate the structure and properties of different lanthanide(III) coordination compounds. 
The theoretical background of DFT has been reviewed recently [34, 40], and will not be covered in this 
review, which is focused on more practical aspects that may be interesting for experimentalists that wish to 
employ DFT in parallel to their experimental work, rather than to hard-core theoretical chemists. This paper 
is organized as follows: In the first part we present a quick overview of the different methods available for 
the treatment of lanthanide compounds within the DFT framework [41], followed by a short discussion on 
the nature of chemical bonding in LnIII complexes and whether the 4f electrons play an important role in 
bonding or not. These sections are intended to facilitate the reading of the remaining part of the article to 
those who are not specialists in the field, and again the reader will be referred to appropriate references for 
more detailed descriptions. In the second part of the article we cover the use of DFT calculations to 
investigate the structure and dynamics, conformational energies, spectroscopic, photophysical and magnetic 
properties of lanthanide(III) coordination compounds. 

 

An overview of the computational methods for treatment of LnIII complexes with DFT calculations 

An important issue in the computational treatment of LnIII complexes and other systems containing heavy 
elements is the adequate treatment of relativistic effects [42]. Indeed, high nuclear charges have a strong 
influence on the shape and energy of the valence orbitals in heavy element systems. The following 
qualitative explanation is often given to introduce the reader to the effects of relativity in heavy elements 
[43]: The ground state energy of a 1s electron bound to a nucleus of charge +Z amounts to -Z2/2 atomic 
units. Thus, the kinetic energy is calculated to be +Z2/2 = 1/2mv2, where m is the electron mass and v the 
speed of the electron. Since the electron mass equals one atomic unit, at the nonrelativistic limit the average 
electron velocity would be v = Z atomic units. In these units the speed of light has a rather small numerical 
value (c = 137.036), and therefore for heavy nuclei the electron velocities may approach a substantial 
fraction of the speed of light. The main effects of relativity on the atomic orbitals of heavy elements are the 
radial contraction and energetic stabilization of the s and p shells, the spin-orbit splitting, and the radial 
expansion and energetic destabilization of the outer d and f shells. 

In general, there are two different approaches to handle relativistic effects in systems containing heavy 
elements: i) The use of all-electron relativistic approaches; ii) The use of relativistic effective core potentials 
(RECP), which may be either pure scalar or include spin-orbital effects. The most widely used 
approximation to deal with the problems of quantum chemical treatment of lanthanides is the RECP 
approach, in which only the chemically relevant valence electrons are treated explicitly and relativistic 
effects are only implicitly accounted for by a proper adjustment of free parameters in the valence model 
Hamiltonian [44]. The RECP approach also serves to decrease the computational requirements, so that 
calculations on relatively large lanthanide(III) complexes become feasible. There are mainly three classes of 
RECPs and associated basis sets available for computational treatment of lanthanides: i) The averaged 



 

 

relativistic RECPs with a [Xe] core and spin-orbit operators of Ross et al. [45]; ii) the shape-consistent 
RECPs of Stevens et al. [46], and iii) the energy-consistent quasirelativistic RECPs and associated basis sets 
of Dolg and co. [47-51]. Two different core definitions have been developed for the latter RECPs: “large-
core”, in which the 4f electrons are included in the core, and “small-core”, which treats the four, five and six 
shell electrons explicitly. The use of large core RECPs has been justified by the fact that 4f orbitals do not 
significantly contribute to bonding due to their limited radial extension as compared to the 5d and 6s shells. 
Two different basis sets were derived for relativistic energy-consistent small-core lanthanide 
pseudopotentials: a Gaussian (14s13p10d8f6g)/[10s8p5d4f3g] valence basis set using a segmented 
contraction scheme [52] and a (14s13p10d8f6g)/[6s6p5d4f3g] atomic natural orbital (ANO) Gaussian 
valence basis set [53]. Diffuse functions for the latter basis set have been suggested for a better description of 
the polarization properties of lanthanide atoms [54]. 

The importance of relativistic effects in lanthanide complexes was examined by comparing the Ln-N bond 
distances in [Ln(tpy)]3+ complexes calculated at the HF level with the large-core nonrelativistic [55] and 
quasirelativistic [47] pseudopotentials of Dolg et al. The use of quasirelativistic pseudopotentials induced an 
increasing bond length contraction from La to Lu along the lanthanide series, as Lu exhibits larger relativistic 
effects than La [56]. 

The use of large-core RECPs requires a separate potential for each oxidation state or 4f subconfiguration, 
and in practice eliminates most of the magnetic and electronic subtleties of the lanthanides, thereby 
precluding the modeling of f-f centered processes and the treatment of spin-orbit coupling. However, this 
approach avoids many difficulties associated to the computational treatment of open-shell systems, and 
despite their approximate nature are an efficient computational tool that has proven to give good results in 
studies that focus on the structural features or the estimates of relative energies for LnIII complexes at both 
the HF and DFT level [57-67]. Several successful applications of the 4f-in-core method will be presented in 
the next sections. 

In spite of their wide and successful use for many chemical problems, it has been also shown that the use of 
RECPs has some important limitations for the treatment of some specific situations, such as the calculation 
of hyperfine coupling constants [68]. Currently, the highest level of relativistic treatment in quantum 
chemistry is the four-component methods based on the Dirac equation [69], but reasonable accuracy may 
also be obtained by a number of more approximate methods. Among the all-electron relativistic approaches 
the family of Douglas-Kroll-Hess (DKH) transformation based methods [70-72] and zero order regular 
approximation (ZORA) [73-75] are the methods most widely tested and used. A detailed description of the 
theoretical background of relativistic DFT theory is beyond the scope of this paper, and the reader is referred 
to Refs. [76,77] for further details. Several investigations have shown that ZORA and DKH approaches 
provide often very similar results. For instance, a comparison of scalar-relativistic ZORA and DKH density 
functional schemes applied to monohydrides, monoxides and monofluorides of La and Lu shows that both 
schemes yield results for bond lengths, vibrational constants, binding energies and valence orbital energies of 
essentially the same quality [78]. Although computationally more expensive, these methods constitute an 
alternative to RECP approaches that can be successfully applied to relatively large lanthanide-containing 
systems when properties of the inner shells are investigated. A DFT investigation of lanthanide(III) 
complexes with tridentate ligands containing nitrogen donor atoms revealed that the small-core RECP and 
ZORA approaches provide very similar results, which was attributed to the ionicity of the metal-ligand 
interactions [79]. However, in some particular cases relativistic allelectron calculations provide much better 
results than RECP calculations, at it has been recently shown in the case of lanthanide 
mercaptobenzothiazolyl complexes, for which pseudopotential calculations led to a strong overestimation of 
the Ln-S bond lengths compared to all-electron relativistic calculations (up to 0.5 Å) [80]. 

Among the different basis sets available to be used with scalar relativistic Hamiltonians are the Slater type 
scalar relativistic all-electron basis sets for ZORA calculations of the Amsterdam density functional code 



 

 

[81], the atomic natural orbital (ANO-RCC) basis set of Roos et al. [82] for use with the DKH2 Hamiltonian, 
the DKH3 basis set of Hirao [83,84], and the segmented contracted correlating basis set of Koga and co-
workers [85]. These basis sets provide high quality results for small systems, but they are hardly applicable 
to larger lanthanide complexes. Recently, Neese and Pantazis reported segmented all-electron relativistically 
contracted basis sets for the lanthanides, which are intended for use in combination with the DKH2 or ZORA 
approaches for day-to-day DFT calculations [86]. 

Several research groups have investigated the accuracy of different DFT methods for metal complexes. 
However, most of these studies have been focused on transition-metal complexes [87,88], while the 
investigation of the performance of different DFT functionals for lanthanide complexes has been limited to a 
relatively small number of functionals applied to small model systems and the LnIII aqua ions [89]. The 
different functionals available for application to molecular systems can be divided into four classes: i) 
Functionals based on the local density approximation (LDA), which depend on the value of the electron 
density at any given point in space; ii) Functionals based on the generalized gradient approximation (GGA), 
which depend not only on the value of the electron density, but also on its gradient; iii) Meta-GGA 
functionals, which depend on the electron density, its gradient, and the kinetic energy density; iv) Hybrid 
functionals, which can be divided into hybrid GGA and hybrid meta-GGA functionals, and include a mixture 
of Hartree-Fock exchange with DFT exchange-correlation. It has been shown that the LDA approximation 
including spin-orbit corrections provides ionization potentials close to the experimental values for lanthanide 
atoms [90]. However, the electronic description becomes less accurate in molecular calculations, which often 
predict too short Ln-ligand bonds and too high binding energies [89,91]. Different GGA functionals such as 
BLYP [92,93], or BP86 [92,94] have been successfully used for describing lanthanide coordination 
compounds, yet hybrid functionals such as B3LYP [92,95] are often the functionals of choice within 
computational lanthanide chemistry [96-100]. An evaluation of different GGA and hybrid functionals on the 
LnF (Ln = Nd, Eu, Gd, Yb) and YbH systems showed that B3LYP and BP86 functionals give very similar 
geometries, with BLYP calculations deviating slightly more from the experimental results [101]. B3LYP was 
also shown to provide bond strengths in closer agreement to the experimental values than BLYP and BP86 
[101]. 

All members of the 4f period except LaIII and LuIII have unpaired f-electrons, and therefore can potentially 
display multiconfigurational character in their wave functions. The importance of the multiconfigurational 
wave function for systems containing these metal ions is however unclear, and no systematic studies have 
been performed to date. Some multiconfigurational character was observed in the [Ln(H2O)8]3+ and 
[Ln(H2O)9]3+ systems that contain between 2 and 5 unpaired electrons (Ln = Pr, Nd, Pm, Sm, Dy, Ho, Er, 
Tm). In these cases the correlation energy, calculated as the energy difference between CASSCF (Complete 
Active Space Self-Consistent Field) and ROHF energies, was quite consistent across the period and was 
independent of the coordination number. This allows for error cancellation in DFT energetics using 4f-in 
core RECPs when considering reaction energetics of the octa-aqua and nona-aqua species [102]. 

Due to their specific applications, the modeling of lanthanide complexes often requires the investigation of 
their behavior in solution. In principle there are two different approaches to take into account solvent effects 
in quantum chemical calculations of lanthanide(III) complexes: cluster calculations and the continuum 
models of solvation. Cluster calculations are performed in model clusters that explicitly include a second 
hydration shell [103]. These calculations have the advantage that minima and transition states can be 
optimized and characterized in order to study reactions (i. e. water exchange reactions) [39,103]. Moreover, 
cluster calculations may also provide useful direct information about the second sphere solvation shell [104], 
which has been shown to play an important role in certain properties of LnIII chelates such as on their 
relaxivity [105,106] The major disadvantage of cluster calculations is that adding extra solvent molecules to 
the first solvation sphere increases the computational cost. Moreover, the more atoms are included in the 
system, the larger the number of degrees of freedom and the higher the number of minimum energy 



 

 

structures. An alternative to the use of cluster calculations is to introduce solvent effects with the aid of a 
continuum model. Two main types of continuum solvation models are available, the polarizable continuum 
model (PCM) of Tomasi et al. [107] and the conductor-like screening model (COSMO) of Klamt at al. 
[108,109]. In both models the molecule (solute) is surrounded by apparent charges that polarize it as it would 
do a surrounding solvent. In the PCM approach the magnitude of these apparent charges is calculated by 
considering that the molecule is surrounded by a polarizable continuum of the appropriate dielectric constant. 
In the COSMO approximation the dielectric constant of the medium is changed from the specific finite value 
characteristic of each solvent to  = ∞, which corresponds to that of a conductor. One of the major problems 
for the application of continuum models of solvation is that they cannot account for specific solvent-solute 
interactions, which may be particularly important for charged solutes. Furthermore, it is not often obvious to 
find an appropriate definition of the solute cavity, which in the framework of PCM is often built as an 
envelope of spheres of appropriate radii centered on atoms or atomic groups. Indeed, Dixon et al. [110] 
tested different cavity models for the water addition reaction of the tetra-aqua uranyl cation using PCM 
approaches, showing that the definition of the solute cavity has an important impact in the computed values 
for the free energy of the exchange reaction. A similar conclusion was reached by A. Clark and co. [111] 
investigating the thermodynamic properties of aqueous CeIII. After testing UA0, UFF, UAHF/UAKS, and 
Pauling polarized continuum model cavities, the UA0 and UAKS cavities were found to best reproduce 
experimental free energies of hydration when using a single hydration shell. In contrast, when a second 
hydration shell was employed the UFF and Pauling cavities were recommended. The use of the self-
consistent isodensity polarizable continuum model (SCIPCM) approach avoids using atomic radii to define 
the solute cavity, which is given by a isocontour level of the electronic density. An additional problem of 
PCM calculations is that geometry optimizations with continuum models often suffer convergence problems 
such as slow convergence, no convergence, or convergence to higher energetic conformations [112]. 

 

The nature of chemical bonding in LnIII complexes 

LnIII ions are classified as hard Lewis acids in the Pearson HSAB classification [113], and thus metal-ligand 
interactions are expected to be mainly electrostatic, which results in a large variety of coordination numbers 
and the absence of predetermined chemical bonds directionality [17]. Furthermore, the 4f electrons are 
efficiently shielded from external perturbations by the 5d and 6s shells, and therefore they are not expected 
to be significantly involved in chemical bonding. However, this assumption is in fact a rough approximation, 
different spectroscopic properties of LnIII complexes pointing to a certain influence of the chemical 
environment on the 4f electrons. These properties include the sensitivity of the 5D07F0 transition observed in 
emission spectra of EuIII complexes to the nature of the surrounding ligands, which has been related to the 
nephelauxetic effect caused by the ligand(s) [114,115]. The paramagnetic LnIII-induced NMR shifts [116] 
depend also strongly on the chemical environment around the metal ion. Indeed, Parker and co. demonstrated 
that the nature of the axial ligand coordinated to LnIII DOTA-like complexes affects importantly not only the 
relative intensity of the emission bands, but also the anisotropy of the magnetic susceptibility tensor that 
governs the paramagnetic pseudocontact shift contribution [117,118]. More recently Maury and co. 
investigated the nonlinear optics (NLO) activity of different lanthanide complexes. These studies evidenced 
a direct contribution of the 4f shell filling to the quadratic hyperpolarizability, which indicated that the f 
electrons are sensitive to the external laser electric field, and therefore they are polarizable [119]. 

The extent to which the 4f electrons of lanthanides are involved in bonding was first analyzed by Adamo and 
Maldivi [120], who performed DFT calculations on the LnX3 systems (Ln = La, Gd or Lu; X = F to I) with 
the aid of the hybrid B3LYP functional and the RECP of Stevens et al. [46]. Subsequent Natural Bond 
Orbital Analyses (NBO) [121] revealed a negligible role of 4f electrons in bonding, the residual covalent 
bonding interaction in these complexes involving sd hybrids of the metal ion and p orbitals of the halide. 



 

 

Few years later Maron and Eisestein performed a comparison of the structural parameters obtained from a 
detailed DFT investigation of Ln(NR2)3 complexes (R = H, SiH3) using smalland large-core RECPs 
[122,123]. The geometries calculated with large core calculations suggested the nonparticipation of the f 
electrons to the Ln-N bonding. The same group performed DFT calculations on MX3 complexes (M = Ln, 
Sc, Y, Ti+, Zr+, Hf+; X = H, Me, Hal, NH2), and concluded that the M-X bond has a considerably stronger 
ionic component in lanthanide complexes than in isoelectronic complexes of groups 3 and 4 [124]. State 
averaged CASSCF calculations performed on Ln(C6H6)2 complexes led to a similar conclusion concerning 
the ionic nature of the bonding [125], while a DFT investigation by using the ZORA formalism suggested 
purely ionic bonding for lanthanide complexes with different N-heterocyclic ligands [126]. A recent 
theoretical investigation on DyBr3 showed that the 4f electrons do not participate in bonding, but their 
inclusion in the valence shell, together with the whole n = 5 shell, was essential to get reliable structural 
parameters from computation [127]. Different computational studies compared the covalent contribution to 
bonding of analogous lanthanide and actinide complexes [128-134]. These works revealed that the 5f orbitals 
in actinide complexes play a significant role in bonding, while the participation of 4f orbitals of lanthanides 
in bonding appears to be minimal or even negligible [135]. For instance, it was shown that the frontier MOs 
with important 4f metallic character in NdIII tris(dithiolene) complexes possess zero contribution from the 
ligands, while in the U(III) system these orbitals are delocalized over the metal and the ligands and contain a 
substantial 5f contribution [136]. As a result, large-core RECPs, which often provide good results for LnIII 
complexes, are of more limited application in the case of their actinide counterparts [137]. A recent study on 
the octahedral calcogenolate lanthanide complexes [(THF)3Er(SeC6F5)3] and [(THF)3Yb(SC6F5)3] suggested 
that covalent bonding can have a measurable impact on the structures of Ln coordination compounds [138]. 
However, this was attributed to a covalent bonding between ligand based p orbitals and the Ln 5d orbitals 
rather than to a participation of Ln 4f orbitals in chemical bonding. 

In spite of the plethora of calculations that suggested a negligible participation of 4f electrons in bonding, 
this topic is still a matter of current debate within the literature. For instance, Clavaguéra et al. presented a 
DFT study on the LuF3 molecule that showed a pronounced 4f hybridization indicative of bonding 
interactions [139]. This is however a quite unexpected result considering the examples presented in the 
previous paragraph, and the fact that these authors found this behavior at the end of the series where the 
contraction of the 4f orbitals is largest. Furthermore, a similar claim concerning the participation of 4f 
orbitals in bonding between Gd and F in GdF [140] was shown to be wrong by Dolg et al. [141], who 
attributed the mixing of 4f orbitals of the lanthanide and the 2p orbitals of F to accidentally similar orbital 
energies. A recent analysis of the chemical bond in LuF3 did not confirm the unexpected results obtained by 
Clavaguéra et al. [82]. Finally, Chermette et al. [142] suggested on the basis of a DFT investigation on 
[Ln(C3H5) Cp(OMe)] complexes that, contrary to the general opinion, the 4f orbitals are indeed involved in 
bonding. However, they attributed this to a somewhat indirect effect: the quasidegeneracy of the 4f and 5d 
orbitals in the complexes. 

In light of the different theoretical investigations performed on LnIII complexes we hold the view that the 4f 
electrons play a minor role (if any) in chemical bonding for most systems, particularly for coordination 
compounds. In spite of this, the 4f electron density appears to be polarized to a certain extent as a 
consequence of the metal-ligand interaction. Indeed, in a recent work Maury and co. [143] demonstrated that 
the 4f electron density in LnIII complexes is very sensitive to the coordination environment, as the metal-
ligand interaction induces the polarization of the 4f density, resulting in the creation of maxima located in 
trans position to the metal-ligand bonds. This polarization effect is probably a general feature that explains 
certain experimental evidences such as the dependency of quadratic hyperpolarizability to the number of f 
electrons in lanthanide picolinates [119]. Experimental evidence for the polarizable nature of the 4f electrons 
was obtained by Chatterjee from X-ray diffraction studies on the [Ln(H2O)9](CF3SO3)3 complexes [144]. 

 



 

 

DFT investigations on LnIII aqua-ions 

The complexes formed between the LnIII ions and one of the simplest ligands possible, water, have been the 
subject of extensive experimental and theoretical investigations. Nowadays it is generally accepted that the 
number of innersphere water molecules in the first coordination sphere of the LnIII aqua-ions decreases from 
9 to 8 with the decrease of the ionic radius of the LnIII ion across the series. Experimental evidence for this 
change in coordination number was obtained from neutron diffraction [145,146], 17O NMR [147] and 
EXAFS [148] measurements, while theoretical support for these findings was provided by classical 
molecular dynamics simulations [149-152]. Different computational studies based on classical [153] and ab 
initio [154] molecular dynamics simulations, HF [155,156], and DFT [157-159] calculations have shown that 
the [Ln(H2O)9]3+ ions possess a tricapped trigonal prismatic coordination with (often somewhat distorted) D3 
symmetry, while for the [Ln(H2O)8]3+ complexes these calculations provide a square antiprismatic 
coordination with S8 symmetry around the lanthanide ion (Fig. 1). 

 

 

Fig. 1. Geometries of the [Ce(H2O)9]3+ (left) and [Yb(H2O)8]3+ (right) complexes optimized at the B3LYP level by 
using a “small-core” RECPs and the aug-cc-pVDZ basis set for O and H (redrawn from Reference [102]). 

 

A DFT investigation on the [Ln(H2O)9]3+ and [Ln(H2 O)8]3+ systems by using a “large core” RECP and the 
B3LYP model showed that the inclusion of solvent effects is crucial to obtain molecular structures in better 
agreement with the experimental ones [147]. Indeed, geometry optimizations performed in the gas phase 
provide Ln-O distances considerably longer (ca. 0.05 Å) than those obtained in aqueous solution (PCM 
model), in agreement with previous calculations performed at the HF level [155]. The mean Ln-O distances 
calculated in aqueous solution for the [Nd(H2O)9]3+, [Dy(H2O)8]3+ and [Yb(H2O)8]3+ systems (2.54, 2.41 and 
2.36 Å, respectively) [147] were only slightly longer than those obtained experimentally from neutron 
diffractions studies in solution (2.50, 2.38 and 2.32 Å, respectively) [145,146]. Lanthanide hydration was 
studied by Dolg et al. [160] by utilizing DFT and MP2 calculations combined with a scalarrelativistic small-
core RECP of the Stuttgart family. Calculations performed on the [Ln(H2O)n]3+ (n = 7, 8, 9) and [Ln (H2O)n-

1·H2O]3+ systems in combination with the COSMO solvation model were used to obtain molecular structures, 
binding energies, entropies and energies of hydration as well as Gibbs free energies of hydration. These 
calculations showed that DFT methods performed in the gas phase overestimate the calculated Ln-O 
distances with respect to experimental values, which was mainly ascribed to the neglect of bulk solvation. At 
the GGA level of density-functional theory (BP86) a preferred hydration number of 8 was found for LaIII–
TmIII and 7 for YbIII–LuIII, whereas hybrid density-functional theory (B3LYP) predicted a hydration number 



 

 

8 for all LnIII ions. At the MP2 level of theory the preferred hydration number is found to be 9 for LaIII–SmIII 
and 8 for EuIII–LuIII, in good agreement with experimental evidence. 

In a series of recent works A. E. Clark performed a detailed investigation of the structural and 
thermodynamic features of LnIII aqua-ions. A comparison of the calculated structures for the [Ln(H2O)8]3+ 
(Ln = La or Lu) systems by using small-core and large-core RECPs of the Stuttgart family revealed that the 
latter predicts longer Ln-O bond lengths relative to small-core calculations [161]. This is in line with 
previous calculations performed on the Ln(NR2)3 (R = H, SiH3) complexes [122] and lanthanide(III) 
complexes with tridentate ligands with nitrogen donor atoms [79]. Concerning the performance of different 
density functionals, the structural parameters calculated for [Ln(H2O)8]3+ (Ln = La or Lu) indicated 
overbinding when using LDA functionals. The meta-GGA TPSS functional provided the closest structural 
agreement with experimental results, while the performance of the hybrid B3LYP functional was also 
reasonable [89]. Analogous calculations performed on the [Ce(H2O)9]3+ and [Ce(H2O)8]3+ species led to a 
similar conclusion [111]. The investigation of the structural trends across the 4f period shows that the 
average Ln-OH2 bond distances decrease quadratically for both the [Ln(H2O)9]3+ and [Ln(H2O)8]3+ species 
(Fig. 2) [102,147], as it should be expected according to the lanthanide contraction and recent experimental 
studies of isostructural lanthanide(III) complexes [162]. 

 

 

Fig. 2. The average Ln-OH2 distances against the number of f electrons for [Ln(H2O)9]3+ (circles) and [Ln(H2O)8]3+ 
(squares) complexes obtained from DFT calculations (B3LYP). The solid symbols represent data obtained from gas-

phase calculations with “small-core” RECPs and the aug-cc-pVDZ basis set for O and H [102], while the open symbols 
refer to data obtained in aqueous solution (C-PCM) with “largecore” ECPs and the 6-31+G(d) basis set for O and H 
[147]. The lines represent the quadratic fit of the data with R2 = 0.9983 (o), 0.9993 (□), 0.9904 (•) and 0.9947 (■). 

 

The thermodynamics of solvation of aqueous CeIII has been investigated in detail by performing DFT 
calculations on the [Ce(H2O)8]3+ and [Ce(H2O)9]3+ systems in combination to different implementations of 
the PCM model [111]. After testing different polarized continuum model cavities, the UA0 and UAKS 
models, which are based on the United Atom Topological Model of Barone and co. [163], were found to best 
reproduce experimental free energies of solvation. The size of the relativistic RECP was found to 
dramatically influence calculated free energies of hydration, with the large core results performing poorly. A 
subsequent extension of these studies across the whole lanthanide series showed that the calculated free 



 

 

energies of hydration of the lanthanide aqua-ions fall within the ~11 kcal·mol-1 error bar of the experimental 
data [102]. Finally, a DFT based Car-Parrinello molecular dynamics (CPMD) [164] investigation on the GdIII 
ion provided bond distances in good agreement with the experiment. These calculations also reproduced the 
square antiprismatic coordination environment around the metal ion in [Gd(H2O)8]3+ [165]. However, the 
limited time duration of these simulations (4 ps) prevented the observation of any exchange event of the 
inner-sphere water molecules [166]. 

 

Structure and dynamics of LnIII complexes 

The stereoisomerism associated with lanthanide complexes is relatively well understood and has been 
documented in a number of reviews [1,10,167]. For instance, it is well known that in LnIII DOTA-like 
complexes the four ethylenediamine groups adopt gauche conformations giving rise to two macrocyclic ring 
conformations: () and (). Furthermore, there are two possible orientations of the four pendant arms 
(absolute configuration  or ), resulting in four possible stereoisomers, existing as two enantiomeric pairs 
[168,169]. These stereoisomers differ by the layout of the four acetate arms, adopting either a square-
antiprismatic (SAP) or a twisted square-antiprismatic (TSAP) geometry (Fig. 3) [170-172]. The two 
structures display a different orientation of the two square planes formed by the four cyclen nitrogen atoms 
and the four binding oxygen atoms, making an angle of ca. 40º in SAP-type structures, whereas this situation 
is reversed and reduced to ca. -30º in TSAP-type derivatives [10]. The SAP and TSAP isomers may 
interconvert in solution by either ring inversion, which leads to a ()  () conformational change, 
or arm rotation, which results in a    configurational change. Either process alone interconverts SAP 
and TSAP geometries, while the combination of the two processes exchanges enantiomeric pairs (Fig. 3) 
[173, 174]. The isomer ratio affects dramatically certain physicochemical properties of the chelate, such as 
the water exchange rate of the inner-sphere water molecule, an important parameter related to the efficiency 
of MRI contrast agents. The water exchange on the inner-sphere water molecule has been studied on both 
isomers for several LnIII complexes with DOTA-like derivatives. It is found that the water exchange on the 
TSAP isomer is about two orders of magnitude faster than on the SAP one [175-178]. Thus, understanding 
the factors that govern the isomeric composition of DOTA-like complexes in solution is of crucial 
importance for the design of chelates with predetermined properties. 

Theoretical investigations performed on DOTA-like complexes based on molecular mechanics [179-183], 
Hartree-Fock [184,185], density-functional theory [186,187], or classical molecular dynamics [188,189], 
have been reported in the literature. These investigations contributed to increase the understanding of the 
structure and dynamics of this important family of complexes. In a seminar paper, Cosentino et al. [190] 
reported a conformational characterization of lanthanide(III)-DOTA complexes by using ab initio 

calculations. They demonstrated that geometry optimizations performed at the HF level and a large-core 
RECP provide calculated structures in good agreement with the experimental ones obtained from X-ray 
diffraction studies. However, single point energy calculations at the density functional theory (DFT) level 
(B3LYP model) had to be used to obtain relative energies between the SAP and TSAP isomers in better 
agreement with the experimental ones. A similar methodology was applied to investigate the conformational 
behavior of EuIII DTPA-bisamide complexes (DTPA = diethylenetriaminepentaacetate) [191]. More recently, 
the same group also investigated a GdIII DOTA-like complex containing a -galactopyranose residue by 
using a combination of HF and classical molecular dynamics simulations [192]. 

In a series of recent papers we investigated the conformational properties of lanthanide complexes with 
ligands DOTA, DO3AP, DO2A2P, DOA3P, DOTP and N-benzyl-DO3A by using DFT calculations 
(Scheme 1) [193,194]. In these studies the large-core RECPs of the Stuttgart family were used for the 
lanthanides [47], while the ligand atoms were described by using the standard 6-31G(d) basis set [195]. 
Geometry optimizations performed on the [Ln(L) (H2O)q]n- systems [L = DOTA, q = 0,1, n = 1; L = DO3AP, 



 

 

q = 1, n = 2; L = DO2A2P, q = 0, n = 3; L = DOA3P, q = 0, n = 4; L = DOTP, q = 0, n = 5; L = N-benzyl-
DO3A, q = 1, n = 0] provided the expected SAP and TSAP isomers as minimum energy conformations. The 
average Ln-O distances obtained from DFT calculations are in excellent agreement with the experimental 
values. The main discrepancy between the experimental and calculated geometries arises from the Ln-N 
distances. Indeed, the optimized geometries present substantially longer Ln-N bond distances than the solid 
state structures. This can be partially ascribed to the fact that the large-core RECPs usually provide bond 
distances ca. 0.02-0.07 Å longer than the experimental ones [79,111,122]. To test the effect of the solvent in 
the geometries of these complexes we performed geometry optimizations in aqueous solution by using a 
polarizable continuum model (PCM). However, it is well known that geometry optimizations in solution 
based on the PCM model suffer from convergence problems such as slow convergence, no convergence, or 
convergence to higher energetic conformations [112]. Thus the calculated geometries should be considered 
as stable conformations for the chosen minimization algorithm rather than energy minima. The results 
obtained for the [Nd(HDO3AP) (H2O)]- and [Er(HDO3AP)]- systems show that the inclusion of solvent 
effects results in a relatively important shortening of the Ln-N bond distances (ca. 0.07-0.08 Å), while the 
Ln-O bonds are only slightly increased (ca. 0.03 Å). An important shortening of the metal-N bond distances 
upon solvent inclusion was also observed for the [Ln(DOTA)(H2O)]- complexes [190], and for InIII and GaIII 
complexes with functionalized triazamacrocycles [196]. 

 

 

Fig. 3. The two enantiomeric pairs observed in aqueous solutions of [Ln(DOTA)(H2O)]complexes. Symbols  and  
refer to the helicity of the pendant arms,  and  to that of the macrocycle [168,169]. 

 

Ab initio Car-Parrinello molecular dynamics simulations based on the PBE functional were used to 
investigate the [Gd(HP-DO3A)] system in explicit aqueous solution [197]. These calculations predicted a 
SAP conformation of the complex in solution, the calculated structural parameters being in good agreement 
with experimental values. 

 



 

 

 

Scheme 1. 

 

The relative population of the TSAP and SAP conformations of lanthanide complexes of DOTA [170] and 
DO3AP [198] were studied in detail by using NMR spectroscopy. The relative energy of these isomers in 
[Eu(DO2A2P)]3- was also investigated [199]. The experimental evidence indicates that the TSAP geometry 
is progressively stabilized upon replacing the acetate arms of DOTA by methylenephosphonate groups. In 
the case of the [Eu(DOTA)(H2O)]- complex the SAP conformation is the most abundant one in solution (ca. 
80%), while for the [Eu(DO2A2P)]3- complex the SAP abundance amounts only to ca. 7%. Ln(DOTP) 
complexes are known to exist as the TSAP isomer both in the solid state and in solution [200]. 

The relative energies of the SAP and TSAP isomers obtained from DFT calculations for the [Eu(L)(H2O)q]n- 
systems [L = DOTA, q = 1, n = 1; L = DO3AP, q = 1, n = 2; L = DO2A2P, q = 0, n = 3; L = DOA3P, q = 0, 
n = 4; L = DOTP, q = 0, n = 5] indeed predict a progressive stabilization of the TSAP isomer upon increasing 
the number of methylenephosphonate pendant arms (Fig. 4). The calculated values were shown to deviate 



 

 

from the experimental ones by less than 1.1 kcal·mol-1. The binding energies of the ligand to the metal ion 
indicated that the SAP conformation of the ligand provides a stronger binding to the lanthanide ion for all 
complexes investigated. However, the relative strain energies of the ligand, calculated as the difference 
between the ligand energies for the two isomers with the ligands at the conformation found within the 
corresponding complex, indicated a higher degree of steric strain in the SAP form with respect to the TSAP 
one. The replacement of acetate groups of DOTA by bulkier methylenephosphonate pendant arms further 
increases the steric strain in the SAP form with respect to the TSAP one. This increased steric strain is not 
fully compensated by the increased binding energy obtained upon introduction of methylenephosphonate 
pendants in the SAP form. Indeed, the sum of relative SEs and relative BEs (E, Fig. 4) shows a trend that 
nearly matches that observed for the calculated relative free energies. Thus, the introduction of 
methylenephosphonate pendant arms in DOTA-like systems stabilizes the TSAP isomer as a result of the 
high steric demand of the phosphonate groups, and the higher strain of the ligand in the SAP isomer. 

 

 

Fig. 4. Relative free energies (Gº), relative strain energies (SE), relative binding energies (BE) and E = BE+SE 
obtained from DFT calculations for different LnIII DOTA-like complexes [193]. Values are given in kcal·mol-1. 

 

The calculated relative free energies of the SAP and TSAP isomers of the [Ln(DO3AP)(H2O)]2- complexes 
pre dict a progressive stabilization of the SAP isomer upon in creasing the atomic number of the lanthanide 
ion (Fig. 5) [193]. The TSAP isomer is predicted to be the most stable one for the large lanthanides, while for 
the heaviest lantha nides the SAP form becomes the most stable one, in nice agreement with the 
experimental results [198]. The relative SEs show little variation along the lanthanide series (ca. 1.7 
kcal·mol-1 from La to Lu), while the relative binding energies experience important changes. The SAP form 
provides the stronger interaction between the ligand and the lanthanide ion along the whole lanthanide series. 
This effect is magni fied as the ionic radius of the lanthanide ion decreases, the relative BEs changing from 
ca. 2.5 to 6.8 kcal·mol-1 from La to Lu. Thus, the SAP isomer appears to be endowed with the highest BE, 
which also increases with respect to that of the TSAP isomer across the lanthanide series as the charge den 
sity of the metal ion increases. 

 

 



 

 

 

Fig. 5. Relative free energies (Gº), relative strain energies (SE) and relative binding energies (BE) obtained from DFT 
calculations for [Ln(DO3AP)(H2O)]2- complexes [193]. Values are given in kcal·mol-1. 

 

The DFT investigations performed on LnIII DOTA-like complexes allows concluding that an increased steric 
hindrance around the lanthanide ion favors the TSAP isomer with respect to the SAP one. In those cases 
where steric hindrance is not important the SAP isomer is favored because it is endowed with the highest 
binding energy of the ligand to the metal ion, an effect that is magnified as the charge density of the metal 
ion increases along the lanthanide series. In line with these conclusions, DFT calculations performed on the 
[Ln(N-benzyl-DO3A)(H2O)] (Ln = Gd or Lu) complexes predicted the SAP isomer to be the most stable one, 
as the absence a the fourth pendant arm in the ligand structure decreases the steric hindrance for the 
coordination of the ligand to the metal ion. Furthermore, a stabilization of the SAP isomer is observed as the 
ionic radius of the metal ion decreases from GdIII to LuIII [194]. 

The interconversion between the SAP and TSAP isomers in [Lu(N-benzyl-DO3A)(H2O)], [Lu(DOTA)]- and 
[Lu (DO2A2P)]3- was investigated by using DFT calculations (B3LYP model) and the large-core RECPs of 
the Stuttgart family for the lanthanides [193,194]. As illustrated in Fig. 3, the interconversion between the 
TSAP and SAP isomers of these family of complexes may proceed either through the inversion of the 
macrocyclic cyclen unit, or following the rotation of the pendant arms of the ligand. According to the results 
obtained on B3LYP/6-31G(d) optimized geometries the inversion of the cyclen moiety in these complexes is 
a four step process (Fig. 6). In each of these steps one of the five-membered chelate rings changes its 
configuration from  to , passing through a transition state (TS) in which the chelate ring adopts a nearly 
planar conformation with the NCCN moiety in eclipsed disposition (Fig. 7). Previous investigations 
performed at the HF level pointed to the same mechanism [190], with the energy of the transition state 
responsible of a concerted pathway involving the simultaneous rotation of the four ethylenediamine units 
being too high for such a path to be of practical significance [201]. A recent DFT investigation of the ring 
inversion process in [Y(LPY)]3+ (Scheme 1) predicted a similar stepwise mechanism with the presence of 
several metastable intermediates [202]. 

The energy profiles calculated for the ring inversion process in [Lu(N-benzyl-DO3A)(H2O)], [Lu(DOTA)]- 
and [Lu(DO2A2P)]3- complexes point to very similar activation barriers for these systems (Fig. 6). Assuming 
the rate determining step for the ring inversion process in [Lu(N-benzyl-DO3A)(H2O)]- and [Lu(DO2A2P)]3- 
to be the passage between I3 and the TSAP isomer, the barrier for this path is the one associated to TS4, 



 

 

which amounts to 13.5 and 14.4 kcal·mol-1 for the DO2A2P and N-benzyl-DO3A complexes, respectively. 
The value obtained for the DO2A2P analogue is in excellent agreement with the experimental value obtained 
from the analysis of the NMR spectra (15.4 kcal·mol-1). In the case of the [Lu(DOTA)]- complex the 
calculated free energy barrier for the ring inversion process, assumed to be the one associated to TS2, 
amounts to 15.4 kcal·mol-1, in nice agreement with those obtained experimentally for the [Yb(DOTA)]- (14.6 
kcal·mol-1) and [Lu(DOTA)]- (15.8 kcal·mol-1) complexes [173,174]. Similar calculations performed on the 
[La(DO2A2P)]3- system provide very similar activation free energies, indicating that the size of the LaIII ion 
does not have an important effect on the ring inversion process [193]. 

 

 

Fig. 6. In vacuo relative free energies of energy minima, intermediates (I) and transition states (TS) involved in the ring 
inversion processes of [Lu(N-benzyl-DO3A)(H2O)], [Lu(DOTA)]- and [Lu(DO2A2P)]3- complexes [193,194]. 

 

 

 

Fig. 7. Energy minimum, transition state and intermediate involved in the first step of the ring inversion process of 
[Lu(DOTA)]- [193]. A nearly planar conformation with the NCCN moiety in eclipsed disposition is denoted as X. 
Hydrogen atoms, except those of the NCCN moiety involved in the configurational change, are omitted for clarity. 

 

The arm rotation process responsible for the SAP  TSAP interconversion process in [Lu(N-benzyl-DO3A) 
(H2O)], [Lu(DOTA)]- and [Lu(DO2A2P)]3- complexes was also studied by using hybrid DFT calculations 
(B3LYP model) [193,194]. According to these calculations the arm rotation process in [Lu(DOTA)]- follows 
a concerted mechanism involving the simultaneous rotation of the four pendant arms, which is in agreement 
with calculations performed at the HF level [190,201]. On the contrary, the arm rotation process in [Lu(N-
benzyl-DO3A)(H2O)] and [Lu(DO2A2P)]3- proceeds following a stepwise rotation of each of the pendant 
arms of the ligand (Fig. 8). In the case of the DOTA analogue the planar nature of the acetate groups appears 



 

 

to hinder a stepwise mechanism due to steric crowding, while the tetrahedral arrangement of the phosphonate 
groups in DO2A2P favours a stepwise mechanism. For the DO3A derivatives the absence of a fourth 
pendant arm decreases the steric hindrance for the arm rotation process, which favours a step-by-step 
mechanism, and results in very low energy barriers for the arm rotation path. Indeed, the free energy barriers 
calculated for these complexes are 5.6 (N-benzyl-DO3A), 19.6 (DOTA) and 22.3 (DO2A2P) kcal·mol-1. The 
values calculated for the DOTA and DO2A2P derivatives are in reasonably good agreement with the 
experimental data obtained from NMR spectroscopy (15.6 and 15.8 kcal·mol-1 for [Yb(DOTA)]- and 
[Lu(DO2A2P)]3-, respectively) [173,174]. Thus, the detailed analysis of the arm rotation and ring inversion 
paths in this family of DOTA-like complexes suggests that energy barriers for the ring inversion process are 
relatively little affected by the nature of the pendant arms of the ligand. The situation is however very 
different for the arm rotation path, which is endowed with activation barriers that are very sensitive to the 
steric crowding caused by the coordination of the pendant arms. 

 

 

Fig. 8. In vacuo relative free energies of energy minima, intermediates (I) and transition states (TS) involved in the arm 
rotation processes of [Lu(N-benzyl-DO3A)(H2O)], [Lu(DOTA)]- and [Lu(DO2A2P)]3- complexes [193,194]. 

 

The conformational properties of the lanthanide complexes with the macrocyclic ligands bp12c4 [203,204], 
bp15c5 [205] and bp18c6 [206] (Scheme 2) were investigated by using the same computational approach 
described above for DOTA-like complexes. The experimental NMR data show that these complexes adopt 
rigid C2 symmetry in solution. A detailed analysis of the conformational properties of the complexes reveals 
that for [Ln(bp12c4)]+ complexes there are four possible enantiomeric pairs of diastereoisomers compatible 
with a C2 symmetry: (), (), (), () and the corresponding enantiomeric forms 
(), (), () and (). Geometry optimizations performed on the [Ln(bp12c4)(H2O)n]+ 
systems (n = 1 or 2) in the gas-phase were followed by single point energy calculations in aqueous solution 
(PCM model). These calculations reveal a structural change occurring close to the centre of the lanthanide 
series: the complexes of the heaviest LnIII ions possess one inner-sphere water molecule and adopt a () 
conformation, while for the largest lanthanides the complexes are ten-coordinated with two inner-sphere 
water molecules and a () geometry. In the case of the [Yb(bp12c4)(H2O)]+ system the conformational 
analysis performed with DFT calculations was validated by analyzing the YbIII-induced paramagnetic 1H 
NMR shifts. Indeed, the binding of a ligand to a paramagnetic LnIII ion generally results in large NMR 



 

 

frequency shifts at the ligand nuclei, with magnitudes and signs depending on both the nature of the 
lanthanide ion and the location of the nucleus relative to the metal centre [116]. Thus, the analysis of the 
NMR spectra of paramagnetic LnIII complexes can be used for the validation of the conformational analysis 
performed with DFT calculations. The hyperfine 1H NMR shifts in YbIII complexes are considered to be 
largely pseudocontact in origin [116], and therefore they can be approximated by using the dipolar model. 
The dipolar shifts depend on the position of the observed nucleus with respect to LnIII at the origin and on the 
axial [zz – 1/3(xx + yy + zz)] and rhombic (xx - yy) anisotropies of the magnetic susceptibility tensor (). 
For the [Yb(bp12c4)(H2O)]+ system the excellent agreement between the experimental paramagnetic shifts 
and those calculated by using the dipolar model and the minimum-energy DFT optimized geometry 
unambiguously confirms that the complex adopts a () conformation in solution [203]. 

 

 

Scheme 2. 

 

In the case of the [Ln(bp18c6)]+ complexes the larger number of five-membered chelate rings formed upon 
coordination of the macrocyclic fragment results in eight possible enantiomeric pairs of diastereoisomers 
within the C2 point group [206]. The subsequent conformational analysis performed by using DFT 
calculations (PCM calculations on geometries optimized in the gas-phase) pointed again to a structural 
change along the lanthanide series, the complexes of the largest LnIII ions adopting a ()() 
conformation, and the complexes of the smallest analogues a ()() one. The analysis of the 
paramagnetic NMR shifts again confirmed the predictions made by the DFT calculations. Furthermore, the 
DFT optimized structures for the [Ln(bp18c6)]+ complexes allowed to rationalize the unprecedented 
selectivity that bp18c6 shows for the largest lanthanide ions. In both ()() and ()() 
conformations, most of the distances between the LnIII ions and the donor atoms of the ligand decrease along 
the lanthanide series, as usually observed for LnIII complexes as a consequence of the lanthanide contraction. 
However, the distances between the LnIII ion and the pivotal nitrogen atoms remain nearly unchanged. A 
similar situation also occurs with the distance between the LnIII ion and two of the oxygen atoms of the 
crown moiety for the ()() conformation (Fig. 9). Thus, the interaction between the LnIII ion and 



 

 

several of the donor atoms of bp18c6 is weakened as the ionic radius of the metal ion decreases. This 
indicates a better match between the binding sites offered by the ligand structure and the binding sites 
required by large LnIII ions, which results in a dramatic drop of the complex stability as the ionic radius of 
the metal ion decreases. A similar situation was predicted by DFT calculations for the bp15c5 complexes, in 
line with a decreasing stability of the complexes in solution as the ionic radius of the LnIII ion decreases 
[205]. 

 

 

Fig. 9. Variation of the calculated bond distances of the metal coordination environments for [Ln(bp18c6)]+ complexes 
(()() conformation) at the B3LYP/6-31G(d) level (large-core RECP). NAM = amine nitrogen atoms; NPY = 
pyridyl nitrogen atoms; OCOO = carboxylate oxygen atoms; OC = crown oxygen atoms. Data taken from Ref. [206]. 

 

Large-core RECP investigations at the B3LYP level performed on the lanthanide complexes of EDTMP and 
LPY6 (Scheme 3) provide further examples of successful conformational analysis [207,208]. The LPY6 ligand 
forms two five-membered chelate rings upon coordination of the ethylenediamine moieties that can adopt  
or  conformations. The X-ray structures showed that in the solid state the LaIII and CeIII complexes adopt a 
() conformation, while the complexes of heavier lanthanides (Pr, Gd, Tb, Er and Tm) show a () 
conformation. DFT calculations indeed provided two minimum energy conformations corresponding to the 
() and () diastereoisomers, and predicted a stabilization of the latter form upon decreasing the ionic 
radius of the metal ion. The analysis of the LnIII-induced paramagnetic shifts unambiguously proved that the 
complexes adopt a () conformation in solution from CeIII to YbIII. The substitution of the pyridyl pendant 
arms of the ligand by acetohydrazide pendants provokes an important stabilization of the () conformation, 
which is more stable than the () one along the whole lanthanide series. These predictions made on the 
basis of DFT calculations are in line with the solid state structure of the LaIII complex [209]. In the case of 
the complexes of EDTMP the emission spectrum of the EuIII derivative shows two components for the 
electric dipole transition 5D07F0, which suggests the presence of two diastereoisomers in solution [210]. 
The subsequent conformational analysis performed with B3LYP calculations revealed that these two isomers 
correspond to the two possible orientations of the five-membered chelate ring formed upon coordination of 
the ethylenediamine moiety [208]. 

 



 

 

 

Scheme 3. 

 

 

Vibrational spectra 

The prediction of harmonical vibrational frequencies with DFT is rather straightforward, and involves the 
calculation of second derivatives with respect to the nuclear coordinates [40]. Second derivatives are 
normally used to characterize the stationary points (no imaginary frequencies) or transition states (one 
imaginary frequency) found in the potential energy surface. However, only a few investigations used 
calculated frequencies to aid the assignment of the experimental IR spectra and to validate the calculated 
structures of LnIII complexes. In a series of recent works Trendafilova et al. reported DFT investigations of 
the IR spectra of LnIII complexes with warfarin [211], coumarin-3-carboxylic acid [23], 3,3’-
(benzylidene)bis(4-hydroxy-coumarin) [22], and pyridinomethylene substituted di(4-hydroxycoumarin) 
derivatives [212]. In these calculations they used hybrid DFT (B3LYP) in combination with the large-core 
RECP of Dolg et al. [47]. After introducing a scaling factor of ca. 0.96 the calculated frequencies showed a 
good agreement with the experimental data, which allowed for a detailed assignment of the experimental 
spectra. The coordination mode of the ligand could also be inferred by comparing the experimental spectra 
with those calculated for different model species. B3LYP calculations on the LnIII complexes of 3-bromo-4-
methoxy-2,6-lutidine N-oxide were shown to reproduce reasonably well the experimental solid state 
structures and IR and Raman spectra, although an scaling factor of 0.91 had to be used to fit the calculated 
and experimental wavenumbers [213]. A similar investigation performed on lanthanide(III) complexes of 5-
aminoorotic acid allowed to establish a bidentate coordination of the carboxylate group of the ligand by 
comparing the experimental and calculated IR and Raman spectra [214]. Finally, a DFT investigation 
including the 4f electrons in the valence space, in combination with the ZORA approach, was used to 
investigate the vibrational spectra of lanthanide triflates Ln(OTf)3 (Ln = La, Ce, Nd, Eu, Gd, Er, Yb or Lu). 
These studies concluded that the complexes are six-coordinated with a trigonal prismatic coordination 
around the lanthanide ion, and that the 4f orbitals do not participate significantly in bonding [215]. 

 

 



 

 

Photophysical properties 

Lanthanide(III) complexes may act as light converter molecular devices, as they can absorb UV (or visible) 
light and emit radiation in the visible or near-infrared spectral regions. The lowest excited states of LnIII ions 
imply the reorganization of electrons within the 4f shell. However, the f-f transitions are parity forbidden 
(Laporte’s rule) and possess very low absorption coefficients (typically lower than 10 dm3mol-1cm-1) [216]. 
Therefore a direct excitation of the LnIII ions through their f-f transitions represents a very inefficient path for 
the population of excited states. This limitation is overcome by taking advantage of the so called “antenna 
effect” [217], which is summarized in the form of a Jablonski diagram in Fig. 10. The ligands play an 
important double role in luminescent LnIII complexes: i) they collect the photons provided by the light source 
and allow an efficient energy transfer to the emitting levels of the particular lanthanide ion, and ii) they must 
provide an adequate protection of the LnIII from the environment to minimize quenching processes, 
particularly the vibrational quenching effect of O-H oscillators of coordinated water molecules [218]. The 
energy absorbed by the ligand populates the ligand-centered singlet excited state (S1), which in turn 
populates the ligand-centered excited triplet state via intersystem-crossing (ISC). The emitting level of the 
lanthanide ion is populated through an energy transfer (ET) from the ligand-centered triplet and/or singlet 
excited states. It has been shown experimentally that a correlation exists between the energy of the lowest 
triplet state energy of the ligand (T1) and the luminescence quantum yield [217]. However, other factors such 
as the presence of low-lying ligand to metal charge transfer (LMCT) states are known to play an important 
role in quenching the metal lanthanide centered luminescence, particularly in the case of EuIII complexes 
[219]. Furthermore, the energy gap between the ligand centered excited singlet and triplet states was also 
shown to affect the efficiency of the ISC process, an optimum minimum gap of 5000 cm-1 being required to 
generate a sizeable ISC [220]. 

 

 

Fig. 10. Photophysical pathways in LnIII complexes. 

 

In spite of the great interest and wide range of applications of luminescent lanthanide complexes, theoretical 
inves tigations are very much behind the experimental knowledge, and only a relatively small number of 
theoretical studies have been reported in the literature. However, theoretical approaches can be useful to 
rationalize the different photophysical pathways involved in their optical activity, as well as to provide a 
general way to screen antenna ligands. Excited state calculations on lanthanide(III) complexes have been 



 

 

mostly performed using semi-empirical calculations, in particular combining the sparkle model with the 
INDO/S-CI approach [221,222]. In recent years time-dependent density functional theory (TDDFT) has 
emerged as an accurate method for the calculation of excited state properties of molecules [223-225]. 
Because of the low computational cost, TDDFT is applicable to relatively large systems for which traditional 
wavefunction-based methods are not feasible. Thus, TDDFT appears to be an excellent approach for 
investigating the excited states of lanthanide(III) complexes. The main limitation of TDDFT calculations 
using simple exchange correlation functionals is that they can yield substantial errors when estimating the 
excitation energy of charge transfer type transitions [226]. However, in other instances the energies of 
charge-transfer excited singlet and triplet states were found however to be in good agreement with the 
experiment [227]. Another important drawback of TDDFT is that double- or higher-excitations cannot be 
modelled by adiabatic TDDFT, while it has been stated that explicit many electron excitations are needed for 
a proper description of excitations of molecules with open-shell ground states [228]. Therefore, most of the 
TDDFT studies applied to LnIII complexes have been focused in the investigation of ligand-centred excited 
states, either by using “large-core” RECPs to describe the LnIII ions or by performing calculations on 
simplified models in which LnIII ions are not present. 

The structure and absorption spectra of several LnIII-Texaphyrins (Scheme 4) were investigated by Dolg et 

al. [229] by using B3LYP/TDB3LYP calculations in combination with the pseudopotential method (4f-in-
core RECP). The calculated structures showed a reasonably good agreement with the experimental X-ray 
strucures [230]. Furthermore, TDB3LYP calculations predicted two absorption bands in the excitation 
spectra at 454-462 and 681-686 nm, which fit well with the experimental absorption spectra [231]. 

 

 

Scheme 4. 

 



 

 

TDDFT calculations were used to investigate the absorption spectra of complexes with formula 
[LnL(H2O)n]3+, where L stands for the tridentate ligands shown in Scheme 5, and n equals 5 or 6 [232]. In 
these calculations the authors used a large-core RECP and associated valence basis set for the lanthanides 
and the standard 6-31G(d) basis set for the remaining atoms. The TDDFT calculations were performed using 
the LDA or B3LYP functionals on the HF-optimized structures of the ground state. TD-LDA calculations 
showed various discrepancies between theory and experiment coming from the intensity ratio between 
excitations. In contrast, TD-B3LYP calculations provided calculated spectra in reasobably good agreement 
with the experimental ones. 

 

 

Scheme 5. 

 

Piguet et al. [233] investigated the photophysical properties of nine-coordinated LnIII podates by using both 
experimental and theoretical tools. The absolute quantum yield for the EuIII analogue measured in water was 
determined to be quite low (Eu

tot = 1.8  10-3), in contrast with that obtained for the luminescence step (Eu 
= 0.28). TDDFT calculations performed on simplified models of the ligand indicated that this effect can be 
attributed to a low energy gap between the excited singlet and triplet states of the ligand, which strongly 
limits the efficiency of the 1*3 intersystem crossing (ISC, Fig. 10). 

Raymond et al. developped an approach based on DFT/TDDFT calculations (B3LYP/6-311G++(d,p)) to 
predict absorption and emission properties of LnIII complexes with ligands containing the 2-
hydroxyisophthalamide (IAM), 1-hydroxypyridin-2-one (1,2-HOPO) and 1-methyl-3-hydroxy-pyridin-2-one 
(Me-3,2-HOPO) chromophores (Scheme 6) [234-239]. This approach involved the replacement of the LnIII 
ion by a Na+ cation adopting a bidentate chelating mode for the oxygen atoms in order to mirror the binding 



 

 

mode of the lanthanide. While being a crude model, this method has been shown to be quite useful as a tool 
to understand the electronic structure of the chromophore and to approximate the lowest excited singlet and 
triplet states of the ligand. Indeed, the energies of the ligand-centred singlet and triplet excited states 
obtained from these calculations agree (within ca. 5%) with the experimentally determined absorption 
maxima and triplet state energies, thereby allowing a quick and accurate assessment of the photophysical 
properties of potential antenna chromophores prior to ligand synthesis. TDDFT calculations performed on 
these model systems revealed a * character of the low-lying excited singlet and triplet states. Recently 
Raymond et al. [240] reported the photophysical properties of TbIII complexes with para-substituted 2-
hydroxyisophthalamide ligands to probe the effect of the substituents on the ligand- and metal-centred 
luminescence, and establish a method for predicting the effects of chromophore modification on TbIII 
luminescence. The same approach described above involving the replacement of the lanthanide by a Na+ 
cation provided singlet and triplet state energies in good agreement with the experimental data (Fig. 11). 
Furthermore, a good correlation was found between the energy of the ligand triplet state and the TbIII 
emission quantum yields determined experimentally. 

 

 

Scheme 6. 

 

 

Fig. 11. Correlation between the experimental and TDDFT calculated triplet state energies in TbIII complexes with para-
substituted 2-hydroxyisophthalamide ligands (X = CH3, NO2, F, OCH3, Cl, Br, H, SO3

- or CONHCH3). The solid line 
represents a perfect match between experimental and calculated values. Data taken from Ref. [240]. 



 

 

Picard et al. [241] applied DFT and TDDFT calculations to investigate the relation between the triplet state 
energy and luminescence properties of hydroxamate complexes with the ligands shown in Scheme 7. These 
ligands form, upon deprotonation, complexes of general formula [TbL3(H2O)2], with L = I, II, III or IV. The 
geometrical features and energies of the ligand-centred excited triplet state of the complexes were studied by 
using the large-core RECP of the Sttutgart group for Tb and the B3LYP functional. The SCF approach was 
used to investigate the energy of the triplet state. In this approach, the excitation energy is given as the 
difference of the ground state energy and the excited state energy determined from two independent 
calculations, as it is possible to perform geometry optimizations of a given system in its lowest triplet state 
with the aid of unrestricted calculations. These computations were shown to provide good estimates of the 
triplet state energy, which was determined experimentally from the emission spectra of the corresponding 
GdIII analogues at 77 K. The α- and -Kohn-Sham MOs provided by unrestricted DFT calculations do not 
allow to describe the lowest-energy triplet state with respect to the ground state in terms of single or several 
transitions between MOs. Thus, TDDFT calculations were performed in order to get an analysis of the triplet 
state wavefunctions in terms of electron excitations. Their results showed that the triplet state may be 
described in terms of the HOMO and LUMO orbitals. In a subsequent paper, these authors showed that the 
SCF approach applied to a crude model such as NaL (in which the LnIII ion is replaced by a Na+ cation), 
reproduce the relative energies of the excited triplet state for the ligand series investigated. However, the 
energies of the triplet states calculated with the NaL model were found to be stabilized with respect to the 
experimental value observed for the Tb complex by ca. 2500 cm-1, which was attributed to a decreased 
electrostatic interaction between the ligand and the metal ion in the NaL model [242]. 

 

 

Scheme 7. 

 

Following the work of Picard [241], other authors employed succesfully B3LYP and TD-B3LYP 
calculations, in combination with large-core RECPs, to investigate different lanthanide complexes. For 
instance, this approach was used to investigate the absorption spectra of different EuIII and GdIII 
trisbipyridine cryptates [243]. TDDFT calculations provided absorption spectra for these complexes in nice 
agreement with the experiment. Furthermore, SCF calculations gave excited triplet state energies in very 
good agreement with the experimental values obtained from emission spectra, while TDDFT triplet state 
energies, which correspond to vertical energies, were sistemmatically higher than the SCF ones. However, 
both approaches give a similar evolution of the triplet state energy within this series of related complexes and 
agree correcly with experimental data. Analogous B3LYP and TD-B3LYP calculations were shown to 
provide good results for EuIII and TbIII mixed complexes of -diketonates and phosphine oxides [244,245], 
and EuIII and TbIII complexes with 2,2’-bipyridine [246]. In the latter case a charge-transfer state induced by 
-stacking interactions could be identified in addition to the classical ligand-to-europium charge transfer 
state. These two states were shown to fall between the singlet and triplet states of the ligands, thereby 
facilitating the energy migration from the singlet to the triplet state and eventually to the excited Eu states. A 
recent investigation on TbIII -diketonate complexes showed that the energy difference between the excited 



 

 

triplet state and the 5D4 level of TbIII (20400 cm-1) calculated by using TD-B3LYP calculations correlated 
nicely with the experimental quantum yields.[247] B3LYP and TD-B3LYP calculations in combination with 
the LANL2DZ basis set was shown to provide an accurate description of the molecular structures, molecular 
orbitals, atomic charges, UV-vis, IR and Raman spectra of bis(phthalocyaninato) LaIII and YIII complexes 
[248]. 

Hess and co. [186] performed DFT calculations (B3LYP, large-core RECP) on EuIII complexes with DOTA 
and DO3A-substituted ligands containing different pendant arms. Subsequently, the physical environment of 
the metal ion was investigated by calculating charge density maps that were translated into the numerical 
values of the crystal field parameters that define the crystal field potential influencing the lanthanide ion. 
These investigations concluded that the antenna attached to the DO3A cage does not perturb the physical 
environment of the EuIII ion when compared to the parent DOTA system. Large-core RECP based B3LYP 
calculations were also used to investigate the energy transfer process in the ErIII tris(8-quinolinolate) 
complex. This study showed that different ligand C-H vibrations contribute to the quenching of the ErIII 
luminescence, the calculated emission lifetime being in good agreement with the experimental value [249]. 
Finally, TDDFT calculations including the 4f electrons in the valence space were successfully used to 
calculate the absorption spectra LnIII mono- and bisporphyrin complexes [250], and LuIII bisphthalocyanines 
[251]. 

 

NMR shifts and nuclear spin relaxation parameters 

It has been shown that the theoretical calculation of NMR chemical shifts can be used to aid the experimental 
assignments as well as for structure validation of both organic molecules [252] and coordination compounds 
[253-256]. In the particular case of LnIII complexes, several DFT investigations [190,257,258] have shown 
that the 13C NMR chemical shifts of diamagnetic LaIII and LuIII complexes can be calculated to a good 
accuracy by using the Gauge Invariant Atomic Orbital (GIAO) method [259,260]. For the LuIII complexes, it 
has been reported that the calculation of NMR shielding constants using the 46 + 4f14 large core RECP of 
Dolg el al. [47] provides inconsistent 13C NMR chemical shifts [190], while the RECP of Stevens et al., [46] 
which leaves the 4f14 electrons in the valence space, gives results in good agreement with experimental 
values [258]. B3LYP/ 6-311G(d,p) calculations of the NMR shielding constants of a LaIII chelate containing 
picolinate units provided chemical shift values in good agreement with the experiment, while analogous 
calculations performed at the HF/6-311G(d,p) level resulted in a poor agreement between the experimental 
and calculated shifts, which highlights the importance of including electron correlation in these calculations 
[261]. 

The calculation of 13C NMR chemical shifts was used to validate the structure in solution of the LaIII and 
LuIII complexes of DO2A2P (Scheme 1). The 13C NMR shifts calculated for the TSAP conformation of the 
complexes at the B3LYP/6-311G(d,p) level provide a much better agreement with the experimental values 
than those obtained for the SAP form. This is clearly confirmed by Fig. 12, which shows the differences 
between experimental and theoretical 13C NMR shift values () for the SAP and TSAP isomers of 
[Lu(DO2A2P)]3-. There are larger deviations from the experimental values for all carbon nuclei of the SAP 
form than for the same nuclei of the TSAP one, thereby confirming that these complexes adopt a TSAP 
conformation in solution. This investigation confirmed that DFT calculations, in combination with the GIAO 
approach, can be used for structure validation of DOTA-like complexes in solution. 

Helm and Yazyev have recently reviewed their own work devoted to the calculation of nuclear spin 
relaxation parameters in GdIII complexes [262], an important issue to understand the physicochemical 
parameters that determine the efficiency of MRI contrast agents [2]. They investigated the hyperfine 
interactions of 1H and 17O nuclei of inner-sphere water molecules in GdIII complexes [68,166]. Hyperfine 



 

 

interactions are interactions between the nuclear and electron spins, and are responsible for the shift of the 
NMR frequency and enhancement of the nuclear spin relaxation in water molecules coordinated to the 
paramagnetic GdIII ion. The approach used to calculate the hyperfine interactions involved either classical or 
Car-Parrinello molecular dynamics simulations. From the trajectories of these simulations, clusters of 
molecules were extracted, and then investigated by using DFT calculations with either pure (BPW91) or 
hybrid (B3PW91) functionals. In these calculations all-electron basis sets were used for Gd in combination 
with the ZORA or DKH2 approaches to account for relativistic effects. The hyperfine coupling constants 
between GdIII and bound water molecules obtained for [Gd(H2O)8]3+ and [Gd(DOTA) (H2O)]- showed that 
the scalar relaxation mechanism to 1H relaxation can be safely neglected. In the case of 17O nuclei, their 
calculations provided hyperfine coupling constants in good agreement with the experimental values. A 
similar methodology was subsequently applied for the investigation of the quadrupolar relaxation mechanism 
responsible for the longitudinal NMR relaxation of 17O nuclei of water molecules coordinated to GdIII [263]. 
The results obtained led to the conclusion that the quadrupole coupling parameter changes only slightly upon 
binding of the water molecule to the GdIII ion, the value calculated for [Gd(DOTA)(H2O)]- being very similar 
to that obtained for neat water. 

 

 

Fig. 12. Differences between experimental and theoretical 13C NMR chemical shifts (B3LYP/6-311G(d,p); small-core 
RECP[46]) for the SAP and TSAP conformations of [Lu(DO2A2P)]3-. Redrawn from Ref. [193]. 

 

 

Magnetic properties 

Theoretical methods based on DFT calculations have been successfully employed to calculate exchange 
coupling constants in dinuclear and polynuclear transition metal complexes [264]. These studies provided 
calculated values in very good agreement with the experimental values, particularly when hybrid exchange 
correlation functionals were used [265,266]. Despite of the extensive experimental data available on d/f 
complexes [267-270], only a few theoretical investigations have been reported to date, probably due to the 
difficulty to handle spin-orbit effects in relatively large complexes. Most of the experimental and theoretical 
investigations of the magnetic properties of dinuclear and polynuclear lanthanide complexes were devoted to 
GdIII complexes. This is because GdIII presents the largest possible magnetic moment (S = 7/2), and it lacks 
of an important orbital contribution that facilitates the analysis of the magnetic properties. Ferbinteanu et al. 



 

 

have investigated the magnetic properties of GdIIICuII and DyIIIFeIII systems by using CASSCF calculations 
combined with spin-orbit terms [271,272], However, such calculations can be hardly applied to large 
polynuclear complexes, which could be however handled with DFT calculations. 

In a pioneering work Yan et al. [273] studied the exchange coupling and the spin distributions in three 
MGdIII complexes (M = CuII, FeIII and CrIII) using DFT methods and the broken symmetry approach [274], 
which allows to calculate exchange couplings from the energy difference between the low-spin wavefunction 
and the state with the highest spin. These calculations predicted the correct sign for the coupling constant J 

characterizing the ferromagnetic coupling in these systems, but the quantitative agreement between the 
calculated and experimental values was rather poor. More recently, Ruiz and Cirera [275] reported a DFT 
study using relativistic approaches to investigate the magnetic properties of heterodinuclear GdIIICuII 
complexes. The authors concluded that the inclusion of scalar relativistic effects, by using either the ZORA 
or DKH approximations, plays a crucial role to reproduce correctly the sign characterizing the ferromagnetic 
interaction. Indeed, their B3LYP calculations by using the small core quasi-relativistic pseudopotential 
proposed by Dolg et al. [48] did not reproduce the correct sign of the interaction. However, Rajaraman et al. 
[276] employed successfully DFT methods in combination with shape-consistent RECPs of Stevens et al. 
[46] for Gd to calculate the exchange coupling constant for the dinuclear GdIIICuII complex 
[L1CuGd(O2CCF3)3(C2H5OH)2] (where L1 is N,N´-bis(3-ethoxysalicylidene)-1,2-diamino-2-methyl-
propanato]. These authors used a number of GGA, meta-GGA and hybrid functionals with varying 
percentages of HF exchange (Fig. 13). Their results showed that the magnitude of J decreases when the 
percentage of HF exchange increases independent of the nature of the exchange and correlation functionals 
employed, both hybrid (e. g. B3LYP) and half-and-half (e. g. BHandH) functionals providing satisfactory 
results. The 5d orbitals of GdIII appear to have a predominant role on the coupling, as they gain density via 
the charge transfer from the 3d counterpart and the half filled 4f orbitals. 

 

 

Fig. 13. DFT computed J values obtained with different functionals for [L1CuGd(O2CCF3)3(C2H5OH)2] as a function of 
the percentage of HF exchange. The solid line represents the linear fit of the data, while the dashed line indicates the 

experimental value (-4.42 cm-1, Ĥ = JŜGd·ŜCu). Data taken from Ref. [276]. 

 



 

 

DFT calculations in combination with the RECP approach was used to investigate the relative energy 
between the different spin states in photomagnetic heterometallic complexes [M(dmf)4(H2O)3(μ-
CN)Fe(CN)5]·H2O (M = Nd, La, Gd, Y). These calculations suggested that UV illumination gives a charge 
transfer from the cyano groups on the iron atom to the lanthanide ion moiety. This is accompanied by a 
reorganization of the spin state of the Fe(CN)6 unit that accounts for the increased magnetic susceptibility 
upon illumination with UV light [277]. Pseudopotential calculations in combination with the B3LYP model 
were also successfully employed to investigate the phosphine-mediated antiferromagnetic coupling in 
heterobimetallic LnIII-CoII complexes [278]. 

 

Conclusions and outlook 

In this contribution we have shown that DFT calculations represent a powerful tool to investigate the 
structure, spectroscopic and magnetic properties of lanthanide(III) coordination compounds. DFT methods 
have matured to a point where the investigation of many chemical properties associated to LnIII complexes 
can be performed on a routine basis. From the data reported in the literature it appears that the 4f electrons do 
not participate significantly in bonding, and therefore for many applications do not need to be explicitly 
included in the valence space. Quasirelativistic f-in-core pseudopotentials can be therefore used for the 
investigation of the structure, dynamics, vibrational spectra and ligand-centred excited states of relatively 
large complexes. The use of large-core pseudopotentials significantly reduces the computational effort and 
eliminate the problems associated to the treatment of open-shell systems. However, the calculation of certain 
spectroscopic properties such as NMR spectra, magnetic exchange coupling constants and hyperfine 
interactions requires the use of the more demanding small-core pseudopotentials, which include 4f electrons 
in the valence, ot even relativistic all-electron approaches. Furthermore, calculations performed on LnIII-aqua 
ions showed that the size of the RECP influences dramatically the calculated free energies of hydration, with 
f-in-core ECPs performing poorly [111]. This shows that the energetics from large-core calculations of LnIII 
complexes cannot be trusted and should be routinely benchmarked against small-core calculations. 

In spite of the progress made during the last decade, the calculation of some properties of LnIII complexes 
with chemical accuracy is still a difficult task for DFT, while some others are out of the reach of the current 
DFT methods. These properties include the magnetic behavior and exchange coupling constants of LnIII 
compounds other than GdIII, the calculation of NMR and EPR spectra of paramagnetic LnIII complexes, or 
the calculation of the f-f transitions observed in the absorption and emission spectra of LnIII complexes, 
although in the latter case some progress has been recently done with the so called ligand field density 
functional theory (LFDFT) approach [91]. Further developments in solvation models will also aid a more 
adequate description of the structures and properties of these systems in the solution state. 
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