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A DFT perspective on organometallic lanthanide
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Computational studies of the coordination chemistry and bonding of lanthanides have grown in recent

decades as the need for understanding the distinct physical, optical, and magnetic properties of these

compounds increased. Density functional theory (DFT) methods offer a favorable balance of compu-
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1 Introduction

The coordination chemistry of lanthanides was long thought
to offer limited variety and hold few surprises.” Until recently,
the majority of the coordination compounds of lanthanides
were Ln*" complexes with the 4f” electronic configuration (n =
1-14 for Ce-Lu). Low-valent lanthanide compounds were
known for several Ln>" ions (Ln = Eu, Yb, Sm, and later Tm,
Dy, and Nd) having the 4f™*" configuration. The compact and
core-like 4f shell was not expected to play a role in ligand
bonding. However, over the past 15 years, the synthesis and
characterization of new complexes containing divalent lantha-
nide ions®*” and related reduced complexes®® have upended
this conventional wisdom. The biggest surprise was that, in an
appropriate ligand environment, 4f"5d' orbital occupation
may become feasible in the so-called unconventional Ln**
ions. The 5d orbitals in these ions have greater spatial extent
and overlap significantly with ligand orbitals, thus presenting
new opportunities for coordination chemistry®'*'* and
enabling unique chemical reactivity’*'® and magnetic
properties.’”” > We discuss examples of structures, molecular
properties, and reactivities of low-valent lanthanide complexes
in the following. The first completed series of divalent lantha-
nide complexes utilized the silyl-substituted cyclopentadienyl
ligand Cp' = CsH,SiMe; and showed a new periodic trend of
conventional (4f"*') and unconventional Ln** ions.*’* Several
further series of divalent lanthanide complexes have since
been synthesized, including complexes of Cp” = 1,3-
CsHj(SiMe3),,'%** Cp*™* = CsMe H,"" silylamide N(SiMej),,"
and aryloxide ligands ((*°ArO);Mes)*~.**
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tational cost and accuracy in lanthanide chemistry and have helped to advance the discovery of novel oxi-
dation states and electronic configurations. This Frontier article examines the scope and limitations of
DFT in interpreting structural and spectroscopic data of low-valent lanthanide complexes, elucidating
periodic trends, and predicting their properties and reactivity, presented through selected examples.

Quantum chemical modeling has played an essential role
in understanding low-valent lanthanide complexes.
Computational studies suggested and helped confirm the 5d
occupation in the unconventional Ln** ions; moreover, they
were also used to elucidate the bonding, molecular properties,
and reactions of the new complexes. Low-valent lanthanide
complexes also present some distinct challenges for quantum
chemical methods. As a result of the near-degeneracy of the 4f,
5d, and 6s shells in unconventional Ln** ions,*' " the descrip-
tion of their electronic states is sensitive to the treatment of
electron  correlation.  Similar to  transition  metal
compounds,”®® multiple spin states may be energetically
accessible in lanthanide complexes. Moreover, relativistic
effects are significant in lanthanide atoms and require the use
of relativistic effective core potentials (ECPs) or relativistic all-
electron approaches.>** In practice, the size of many lantha-
nide complexes severely limits the computationally feasible
options, leaving Kohn-Sham density functional theory
(KS-DFT) with density functional approximations (DFAs) as the
most attractive compromise between performance and accu-
racy. Compared to the main-group elements and transition
metals,>*° the computational literature on lanthanide-con-
taining molecules is still relatively sparse. Early computational
studies of lanthanide compounds were reviewed in 1994 by
Balasubramanian®® and in 1996 by Dolg.”’ The reviews by
Dolg,”” Neese and co-workers,” and Kerridge** survey the
current state of computational modeling of lanthanide
compounds.

In this Frontier article, we focus on the interplay between
computation and experiment in lanthanide chemistry using
selected examples from this research group’s work over the
past decade. The selection of the examples reflects our per-
sonal, biased perspective, and is not meant to be comprehen-
sive; rather we aim to illustrate how DFT can be used as a tool
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for analyzing structural and spectroscopic data of low-valent
lanthanide complexes, describing periodic trends, and com-
puting their properties and reactions. While molecular com-
plexes of tetravalent lanthanides Ce, Pr, and Tb are receiving
increasing interest, we do not consider them in this
review.”>™” The present perspective focuses on observables
with a unique experimental definition; the reader is referred to
more specialized papers for a discussion of “soft” concepts
such as covalency’®*>* and oxidation states.>*>® Our examples
use the TURBOMOLE quantum chemistry suite®® as the com-
putational vehicle, however, many functionalities described
here are available in any modern quantum chemistry program.

2 The quantum chemical toolbox for
lanthanides

Multi-reference methods such as complete active space self-
consistent field (CASSCF)*” are frequently used to model
lanthanides and their compounds.*>** These approaches
explicitly represent the effect of the static correlation due to
the partial filling of the 4f shell in lanthanides and the compe-
tition with the 5d and 6s orbitals. However, a major drawback
of CAS methods is that the choice of the active space is non-
trivial®®®® and may introduce uncontrolled errors. For
example, for an accurate description of the 4f correlation in
late lanthanides, one has to include an additional f shell in
the active space (double-shell effect).®>®' Moreover, dynamic
correlation is insufficiently captured by CASSCF, while its treat-
ment by second-order perturbation theory (CASPT2°>°* or
NEVPT2 **) incurs additional computational cost. The steep
increase of the computational cost with the size of the active
space limits the scope of applications of CAS methods and
requires compromises in other aspects of the computational
methodology, for example, basis sets, structural relaxation,
and characterization of molecular stability by Hessian calcu-
lations. Contrary to conventional wisdom, single-reference
methods can accurately describe multiconfigurational states
when used appropriately, e.g, in the spin-flip EOM
framework.%*°

Often, but not always, KS-DFT methods offer a favorable
balance, which makes them a practical tool for calculations of
larger lanthanide-containing molecules. In particular, the
meta-generalized gradient approximation (mGGA) TPSS func-
tional®® and hybrid-mGGA TPSSh functional®” have proven suc-
cessful for transition metal chemistry®®®® as well as recent
benchmarks of lanthanide molecules and complexes.”®”* In
these studies, TPSS showed the lowest mean absolute error
(MAE) of 19 keal mol ™" for a set of enthalpies of formation and
bond dissociation energies (B3LYP: 28 kcal mol™*)’® while
TPSSh gave the lowest MAE for lanthanide-ligand bond
lengths (0.069 A vs. B3LYP: 0.162 A).”>

Shortcomings of DFAs in modeling lanthanide compounds
include the treatment of long-range nonbonding interactions
such as van der Waals forces, a significant limitation of
KS-DFT that can only be partially corrected empirically.”*”*
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Methods based on the random-phase approximation (RPA)’>
account for medium-range and long-range dispersion at mod-
erate computational cost.”>”’® The accurate description of
spin-state splittings of metal complexes remains challenging,
although hybrid functionals with reduced amounts of exact-
exchange (EXX) such as TPSSh tend to give better accuracy in
comparison to standard hybrid functionals.*®”® This is closely
linked to self-interaction errors in DFAs,*® which also show up
in inaccurate s-d energy differences of atoms,®® or ligand-field
and certain charge transfer (CT) transitions in time-dependent
DFT (TDDFT) calculations.®! Local hybrid functionals with
position-dependent EXX admixture may provide a more
balanced description®” as has been demonstrated in studies of
mixed-valence transition metal complexes.** RPA with
exchange corrections’” is also less prone to self-interaction
error, albeit significantly more computationally demanding.
Relativistic effects in lanthanide compounds may be treated by
relativistic all-electron calculations®**?° or using relativistic
ECPs.*"*? Both large-core ECPs, which include 4f orbitals in
the core,® and small-core ECPs allowing for flexible 4f occu-
pations®® are available for lanthanides. Several families of
lanthanide basis sets have been developed for all-electron
calculations®*®” and calculations with ECPs.®*°° Exact two-
component (X2C) methods® > enable an efficient and accu-
rate relativistic all-electron treatment for heavy elements
including spin-orbit coupling. All-electron calculations typi-
cally require large uncontracted basis sets.®*>*® Calculations of
molecular properties depending on the structure of the core
electron shells, such as electron-nucleus hyperfine coupling
constants,” require relativistic treatment.

The KS-DFT calculations of lanthanide complexes,
especially those with unconventional configurations, often
suffer from slow convergence and metastable solutions.
Therefore, one should not assume straightforward conver-
gence to the stable electronic state and should always verify
the orbital occupations of the converged solution. It is criti-
cally important to systematically explore different spin multi-
plicities and test the solutions for electronic stability. An
unbiased starting point for KS-DFT calculations may be
obtained by fractional occupation (Fermi smearing)
calculations.”®® To speed up convergence, increased SCF
damping and level shifting® can be employed in combination
with direct inversion in iterative subspace (DIIS) extrapol-
ation;”® however, these techniques also carry an increased risk
of yielding metastable solutions.

3 Examples
3.1 Characterization of novel electronic configurations

The search for novel oxidation states of lanthanides generated
great interest in reactions of molecular compounds of Ln** (Ln
= Tm, Dy, Nd) with alkali metal salts of anionic ligands
KC;Mes, NaN(SiMe;),, KOAr (Ar = C¢H;tBu,).® The resulting
reaction mixtures are strongly reducing and capture molecular
nitrogen as complexes of (N=N)>~. However, the reaction of
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Dyl, with KOAr and nitrogen gave not only the (N,)*"-contain-
ing product but also complexes [(ArO),(THF)Dy],(1—n:n*N,)[K
(THF)e] and [(ArO),(THF)Dyl,(ns—n*n*n’>-N,)K(THF), which
suggested the presence of the previously unobserved (N,)*~
radical anion as part of the Dy,N, group.® Analogous com-
plexes were also obtained with Y and Ln = Lu, Er, La ions and
N(SiMe;), ligands.>**°

The combination of experimental electronic paramagnetic
resonance (EPR) and Raman studies and DFT calculations of
the [{[(Me3Si),N],(THF)Y},(p-nn>*N,)P complexes (y = 0, —1)
helped to establish their electronic configurations and the
structure of the N, bridge.® Calculations using the TPSSh func-
tional®” confirmed the localization of the unpaired electron in
the N, n* orbital of the y = —1 complex, as shown in Fig. 1.2
The analysis of the frontier molecular orbitals (MOs) of the y =
0, —1 complexes indicated a polar covalent interaction between
Y>" ions and the N, group consistent with a two-electron four-
center bond. This bond is formed by back donation of d* orbi-
tals of Y** into empty n* orbitals of N,. The [(Me;Si),N],Y frag-
ments have a near-zero formal charge, which further under-
scored the covalent character of these interactions. The
bonding orbital of the two-electron four-center bond is the
highest occupied MO (HOMO) of the y = 0 complex. The
corresponding lowest unoccupied MO (LUMO) is essentially an
unperturbed n* orbital of N,, oriented perpendicular to the
Y,N, plane. In the y = —1 complex, the ©* orbital is singly occu-
pied, which reduces the formal N-N bond order from 2 to 1.5.
As a result, the N-N vibrational frequency is predicted to

HOMO LUMO
4y S
4 W*
Al
v
+ = o
==
(L2Y)2 (L2 Y)2Ny N,

Fig. 1 Simplified MO diagram of [(L,Y)2(u—n%n?-No)P complexes (L =
N(SiMes),, y = 0, —1). Orbital occupations in the y = 0 complex are
shown in red. The formation of the Y(d,)—N(z*) bond is indicated by solid
lines. The unpaired electron in the y = —1 complex is shown in blue.
Reprinted with permission from ref. 8. Copyright 2009 American
Chemical Society.
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decrease from 1425 cm™" to 989 em ™', in agreement with the
experimental Raman data.® Additional evidence for the pres-
ence of a divalent metal intermediate in the synthesis pathway
of (N,)*>” and (N,)*~ complexes of Y was obtained from EPR
measurements of a blue solution of Y[N(SiMe;),]3/KCg in THF
under argon at —78 °C. The EPR spectra displayed a doublet
pattern consistent with EPR parameters of Y>* species."®°

3.2 Analysis of trends across the lanthanide series

The experimental data from several series of M>" complexes (M
=Y, La-Lu except Pm) with Cp’,**>*'%° N(SiMe;), ** and other
ligands showed characteristic structural differences between
conventional complexes containing M>* ions with the 4f™**
electronic configuration and unconventional complexes, in
which the M*>" ions had the novel 4f”5d" configuration (4d" for
Y).*” The differences between the structural and spectroscopic
properties of these two classes were analyzed with the help of
DFT and TDDFT calculations. Table 1 compares the experi-
mental X-ray and DFT results for the average M-Cp’ centroid
distances in [MCp';P complexes (y = 0, —1).2*>*'°° The DFT
calculations used the TPSSh functional®” and def2-TZVP basis
sets for the metals (def2-SV(P) for non-metals)®**'°" together
with small-core ECPs.** The elongation of the M-Cp’ distance
upon reduction from trivalent to divalent ions is 0.1-0.2 A in
conventional complexes, but much smaller, between
0.02-0.05 A, in unconventional complexes. The DFT results
reproduced the experimental structures from X-ray crystallogra-
phy to within 1-2%. As the analysis of the metal orbitals
showed, the trigonal ligand environment of the [MCp’;]” com-
plexes stabilizes the d,. orbital and significantly reduces the 4f
— 5d promotion energy compared to the atomic M**
ionS.102‘103

A characteristic feature of the 5d' orbital occupation in
unconventional M** complexes is the strong absorption band
in the visible range dominated by Laporte-allowed excitations
from the 5d orbital. By contrast, optical absorption spectra of
conventional M>" complexes are due to 4f — 4f excitations and

Table 1 Experimental X-ray and DFT average M—Cp’ centroid distances
in [MCp'sl complexes (A, Cp’ = CsH4SiMes, y = 0, —1). The distances are
given as [MCp's] (M3*)/[MCp's]™ (M?*)

Experiment DFT
M (M-Cp')avg Difference (M-Cp')avg Difference
Y* 2.405/2.436 0.031 2.416/2.446 0.030
pr* 2.508/2.535 0.027 2.556/2.590 0.034
Gd* 2.437/2.468 0.031 2.479/2.502 0.023
Tb* 2.423/2.454 0.031 2.460/2.493 0.033
Ho" 2.394/2.426 0.032 2.437/2.466 0.029
Er* 2.386/2.416 0.030 2.422/2.454 0.032
Lu” 2.361/2.392 0.031 2.361/2.385 0.024
Sm® 2.461/2.608 0.147 2.470/2.600 0.130
Eu® 2.451/2.607 0.156 2.485/2.604 0.117
Tm” 2.379/2.502 0.123 2.385/2.501 0.116

“Indicates unconventional ”Indicates conventional M>* complexes.
Adapted from ref. 22. Copyright 2013 American Chemical Society.
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are several orders of magnitude less intense. Fig. 2 shows
experimental and simulated absorption spectra of convention-
al (M = Sm, Tm) and unconventional (M = Nd, La) complexes.>®
TDDFT calculations were performed using the TPSSh func-
tional,%” the COSMO implicit solvation model,"®* and def2-
TZVP basis sets for the metals®® (def2-SVPD for non-metals'®).
The difference in the spectral intensities in the visible range is
a reliable indicator of the electronic configuration.

3.3 Computational studies of molecular properties

DFT calculations enable predictions of the optical and mag-
netic properties of organolanthanide complexes of interest as
single-molecule magnets (SMMs)'°®'”” or molecular spin
qubits.'*®'% For example, the use of the bulky pentaisopropyl-
cyclopentadienyl (Cp'*™) ligands results in lanthanide com-
plexes with an axial ligand field, which enhances the an-
isotropy of the 4f shell.'*® The complexes M(Cp™™™),, where M
= Tb, Dy, were the first examples of linear divalent lanthanide
metallocenes exhibiting SMM properties.'® To probe the elec-
tronic structures of these complexes, DFT computations were
used, exploring various potential spin states. Structure optimi-
zations using the TPSS functional®® including D3 dispersion
correction”® showed that the Tb complex has the ground term
®A (in C; symmetry), while the ground term of the Dy complex
is “A; (in D5 symmetry). The optimized structures were in good
agreement with X-ray data. Both complexes exhibit unconven-
tional 4f"5d" configurations with pronounced s/d mixing, as
illustrated in Fig. 3. Covalent ¢ bonding interactions between
the metal-centric s/d orbital and ligand orbitals likely support
the linear coordination geometry. The nondegenerate HOMO
and the doubly degenerate LUMO are shown in Fig. 3.

i 92+
6000 - L
3000 {4 /7
0+ T I il | . ........... -
300 500 700 900

Wavelength (nm)

Fig. 2 Experimental UV/visible spectra of [MCp3'l” (M = Sm, Tm, Nd, La)
in THF at 298 K (solid lines) and simulated spectra using TDDFT (spikes
and dotted lines). Adapted with permission from ref. 23. Copyright 2015
American Chemical Society.
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HOMO

Fig. 3 Contour plots of the HOMO (left, 170Aa) and LUMO (right,
172Aq) of Tb(CpP™),. Contour value is 0.03. Hydrogen atoms are
omitted for clarity. Adapted with permission from ref. 18. Copyright
2019 American Chemical Society.

DC magnetic susceptibility measurements have revealed
that the y\T values for the divalent Tb®>" and Dy** in metallo-
cenes differ from those observed in trigonal complexes. The
experimental yyT value of the Tb(Cp™™), complex at room
temperature is 12.72 emu K mol™,'® which is notably
lower than the values in trigonally coordinated unconventional
Tb*>" complexes with 4f®5d' configuration, for example,
13.73 emu K mol™" in [TbCp’s]™"” and 14.83 emu K mol™" in
{Tb[N(SiMe;),]5}~.">

3.4 Predictions of lanthanide reactivity

Photochemical activation of trivalent lanthanide complexes is
uncommon because their low-lying excited states correspond
to 4f — 4f transitions, which are both Laporte-forbidden and
have small vibronic couplings because of the compactness of
the 4f shell. Due to the lack of couplings, these excited states
usually decay by luminescence."'*'"" However, recent studies
reported photochemically induced reduction of N, by the
mixed-ligand complexes [(CsMes);_(CsMe,H),M]| (M =Y, Dy,
Lu; x = 1, 2).">™* The photochemical activity is due to the (n’-
CsMe,H)™ ligand with the unusual trihapto coordination.
Electronic excitation in this ligand results in the intra-
molecular single electron transfer to the M®" central ion,
which generates an excited “(CsMe;),M*” complex with d*
occupation and a CsMe H radical. The highly reducing M>*
complex acts as a reductant of N,.

The structures of the ground and excited states of the
[(CsMes),(CsMe H)M] complexes (M =Y, Dy) were investigated
by DFT and TDDFT calculations using the TPSSh functional,®’
see Fig. 4a."® The HOMO in these complexes was found to be
localized on the (n3-CsMe4H)™ ligand, in contrast to the corres-
ponding homoleptic complexes, in which the HOMO was delo-
calized over all ligands. The comparison of the experimental
and TDDFT UV/visible spectra of the photoactive M = Y com-
plexes is shown in Fig. 4b. The lower-energy band, identified
in both experiment and simulation, is photochemically active
in the mixed-ligand complex and is absent in its homoleptic
analog. The ligand-to-metal charge transfer (LMCT) excitations
in this band, occurring at 412 and 437 nm, correspond to tran-
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Fig. 4 (a) Optimized geometries of the ground state (darkened) and
first excited state (faded) of (CsMes),(CsMegzH)Y. (b) Experimental UV/
visible spectra of (CsMes),(CsMe4H)Y (solid black line) and (CsMegH)sY
(solid red line) and TDDFT spectrum of (CsMes),(CsMegsH)Y (dotted line
and sticks). Reprinted with permission from ref. 13. Copyright 2013
American Chemical Society.

sitions from the ligand-based HOMO to the LUMO with Y 4d,.
character, as indicated by the structural changes in the excited
state (Fig. 4a). The 4d" excited state of the (CsMes),Y group is
strongly reducing and can fix molecular nitrogen as N,
Mixed-ligand complexes containing (n’-allyl) ligands,
[(CsMes),(n*-C3H5)M], where M =Y, Lu, were shown to reduce
sulfur and polymerize isoprene upon photoactivation.™

4 Conclusions and outlook

Density functional methods have been instrumental to the
search for novel oxidation states and bonding patterns in
lanthanide compounds. They enabled wide-ranging compu-
tational explorations that complemented experimental works
and suggested new directions. For instance, the insight into
the localization of the unpaired electron in the (N,)*~ bridging
group, which was obtained from the DFT analysis of the
[{[(Me3Si),N],(THF)Y},(p—n*n>*N,)]~ complex,” has led to the
synthesis of bimetallic complexes [{[(Me;Si),N],(THF)
Ln},(p-n*n*N,)]” (Ln = Gd, Tb, Dy, Ho, Er), with strong mag-
netic coupling between the metal centers mediated by the
radical bridge.""*>"'* These complexes were found to have very
large spin magnetic moments and to behave as single-mole-
cule magnets (SMMs). Additionally, the novel electronic con-
figurations in low-valent lanthanide complexes have been
deployed for novel chemical reactivity, formation of metal-
metal bonds,***** and the reduction of CO, CO,, and N,.}**!'7

With the rapid advances in quantum technological
applications,>>*'® there is a growing need for efficient, predic-
tive, and reliable quantum chemical methods to study the elec-
tronic structure of f-block element complexes. Given the large
size, complexity of the electronic structure, relativistic effects,
and spin-orbit coupling in organolanthanide complexes,
coupled with the need to model solvent effects, DFT will con-
tinue to play a key role in the modeling of these compounds.
The continued improvement and extension of computational
methods for molecular property calculations, such as EPR*
and NMR,"™ magnetic circular dichroism,"*® and X-ray
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spectra'®?* is critical for further discovery and characteriz-
ation of lanthanide-based materials.

Despite this positive outlook, DFT results should always be
regarded with healthy skepticism. For example, agreement
between a DFT-optimized structure and an experimental X-ray
structure alone, however “perfect”, has little significance; at
least one, but better two spectroscopic or magnetic properties
should also be compared to experiment before reaching any
conclusions. It is moreover vital to carefully cross-validate
results between different theoretical methods and avoid confir-
mation bias by viewing them in the context of previous calcu-
lations and known limitations.
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