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Ab Initio Crystal Field for Lanthanides

Liviu Ungur*®® and Liviu F. Chibotaru*®

(Abstract: An ab initio methodology for the first-principle
derivation of crystal-field (CF) parameters for lanthanides is
described. The methodology is applied to the analysis of CF
parameters in [Tb(Pc),] (Pc=phthalocyanine) and Dy,
(IDy*K20(OtBu)'?]) complexes, and compared with often used
approximate and model descriptions. It is found that the ap-
plication of geometry symmetrization, and the use of elec-
trostatic point-charge and phenomenological CF models,
lead to unacceptably large deviations from predictions
based on ab initio calculations for experimental geometry. It
is shown how the predictions of standard CASSCF (Complete
Active Space Self-Consistent Field) calculations (with 4f orbi-

N

\

tals in the active space) can be systematically improved by
including effects of dynamical electronic correlation (CASPT2
step) and by admixing electronic configurations of the 5d
shell. This is exemplified for the well-studied Er-trensal
complex (Hstrensal =2,2',2"-tris(salicylideneimido)trimethyla-
mine). The electrostatic contributions to CF parameters in
this complex, calculated with true charge distributions in the
ligands, yield less than half of the total CF splitting, thus
pointing to the dominant role of covalent effects. This analy-
sis allows the conclusion that ab initio crystal field is an es-
sential tool for the decent description of lanthanides.

/

Introduction

The crystal field (CF) of lanthanide ions in complexes or in crys-
tals is the main characteristic defining the structure of lumines-
cence bands and magnetic properties."” Several descriptions
of this kind have been proposed, taking into account the elec-
trostatic field splitting (Stark effect)®'”, and the weak cova-
lence splitting (angular overlap model)""" of the 4f atomic
levels. To incorporate both these effects, hybrid versions of
crystal-field models have also been proposed. These include
the superposition model,'*' the effective charge model,"®
the simple overlap model,"” and the mixed covalo-electrostat-
ic model."®

A rapidly increasing interest for new lanthanide complexes,
observed in recent years,"”? prompted several research
groups to put forward new computational tools for the investi-
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gation of crystal field in lanthanides, such as the recently de-
veloped SIMPRE®" and PHI packages,”” both based on electro-
static models. Phenomenological crystal-field models are also
currently in use.*¥ The bottleneck of all these approaches is
the large number of independent parameters (27 in low-sym-
metric complexes) required for the description of the crystal
field, which cannot all be extracted from experiment. In prac-
tice only four to five parameters, at most, can be extracted
from the fitting of magnetic and spectroscopic experimental
data.** Extraction of larger number of crystal-field parame-
ters, in low symmetry complexes is problematic because of
over-parameterization of the fitting procedure, when several
different sets of fitted parameters become equally acceptable,
thus invalidating the whole procedure of their derivation. An-
other problem encountered by “classical” crystal-field models
is the poor transferability of crystal-field parameters corre-
sponding to individual ligands. This drawback has its roots in
the complex distance and angular dependences of these pa-
rameters, even for monoatomic ligands.®” As a result, the crys-
tal-field models employed to date were necessarily oversimpli-
fied, emphasizing the role of axial crystal-field parameters BY
(see below) over other parameters, even in low-symmetric
complexes. Such over-simplification leads to unrealistic wave
functions of crystal-field multiplets, which precludes efficient
crystal-field treatment of lanthanides. In particular, incorrect
parameterizations from assumed symmetry, or naive point-
charge models hold back the research area of molecular mag-
netism, spectroscopy, etc., by essentially providing misleading
theoretical insight.

Recently, ab initio methods have proved to be a reliable tool
for the description of low-lying multiplets of lanthanide com-
plexes with experimental accuracy.?"*? They allowed the de-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



:(V;* ChemPubSoc
Uhertd Europe

scription from first principles of the magnetism of transition
metal and lanthanide complexes,**=% and to derive the zero-
field splitting and Zeeman interactions in terms of pseudospin
operators, corresponding to chosen multiplets.®"*? This calcu-
lation methodology was implemented in the basic ab initio
package MOLCAS®’>%, and used for the rationalization of
magnetic properties in many strongly anisotropic metal com-
plexes. A natural extension of this methodology would be an
ab initio derivation of the crystal field in complexes, first of all
in lanthanides. A fully ab initio methodology of the derivation
of crystal-field parameters is presented, describing the splitting
of the ground atomic J-multiplet of Ln ions. The basic feature
of the proposed approach is that all crystal-field parameters
are derived in a unique way, that is, without use of any fitting
procedure, contrary to their extraction from experiment. There-
fore, applying this ab initio methodology, it can be ensured
a priori that the “true” crystal field of the complex is deri-
ved®®, Of course, the obtained set of parameters is exact only
if the low-lying ab initio spectrum is exact as well.

It should be mentioned here that several attempts of projec-
tion of ab initio results on simple ligand-field (crystal-field) the-
ories have been made in the past. They employed density
functional theory™” and multireference methods.*"*? The uni-
fying line of these methods is that they attempt to parameter-
ize the entire energy spectrum of the lanthanide from the per-
formed calculations. The main point of the present approach is
that it does not attempt to parameterize the entire energy
spectrum of the lanthanides, but rather concentrate on accu-
rate extraction of the crystal-field describing the splitting of
their ground J-multiplet. The projection technique presented
here takes into account the wavefunctions and energies of all
crystal-field states (all calculated ab initio) to define the param-
eters of the crystal field of the ground J-multiplet.

Results and Discussion
Ab initio methodology for crystal field

The crystal field acting on an electronic shell, n/, of a lanthanide
ion is given by Equation (1):*

Ao =3 > BIOI(6,. ) (M)

i kg

where O](6;, ;) is the Stevens operator dependent on angular
coordinates (6;, ¢;) defined in a given coordinate system, B] is
the crystal-field parameter of rank k=2, 4, 6 for nl=4f, q is
the projection of the operator, and i numbers the electrons.
Projected on the ground atomic multiplet **'L, of the lantha-
nide ion, Equation (1) transforms into Equation (2):*

He = ; a,Bi0;(J) (2)

where a,, is the Stevens projection coefficient, whereas O] (J) is
the Stevens operator acting on the eigenfunctions of the total
angular momentum of the ground state. Here, the operators
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O] are the Hermitean combinations of spherical harmonics:
O = 3(1," + (1)W1 OF = (¥, = (=1)°¥{) *"

The crystal-field Hamiltonian [Eq. (2)] describes the splitting
of the ground atomic multiplet into 2J + 1 levels, which are
pairwise degenerate for half-integer J, that is, for Kramers ions.
This spectrum should be compared with the lowest 2J+ 1
levels of the complex, obtained in ab initio calculations with
spin-orbit coupling included, from which the parameters B}
can in principle be extracted. In practice it is not possible to
remain confined to energy levels, since the number of their dif-
ferences, even for the largest angular momentum J = 8, is by
far smaller than 27, the number of independent crystal-field
parameters in the case of low symmetry complexes (the most
common situation in lanthanides). Therefore, for a rigorous
derivation of crystal-field parameters ab initio and crystal-field
wave functions should be compared as well. This can be easily
done by comparing the ab initio and crystal-field energy matri-
ces written in equivalent basis of multiplet wave functions. The
latter means that ab initio wave functions are put in corre-
spondence to crystal-field wave functions. Note that the wave
functions in both basis sets are not required to be eigenfunc-
tions of the problem, that is, the energy matrices are not nec-
essarily diagonal. Finding such correspondence for arbitrary
wave functions of low symmetry complex is a non-trivial prob-
lem, which is discussed in detail in Ref. [32], where a derivation
of crystal field for lanthanides is also described. Here the prob-
lem is approached in a simple way by making use of very
weak metal-ligand hybridization of 4f orbitals in lanthanide
complexes.

It is well known that the atomic J-multiplet splits, in an ap-
plied homogeneous magnetic field, into 2/ + 1 Zeeman levels,
corresponding to definite projections, M, of the total angular
momentum on the direction of the field. Hence, diagonalizing
the Zeeman matrix of the complex, written in the basis of
lowest 2J + 1 ab initio wave functions W,, we can put in corre-
spondence the eigenfunctions of individual Zeeman levels,
‘iip =Y "¢, W, to eigenfunctions |JM) corresponding to
definite projections M of the total angular momentum on the
direction of applied field. Moreover, given that the three g fac-
tors of the entire manifold of 2J + 1 states do not differ much
from the Landé factor g, of the corresponding ground-state
atomic multiplet of the Ln ion,”¥ all three g factors are ensured
to be positive, a priori.* This means that the lowest Zeeman
level always corresponds to M = —J, whereas the highest one
corresponds to M = J. Next, the energy matrix corresponding
to the lowest 2J+ 1 ab initio eigenfunctions W,, containing
only energies E, on its diagonal, is rewritten into the basis of
Zeeman eigenstates ‘i‘p. Then, given the correspondence be-
tween ‘i‘p and |[JM), each element of this energy matrix,
(W, [H[W,) = 2" c* c,E,  with the matrix element
(UM, |Hee[IMy) = (Her)mm, of the crystal-field Hamiltonian in
Equation (2), can be identified. Next, the crystal-field parame-
ters B} defining H¢; are obtained through the simulation of the
obtained energy matrix. To this end the irreducible tensor op-
erator (ITO) technique is employed, which projects the crystal-
field energy matrix onto the matrices of Stevens operators
0{(J), written in the basis of crystal-field states |JM). The coef-
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ficients of this decomposition, when divided by the corre-
sponding Stevens parameters a,, are precisely the crystal-field
parameters B]. The described ITO procedure is equivalent to
the one used for the ab initio derivation of parameters of zero-
field splitting (ZFS) in magnetic molecules;*'>? therefore, the
same expressions were used for the coefficients of projection,
Equations (32), (39), and (41) from Ref. [32], in which (Hzs)u,um,
should be replaced by (Hc)u,u,-This methodology was already
implemented in the SINGLE_ANISO module of the MOLCAS ab
initio package.®® The implementation provides crystal-field pa-
rameters for a desired coordinate frame (quantization axis). Pa-
rameters are reported for several forms of crystal-field Hamilto-
nian. The values of all 27 crystal-field parameters entering
Equation (2) are given together with the crystal-field wave
functions.

An evident advantage of the described procedure is that it
provides a unique set of crystal-field parameters Bj. This is in
sharp contrast to the fitting procedures, which give several
sets of crystal-field parameters. Furthermore, there is freedom
to define the parameters B] with respect to arbitrary coordi-
nate system, despite the fact that experimental structural data
(the crystallographic information file, CIF) is used by default in
the ab initio calculations. First, the atomic coordinates in the
ab initio calculation may be chosen in any desired coordinate
frame. Secondly, even when the ab initio calculation is done
on the basis of the CIF, the passage to the desired coordinate
system may be further carried out with the use of the corre-
sponding rotation matrices in the SINGLE_ANISO program. The
program'’s default coordinate frame is the main magnetic axes
of the ground multiplet of the complex, in which the direction
corresponding to g; is chosen as quantization axis. The term
“unique”, used above, means that one single set of B} parame-
ters, which fully reproduces the energy matrix of the ground J-
multiplet, is derived for a given coordinate system. The set of
parameters corresponding to another coordinate frame may
be obtained by standard transformations of the initial set by
employing the Wigner functions.””’

A second important advantage of the developed ITO meth-
odology is the possibility to evaluate also the contribution of
higher rank operators O}(J), with k =8, 10, < 2J, which go
beyond the standard crystal-field theory. The values of the cor-
responding crystal-field parameters B; for k> 8 allow the quan-
titative assessment of the applicability of the crystal-field ap-
proach to lanthanides, which can only be considered valid if all
higher rank (k>8) B} are negligible. When this is not the case,
it should be concluded that the covalent admixture of ligand
orbitals to the 4f orbitals is not small.

The ab initio calculations of lanthanide complexes presented
here have been carried out with the MOLCAS package. In the
approach used, relativistic effects are taken into account in
two steps, both based on the Douglas—Kroll Hamiltonian.! "¢
In the first step, scalar relativistic effects are already taken into
account in the basis set generation.”**” Next, spin-free eigen-
states are obtained in the Complete Active Space Self-Consis-
tent Field (CASSCF) method,*™*¥ as implemented in
MOLCAS .73 The active space of CASSCF included only elec-
trons spanning seven 4f orbitals of the Ln** ion. In the second
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step, spin-orbit coupling is taken into account within the
space of calculated spin-free eigenstates using the RASSI
module.?¥ In this approach, the spin-orbit coupling is de-
scribed in the Atomic Mean Field approximation (AMFI).>* The
obtained spin-orbit multiplets, corresponding to exact elec-
tronic states of the complex, were used for the calculation of
crystal-field parameters, within the methodology described
above, using the module SINGLE_ANISO.B®

Ab initio vs. phenomenological crystal-field models

First Ishikawa's double-decker terbium phthalocyanine com-
plex [Tb(Pc),]” (Figure 1).**" The structure of this complex

9;
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g: & ab initio

|sssssssssssnssnnnnns))

Figure 1. Main magnetic axis of the ground doublet of the [Tb(Pc),]” anion
obtained from ab initio calculation (red dashed line). The green dashed line
shows the main magnetic axis obtained within the electrostatic model em-
ploying Mulliken point charges.

does not possess strict symmetry, however it is close to the D,4
point group. In the latter case only three axial terms
(~BY,k=12,4,6) are permitted by symmetry, facilitating the
application of phenomenological crystal-field models. Figure 2
shows the result of ab initio calculations for experimental and
symmetrized (D,;) geometries, as well as the predictions of
phenomenological crystal-field models by Ishikawa et al.*%¥,
and Reu et al.*® The main difference in the two phenomeno-
logical models lies in the chosen symmetry of the compound,
which has a great influence on the allowed parameters in the
crystal-field Hamiltonian employed. Ishikawa etal.??¥ as-
sumed that the [Tb(Pc),]- compound has a D,; symmetry,
whereas Reu et al.®® considered a lower point group symmetry
of the compound, namely C,, with a more complex form of the
employed crystal-field Hamiltonian, and more fitting parame-
ters in the phenomenological approach.

The X-ray structure of the [Tb(Pc),]- anion employed in ab
initio calculations was taken from a recent publication.”” Con-
tractions of the basis sets describing individual atoms in ab
initio calculations are given in the Supporting Information. Ab
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Figure 2. Comparison of the crystal-field spectrum, corresponding to the
ground atomic multiplet of Tb** in the [Tb(Pc),]~ anion, obtained ab initio
for experimental and symmetrized-D,, structures, with the spectra obtained
in the phenomenological crystal-field models of Ishikawa et al.*2¥ (assum-
ing the exact D,, symmetry), and Reu et al.>® (assuming C, symmetry). The
numbers stand for the M, projection of the total angular moment in the cor-
responding states of the main magnetic axis of the ground doublet (red
dashed line in Figure 1).
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initio calculations were of CASSCF/RASSI/SINGLE_ANISO kind
using an active space of CAS(8 in 7) which included the 4f
shell of the Th** central ion. 7 spin septets, 106 spin quintets,
283 spin triplets and 121 spin singlets were mixed by spin-
orbit coupling within RASSI, resulting in 1517 spin-orbit states.
The ab initio obtained eigenstates corresponding to the
ground multiplet J=6 of Tb®", were further employed in the
procedure described above for the computation of crystal-field
parameters. All spin-orbit states were employed for the com-
putation of the ab initio calculated magnetic susceptibility yT.
Table 1 lists the corresponding crystal-field parameters, while
Figure 3 shows the comparison between ab initio calculated™®
and measured®?? magnetic susceptibility. Table S3 (in the
Supporting Information) shows the weight of individual rank
crystal-field parameters in the total crystal-field splitting for
this compound.
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Figure 3. Comparison between calculated point-charge electrostatic model
(black line), ab initio (red line), and measured magnetic susceptibility for the
[Tb(Pc),]” anion. A mean-field intermolecular interaction parameter,

zJ=0.01 cm™, was introduced to account for the weak ferromagnetic cou-
pling between [Tb(Pc),] anions in the crystal; it is mainly responsible for
the upturn of the calculated T curve in the low-temperature region (2-9 K).

Table 1. Ab initio and phenomenological crystal-field parameters B} (in cm™") for the [Tb(Pc),]~ anion.?!
k q Ab initio, Ab initio, Fitting by Ishikawa Fitting by Reu
experimental geometry DA4d-symmetrized geometry et al., ref. [23,24] et al., ref. [56]
Re Im Re Im Re Im Re Im
0 608.8 - 530.4 - 414.0 173.0
2 1 —19.1 4.6 0.0 0.0 X X X X
2 19.2 317.9 0.0 0.0 X X X X
0 —98.5 - —112.0 - —228.0 - —631.4 -
1 —-11.0 0.5 0.0 0.0 X X X X
4 2 35 59.8 0.0 0.0 X X X X
3 0.6 —2.2 0.0 0.0 X X X X
4 —15.0 5.0 0.0 0.0 X X 3974 953.0
0 —13.9 - —7.5 - 33.0 - 79.7 -
1 -0.2 -0.9 0.0 0.0 X X X X
2 -0.7 241 0.0 0.0 X X X X
6 3 13 —-1.2 0.0 0.0 X X X X
4 —53 3.0 0.0 0.0 X X 256.4 667.0
5 34 —4.1 0.0 0.0 X X X X
6 12.1 17.9 0.0 0.0 X X X X
[al Re = 3 (By? 4 (—1)?B{7), Im = £ (B;® — (—1)?B;")—real and imaginary part, respectively, of the crystal-field parameters; x=parameters neglected in the
phenomenological models.?*2*5¢!
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As can be seen from Table 1, the ab initio crystal-field pa-
rameters corresponding to the experimental and symmetrized-
D,4 geometries differ drastically; notably by the presence of
large imaginary components in the former case. The obtained
large differences in the two sets of crystal-field parameters
seem surprising, given the relatively small variations of the real
geometry from the symmetrized one. This shows that the sym-
metrization of geometry should be avoided for a realistic de-
scription of lanthanide complexes. Figure 2 shows large devia-
tions of the spectra given by phenomenological crystal-field
models (except for the nature of the ground doublet) from ab
initio predictions for experimental geometry. The model by Ish-
ikawa et al.?*?" correctly predicts the mJ= +5 nature of the
first excited doublet, which places it at a significantly higher
energy than the ab initio one (430 vs. 308 cm™); the latter
value being much closer to the experimentally extracted mag-
netization blocking barrier (260 cm™").>2¥ Another observation
is the strong mixing of the |J, M) states, corresponding to dif-
ferent M, in the multiplets lying above the second doublet in
the spectrum, corresponding to the real geometry, which is in-
ferred from the analysis of the corresponding crystal-field wave
functions, carried out with the SINGLE_ANISO module
(Table S2). Such a mixing is not expected for a D, crystal-field
and serves as additional evidence for the very high sensitivity
of spin-orbit multiplets of lanthanide complexes to small
changes in their geometry.

Ab initio crystal-field vs. point-charge electrostatic models

Another important issue, which can be clarified by the present
ab initio approach, is the relative strength of electrostatic con-
tributions to the crystal field in lanthanide complexes. Here,
the effect of atomic point charges extracted from quantum
chemistry calculations is considered; the full treatment of elec-
trostatic contribution to the crystal field, based on true distri-
bution of the electronic charge in the ligands, will be discussed
in a subsequent section. First, the effect of atomic point charg-
es on the ground crystal-field multiplet are analyzed, for which
the [Tb(Pc),]™ anion is again considered (Figure 1).

Due to the sandwich structure of the complex, the crystal
field contains axial and equatorial components of comparable
strength. The ab initio calculation (first column in Figure 2)
gives the direction of the main magnetic axis of the ground
doublet perpendicular to the plane of two phtalocyanines,
which points to a dominant role of the axial component of
crystal field. The electrostatic-field calculation using the Mullik-
en atomic charges of all atoms surrounding Tb®" in the
[Tb(Pc),]”~ complex (see Supporting Information for details)
gives the main magnetic axis for the ground doublet deviating
by 86° from the ab initio result (Figure 1). This testifies to the
modified relative strengths of axial and equatorial components
to the crystal field in the electrostatic calculations, which
turned out to be sufficient to dramatically change the proper-
ties of the ground crystal-field doublet of the complex. In the
lack of clearly determined direction of the axial crystal field,
either as a symmetry axis or a strongly coupled atom from the
ligand environment, the direction of the main magnetic axis
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predicted by the electrostatic model can deviate significantly
from its actual direction. This conclusion is valid not only for
the case of point charges but refers to electrostatic models in
general. Moreover, the computed magnetic susceptibility for
the Tb*" ion in the field of atomic point charges deviates
clearly from both the experimental and ab initio calculated
curves (Figure 3).

To assess the effect of point-charge electrostatic interaction
on the spectrum of crystal-field multiplets, an opposite case of
a complex with a pronounced axial crystal field, arising from
a strong interaction of Ln®" ions with one of the ligand atoms,
was considered. Figure 4 shows ab initio and electrostatic crys-
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Figure 4. Ab initio (red lines) and point-charge electrostatic (black lines) crys-
tal field splitting on Dy sites in the Dy,K, complex.”® Numerical values of ab
initio and electrostatic energies shown here are provided in Table S4.

tal-field splitting for low-symmetry Dy" sites in a Dy,K, com-

plex ([Dy,K,O(OtBu);,])).%¥ In this investigation, the ligand
atoms in the four fragments, Dy1-Dy4, were simulated by their
calculated Mulliken charges, obtained in previous ab initio cal-
culations.®® Structures of the computed fragments and the
computed values of the atomic charges are given in the Sup-
porting Information (Tables S7-S10). Table S4 gives the ab
initio and electrostatic calculated energy spectra of the ground
J=15/2 multiplet of the Dy fragments. Table S14 shows the ab
initio derived crystal-field parameters for both cases, ab initio
and electrostatic, in the same coordinate frame. The crystal-
field splitting of the ground J=15/2 of the Dy’ site is re-
duced by almost three times in the case when atoms are simu-
lated by physically meaningful point charges. Given that the
ab initio calculations have been carried out on the CASSCF
level, that is, no dynamical correlation was included, the ob-
tained atomic Mulliken charges are expected to be slightly ex-
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aggerated, whereas the covalence of Ln-ligand bonds are
slightly underestimated. The same is expected for the covalent
and electrostatic contribution to the crystal field, respectively,
although their sum gives a crystal field that usually describes
the experiment satisfactorily, especially for the low-lying crys-
tal-field multiplets.®*3 Given this observation, the electrostatic
contribution to the crystal field may be even smaller than that
calculated above, that is, not dominant, at least for the arche-
typal Ln-complexes considered. It is clear from Figure 4 that, to
approach the spread of ab initio crystal-field levels, the charges
of surrounding atoms (or of the closest ones to the Ln ion)
should be significantly increased over their physical values,
that is, they should be considered a priori as fictitious ones. Of
course, no knowledge of the values of these charges exists in
advance, nor their variations among non-equivalent ligand
atoms. This makes the corresponding electrostatic crystal-field
models intrinsically phenomenological,®'%'*"®"® |acking, in
particular, predictive power as for other phenomenological
models.®”

High-accuracy ab initio calculation of the crystal field

The accuracy of the predicted crystal field is crucially depen-
dent on the quality of ab initio calculations. In this respect the
ab initio methods have a clear advantage over phenomenolog-
ical models and semi-empirical quantum chemistry approaches
(including DFT), as their results can be systematically improved
on a rigorous basis by increasing the level of computation.
Thus, the standard state-average CASSCF/SO-RASSI approach
used in the previous sections, which proved to be a reasonably
accurate tool for the description of the magnetism in the ma-
jority of lanthanide complexes,’®® can be further improved by
enlarging the active space and by including the dynamical
electronic correlation (the CASPT2 step). Such increase of com-
putational level is especially important for accurate evaluation
of the whole crystal-field spectrum. Indeed, the CASSCF level,
usually sufficient for a decent description of the ground and
low-lying crystal-field states (mostly responsible for the mag-
netism of the complexes), often underestimates the energies
of the excited crystal-field states.

The factors which can be varied within the CASSCF/CASPT2/
RASSI calculations are as follows:

1) Basis sets describing the individual atoms. Larger basis sets
have more variational degrees of freedom, thus providing
more accurate results.

2) The size of the active space of the CASSCF/RASSCF
method. Larger active spaces usually improve the results,
but care has to be taken on the selection of orbitals includ-
ed in the active space.

3) Dynamical electron correlation, namely, the effect of singly
and doubly excited configurations not included in CASSCF
are accounted for perturbatively by the CASPT2
method "6

4) Number of spin states included in the spin-orbit interaction
within RASSI.
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5) Account of the interaction effects of the neighboring mole-
cules, and Madelung electrostatic potential from the whole
crystal.

A comprehensive benchmark study of all these factors is out
of the scope of the present manuscript. However, the yet un-
explored effect of the dynamical correlation on the crystal-field
splitting of the ground J-multiplet for lanthanide complexes is
presented here for the first time. For this benchmark study the
well-known Er-trensal complex (Hstrensal =2,2',2"-tris(salicylide-
neimido)trimethylamine) was chosen (Figure S2 in Supporting
Information and Figure 8 below).**%*%!  For this compound,
the description of magnetic properties, and of the crystal-field
spectrum, proved to be insufficiently accurate at the CASSCF
level. This compound has been well investigated by experi-
mental means. Thus the low-lying energy spectrum was experi-
mentally extracted from luminescence measurements.*** In
addition, a few low-lying transitions were confirmed by inelas-
tic neutron scattering (INS).”* Magnetic properties of this com-
pound were probed by electron paramagnetic resonance (EPR)
and also by single-crystal magnetic measurements.””

All calculations were based on the experimental structure of
the Er-trensal complex,*” determined at 293 K. Atomic coordi-
nates of the Er-trensal compound employed for this study are
given in Table S11 (Supporting Information). Er, O, N, and C
atoms close to Er were described by ANO-RCC-VDZP basis sets.
More distant C and H atoms were described by the same basis
without polarization. A total of 35 spin quartet states were op-
timized within a state-average CASSCF calculation, and mixed
by the spin-orbit coupling within RASSI. The CASPT2 calcula-
tions, based on the corresponding CASSCF states, made use of
the recently implemented XMS feature.®>® It should be noted
that the conventional CASPT2 method is not able to preserve
exact degeneracies. For lanthanide free ions, the spurious split-
ting of exactly degenerate states of the atomic J-multiplet is of
the same order of magnitude as the crystal-field splitting aris-
ing due to ligands’ environment. This makes the conventional
CASPT2 approach rather inapplicable for the calculation of the
low-lying part of the crystal-field splitting in lanthanides. In
contrast, the XMS-CASPT2 version®®® (recently implemented
in the MOLCAS/CASPT2 program) does not suffer from this
problem. In the CASPT2 calculations, the IPEA shift® was set
to 0.0 Ha (in place of the default 0.25 Ha) and the imaginary
shift was set to 0.1 Ha to avoid intruder state problems; the
multistate coupling procedure (computation of the off-diago-
nal matrix elements between first-order corrected CASPT2
states) was skipped, as it is not yet parallelized and therefore
cannot be performed routinely for large multi-root calculations
(keyword NOMULT was employed for this purpose). The
CASPT2 default for the number of frozen orbitals was kept un-
altered.

Table 2 shows the results of the ab initio calculations with
varying levels of accuracy in comparison with the spectrum of
crystal-field multiplets extracted from luminescence measure-
ments. Figure 5 shows selected calculated spectra plotted
alongside the experimentally derived data. Table S13 shows
the crystal-field parameters describing the splitting of the
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Table 2. Low-lying energy spectrum (in cm™') and g factors of the
ground Kramers doublet of Er-trensal obtained by CASSCF/CASPT2/RASSI
computation.
CASPT2 — + - +
Effect from — — + +
neighbour
molecules®
CASSCF active space: CAS(11 in 7), (4f" shell).
Model Al A2 A3 A4 Exp.B3%636414al
1 0.0 0.0 0.0 0.0 0
2 61.4 834 534 75.7 54
3 100.9 140.3 92.2 129.4 102
4 101.3 149.1 97.0 145.0 110
5 211.2 3594 2133 362.7 299
6 413.1 607.1 404.6 597.8 568
7 454.8 677.0 4471 668.8 610
8 4829 724.1 473.9 713.2 642
Jyx 2.33 3.13 2.80 3.82 3.36
gy 2.33 3.17 2.80 3.87 3.36
gz 13.69 12.60 13.05 11.58 11.90
CASSCF active space: CAS(11 in 14), (4f" +5f° shell).
Model B1 B2 B3 B4 Exp. 25620402
1 0.0 0.0 0.0 0.0 0
2 69.7 80.5 60.5 717 54
3 109.4 130.0 99.6 119.4 102
4 110.1 132.2 104.1 127.6 110
5 239.4 304.4 239.8 308.6 299
6 441.5 547.8 4314 538.7 568
7 486.2 599.2 476.9 5914 610
8 517.9 635.4 506.7 625.6 642
gy 247 2.74 3.00 333 3.36
gy 247 2.75 3.00 3.35 3.36
g, 13.55 13.16 12.82 12.32 11.90
RASSCF active space: CAS(17 in 25)
(Ras1—5p°, Ras2—4f", Ras3—5f, 5d°, and 6p°).”!
Model @] C2 a3 c4 Exp.B>63.6414al
1 0.0 0.0 0.0 0.0 0
2 61.9 71.6 52.7 63.3 54
3 105.2 121.1 94.8 110.9 102
4 107.4 125.4 102.2 121.0 10
5 2334 293.2 2344 297.6 299
6 453.7 534.2 443.9 525.2 568
7 499.1 582.4 490.1 574.6 610
8 528.8 613.3 518.0 603.9 642
gy 2.50 2.77 3.08 342 3.36
Gy 2.50 2.78 3.09 345 3.36
gz 13.49 13.08 12.68 12.14 11.90
[a] Electrostatic effect of the crystal (Madelung potential) was modeled by
Mulliken atomic charges of five layers of surrounding unit cells of mole-
cules. [b] Configurations with maximum two holes in Ras1 and maximum
two electrons in Ras3 were allowed.

ground J=15/2 for Er-trensal in the initial coordinate system
for all computational models presented here. The models A1
and A3 in Table 2 show close agreement with previously re-
ported ab initio results on this compound,®” albeit employing
a larger basis set. The Madelung electrostatic field of the crys-
tal has a similar effect in all computational models; it reduces
the energies of Kramers doublets 2, 3, 4, 6, 7, and 8 by ca. 5-
10 cm™, and increases the energy of Kramers doublet 5 by ca.
2-5cm™". A more noticeable effect of the Madelung potential
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CAS(11,14)
RAS(17,25)
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ANO-RCC
4004 VDZP
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SO mixing:
35 x (5=3/2)

A3 B3 c3 A4 B4 Cc4

Figure 5. A comparison between various ab initio approaches to the calcula-
tion of the crystal field spectrum of Er-trensal, with data extracted from lumi-
nescence.”” All ab initio calculations included the Madelung potential.
Labels stand for specific computational models listed in Table 2.

is seen on the g tensor of the ground Kramers doublet: g, and
gy values increase significantly, whereas g, is strongly decreas-
ing.

Despite relative good agreement for the lowest three excita-
tion energies of the A3 model, the total splitting (473 cm™) is
clearly underestimated compared to the measured one
(642 cm™). In all cases (models 2 and 4, all active spaces), the
effect of dynamical correlation leads to an increase of the total
splitting of the ground atomic J=15/2 of Er*" compared to
the corresponding CASSCF/RASSI results. In the case of mini-
mal active space (models A2, A4), the increase of the crystal
field splitting is larger than the measured one; an effect atte-
nuated by larger active spaces. The increase of the total split-
ting has as the drawback of a poorer description of the low-
lying excited states. A similar trend is noticed for the transver-
sal g factors of the ground Kramers doublet, gyy which
become larger than their uncorrelated equivalents, whereas
the effect of the Madelung potential makes the gy, even larger
than the experimental ones.

The increase of the active space by the addition of the
double shell—another set of seven metal-based f orbitals—
leads to a noticeable improvement of the results (models B2
and B4). In these cases, the total splitting of the ground J=15/
2 multiplet is in almost perfect agreement with the total split-
ting obtained experimentally. Even more, a correct trend for
the excitation energies of all Kramers doublets is noticed. The
calculated g tensor of the ground Kramers doublets is also in
an almost ideal agreement with experimental data. By increas-
ing the active space, some of the dynamical correlation at the
CASSCF level is actually included, and so the “overshooting”
effect of the CASPT2 is not seen anymore, which is a nice
point of this approach. The same is true for the ground state g
tensor.

Finally, the active space was further increased by including
5p®, 5d° 6p° and 57 orbital configurations in addition to the
minimal active space. Because the number of Cl configurations
becomes very large for such an extended active space, we em-
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ployed the RAS restrictions (see Table 2). RASPT2 calcula-
tions®"%? were performed on top of the optimized RASSCF
wave functions. Since more of the dynamical correlation is ac-
counted for at the RASSCF level, an increase of the total split-
ting for models C1 and C3 (uncorrelated) is noticeable com-
pared to smaller active spaces A1, A3, B1, and B3, respectively,
corroborated by an increase of the gyy values for the ground
Kramers doublet. This is clearly an effect of additional dynami-
cal correlation included at the RASSCF level. As a result, there
is less correlation to be included at the RASPT2 level of theory
and consequently, smaller differences between the C models,
and B and A models, respectively.

Figure 6 shows a comparison between measured single-crys-
tal and powder temperature dependence of the magnetic sus-
ceptibility and calculated one in various computational models
discussed here. Please note the improved agreement for the

a) 181

16 1

0O E
0O
0O
o
12 mg — e
"0oDo0oo0pDoODoooQpOO@Oog

2] (o] [e)eNe]

O yT_par, experiment
O yT_perp, experiment
CASSCF, CAS(11in 7), model A3
~——— CASPT2, CAS(11in 7), model A4

xT/ cm® K mol™
2

44 - - - CASSCF, CAS(11in 14), model B3
—— CASPT2, CAS(11 in 14), model B4
2 - - - CASSCF, CAS(17 in 25), model C3
—— CASPT2, CAS(17 in 25), model C4
O T T T T T T T
0 50 100 150 200 250 300
TIK
b) 124
114
104

/ 0 Experiment
7 y CASSCF, CAS(11 in 7), model A3

CASPT2, CAS(11 in 7), model A4
) - - --CASSCF, CAS(11 in 14), model B3
67 —— CASPT2, CAS(11 in 14), model B4
/i - - - -CASSCF, RAS(17 in 25), model C3
—— CASPT2, RAS(17 in 25), model C4

xT_powder / cm® K mol™
(o<}

T T T T 1
0 50 100 150 200 250 300
T/K

Figure 6. a) Comparison between measured and calculated magnetic sus-
ceptibility for Er-trensal for cases when magnetic field is aligned parallel and
perpendicular to the C; symmetry axis. b) Comparison between measured
and calculated powder magnetic susceptibility for Er-trensal. The discrepan-
cy between theoretically predicted magnetic susceptibility and measured
one in the temperature domain 200-300 K is attributed to the fact that in all
calculations reported here the spin doublet states were not included. The
relative larger discrepancy for T at perpendicular orientations of the applied
field is proportional to the larger deviations of g and g, from experiment.
Misalignment of the single-crystal magnetic measurements could also be

a reason for the noticed deviations.
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models B4 and C4 (employing CASPT2 and Madelung poten-
tial) with experimental data.

It can be concluded that the dynamical correlation effects
for lanthanide compounds is a necessary ingredient for accu-
rate estimation of the crystal-field spectrum, and magnetic/
electronic properties of individual crystal-field doublets of lan-
thanide complexes, provided that the active space of the
CASSCF method is chosen large enough (like in models B or C)
to counteract the overshooting effect of the second-order per-
turbation theory seen for the minimal active spaces. Given the
small energy differences in the crystal-field levels of lantha-
nides, the electrostatic weak effect of the crystal (the Made-
lung potential) also plays an important role for improving the
overall accuracy.

Ab initio crystal-field vs. electrostatic models based on true
charge distribution

Several recent studies promoted the idea that the crystal field
of the lanthanides is dominated by the electrostatic contribu-
tion,’ " or claim that the ground state is dominantly influ-
enced by electrostatic effects of the ligands.”? Although the
effect of the electrostatic field from physical (Mulliken) point
charges has been analyzed in a previous section, this assump-
tion was further verified using a precise description of the elec-
trostatic potential from the ligands. The Er-trensal compound
was again used for this purpose. In the first approach, each
atom of the ligand was simulated again by a point charge
(Mulliken and LoProp” charges) obtained in a previous DFT or
SCF/MP2 calculation of the ligand taken alone (with the charge
—3). In the second approach, the true space distribution of the
electronic density in the ligand was considered explicitly in the
calculation of the electrostatic potential. This distribution was
simulated by a large collection of point charges (ca. 2.9x 10°
point charges). In this approach, an iterative procedure was ap-
plied where the electronic densities of the ligand and of the
lanthanide ion (also represented as a collection of a large
number of point charges) were optimized self-consistently. The
electronic density of the ligand was found by a Hartree-Fock
calculation on the ligand (trensal)®~, whereas the electronic
density of the EP** was obtained within a CASSCF calculation.
The electronic density of the (trensal)*~ ligand was included in
the calculation of the metal and vice-versa iteratively until self-
consistency between the two potentials was achieved.
CASSCF/RASSI energies of the lanthanide ion, in the field of
the optimal converged potential of the ligand, are reported
below (Table 3). Finally, the last non-covalent approach em-
ployed the previously developed Fragment Ab Initio Model Po-
tential method (FAIEMP) implemented in MOLCAS program
package.”® In this approach two fragments were considered:
the metal and the ligand. Ab initio calculations on individual
fragments were performed until the two electronic densities
(represented by the molecular orbitals in their own basis set
expansion, occupation numbers, and orbital energies) were ad-
justed to each other through a self-consistent procedure. The
difference of this approach from the second one is that it in-
cludes two other non-covalent interactions besides the electro-
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Table 3. Crystal field spectrum and g factors of the ground Kramers dou-
blet of Er-trensal obtained with electrostatic models and the minimal
CASSCF/RASSI calculation.

(trensal)*~ ligand represented by:

Ab initio® DFT SCF/MP2 Electrostatic Fragment
(B3LYP) Mulliken potential of AIMP
Mulliken atomic true charge
atomic charges distribution
charges (2.9x10°
point charges)
Crystal field levels of atomic J=15/2 multiplet [cm™']
0.0 0.0 0.0 0.0 0.0
61.4 9.0 4.5 19.8 6.3
100.9 23.2 19.0 47.9 43.8
101.3 332 30.1 91.0 90.1
211.2 37.0 34.0 123.9 160.6
413.1 64.0 74.8 1514 188.9
454.8 65.5 76.9 214.8 201.1
4829 66.8 78.2 2413 2433
g factors
233 0.001 0.005 9.900 7.712
233 0.001 0.007 7.368 7.348
13.69 17.417 17.164 2528 4.035

[a] A1 model in Table 2.

static one; the exchange interaction between the ligand and
the metal electrons, and the Pauli’s repulsion contribution orig-
inating from the requirement of orthogonality between metal
and ligand molecular orbitals bearing electrons of the same
projection of spin. The latter interaction prevents, in particular,
over-delocalization of metallic electrons in the core regions of
ligand atoms. For this reason the FAIEMP approach represents
the most rigorous non-covalent embedding of a metal ion in
the potential created by the ligand. Table 3 shows the results
of CASSCF/RASSI calculations of crystal-field splitting of J=15/
2 on Er*" in various electrostatic and non-covalent potentials
of the (trensal)®™ ligand. The active space of the CASSCF
method included only the 4f" shell of the Er**. For consisten-
cy, the basis sets and all other computational details were kept
similar to the A1 model in the previous section.

Figure 7 shows that the crystal-field splitting of the 4f shell
of the EP* ion, in the electrostatic field generated by physical
point charges of 62 ligands’ atoms, is more than six times
smaller than the experimental crystal-field splitting. The values
of the calculated atomic LoProp and Mulliken charges are
given in the Supporting Information (Tables S11 and S12). The
space distribution of the electronic charge of the (trensal)®~
ligand is shown in Figure 8 and the corresponding crystal-field
splitting of the ground atomic multiplet J=15/2 of the Er*
ion is given in Figure 7. It amounts to approximately 40% of
the experimental crystal-field splitting extracted from the lumi-
nescence data. The same is true for the electronic density em-
bedding within the FAIEMP method” (Figure 7), which points
to a dominant role of the electrostatic field among the non-co-
valent contributions to the crystal-field splitting.

As can be inferred from Figure 7, all non-covalent ap-
proaches to the crystal-field of the EF* ion coordinated by
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Figure 7. Comparison of predictions of various electrostatic models and the
minimal CASSCF calculation (A1 in Table 2) of the crystal field spectrum of
Er-trensal.

Figure 8. Two views (a,b) of the distribution of electronic density of the
(trensal)*~ ligand surrounding Er** in the Er-trensal.

three (trensal)’” ligands fail dramatically. To achieve a realistic
crystal-field splitting within “electrostatic” models, artificial
modifications of true (physical) electrostatic potential are re-
quired, by either increasing the point charges on nearest-
neighbor ligand atoms, or by lowering the metal-ligand dis-
tance, or even by displacing the point charges arbitrarily from
the metal-ligand axis.”"” These modifications make the models
phenomenological, since they do not try to simulate the effect
of a true electrostatic potential arising from ligands, but
merely represent a version of parameterization of the crystal-
field parameters B]. At variance to them, the ab initio calcula-
tions, even in their simplest (standard) CASSCF/RASSI version
with a minimal active space, without taking into account the
effects of Madelung potential, and dynamical electron correla-
tion, already provide a splitting of the ground J=15/2 of Er**
amounting to 75% of the experimental value. As Table 2 and
Figure 5 show, the missing 25% of the crystal-field splitting is
recovered by the lacking effects of dynamical electronic corre-
lation and Madelung potential. The reason for significantly
larger crystal-field splitting in the CASSCF/RASSI calculations
compared to various true electrostatic models, is that the ab
initio methods allow for the mixing between metal and the
ligand orbitals, giving rise to covalent contributions to the
crystal field. It is a well-known fact of post Hartree-Fock meth-
ods, that the metal-ligand covalence is underestimated at the
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CASSCF level, requiring a larger active space (RASSCF), and in-
clusion of dynamical electron correlation (CASPT2 step) for
a decent description. This tendency is clearly observed also in
the calculated crystal-field splitting (Figure 7).

It is instructive to reveal the effect of true electrostatic po-
tential on the g tensor of the ground crystal-field multiplet. A
particular interest for such inquiry is sparked by the often used
argument that matching orientations of main magnetic axes
(corresponding to the largest g-factor, g,) obtained by ab initio
calculations and electrostatic models, is a proof of dominant
electrostatic contribution to the crystal field in lanthanides.*”
To this end, the g factors of Er-trensal were calculated with var-
ious approaches. Given a very close geometry of Er-trensal to
the G; point group, the orientation of the main magnetic axis
obtained ab initio, and by any electrostatic models, always
match each other, because the latter should be aligned to the
G; rotational axis for ideal trigonal geometry. Despite the good
matching of the orientations of the calculated main magnetic
axes, Table 3 shows that the electrostatic point-charge models
are giving a very axial g tensor for the ground doublet, in com-
plete disagreement with experiment. In contrast, the electro-
static models based on true space distribution of the electronic
charge in the ligands, including FAIEMP, predict easy-plane
type magnetic anisotropy of the ground-state g tensor in
a major disaccord with experiment (Table 2). Notably, neither
of the electrostatic approaches are able to correctly describe
the magnetic behavior of this compound, ¥(T)*T and M(TH). At
the same time, the minimal ab initio CASSCF/RASSI calculation
(model A1 in Table 2) gives the ground-state g tensor much
closer to the experimental values. As inferred from Table 2, the
addition of dynamical electron correlation and Madelung po-
tential leads to solutions that are very close to experiment.

Conclusions

The ab initio methodology for the investigation of the crystal
field in lanthanide complexes presented here offers two major
advantages over other approaches employed so far. First, it
allows derivation of all 27 crystal-field parameters in a unique
way. Second, it takes into account all contributions to the crys-
tal field, and allows the analysis of their relative strengths.
These advances permit the application of crystal-field analysis
in a more insightful way than earlier phenomenological ap-
proaches.

The role of the electrostatic contribution to the crystal field
in lanthanides were analyzed in detail, using (i) atomic point
charges (Mulliken, LoProp) derived from quantum chemistry
calculations, and (ii) true space distribution of the electronic
charge in the ligands. The thoroughly investigated example of
the Er-trensal complex shows that the electrostatic potential
yields less than half of the strength of the crystal field; the
main contribution being provided by covalency effects. Also,
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inclusion of the effects of dynamical electron correlation (lack-
ing in the conventional CASSCF approach), together with the
electrostatic Madelung potential of the crystal, lead to a much
closer agreement between measured and calculated energies,
and the anisotropic magnetic properties of individual crystal-
field multiplets (Table 2 and Figure 5). This suggests that ab
initio crystal field calculations are likely to become an essential
tool for accurate description of optical and magnetic proper-
ties of lanthanide complexes.

The developed method to extract crystal-field information
from rigorous ab initio calculations can be, in principle, directly
applied for the investigation of the crystal field in actinides,
provided the ab initio calculations for them is done at the
proper level. In this respect, accurate benchmarking of the ab
initio computational strategy for crystal fields in actinide com-
pounds is required.

Finally, it should be emphasized that the ab initio based
methods are advancing fast, with significant improvements in
recent years in terms of accuracy and speed. When combined
with the fast advancement of the processing power, and devel-
opment of novel computer architectures, these methods grad-
ually become more and more important for chemical research,
by providing predictive insight into various studies.
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