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Abstract: Two series of lanthanide complexes have been

chosen to analyze trends in the magnetic properties and
crystal field parameters (CFPs) along the two series : The
highly symmetric LnZn16(picHA)16 series (Ln = Tb, Dy, Ho, Er,

Yb; picHA = picolinohydroxamic acid) and the
[Ln(dpa)3](C3H5N2)3·3H2O series (Ln = Ce–Yb; dpa = 2,6-dipico-

linic acid) with approximate three-fold symmetry. The first
series presents a compressed coordination sphere of eight

oxygen atoms whereas in the second series, the coordina-

tion sphere consists of an elongated coordination sphere
formed of six oxygen atoms. The CFPs have been deduced

from ab initio calculations using two methods: The AILFT
(ab initio ligand field theory) method, in which the parame-

ters are determined at the orbital level, and the ITO (irreduci-

ble tensor operator) decomposition, in which the problems
are treated at the many-electron level. It has been found
that the CFPs are transferable from one derivative to anoth-

er, within a given series, as a first approximation. The sign of
the second-order parameter B2

0 differs in the two series, re-

flecting the different environments. It has been found that
the use of the strength parameter S allows for an easy com-

parison between complexes. Furthermore, in both series, the

parameters have been found to decrease in magnitude
along the series, and this decrease is attributed to covalent

effects.

Introduction

With the discovery of lanthanides as single-ion magnets,[1]

there has been a resurgence of activity in the synthesis of new

lanthanide complexes. Crystal field (CF) theory has been widely
used to rationalize the properties of these complexes, in partic-
ular the nature of the ground state and the anisotropy of the
magnetic properties. Crystal field parameters (CFPs) play a key

role in the modeling of paramagnetic (pNMR) shifts in lantha-
nide complexes, according to the theory proposed by Bleaney
in the 1970s. CF theory models the splitting of the metal orbi-
tals, either d or f, in the presence of the ligands.[2] First pro-

posed for the d elements in transition-metal complexes as a
pure electrostatic interaction,[3, 4] Racah and Stevens applied

the Wigner–Eckart theorem to simplify the evaluation of the
CF matrix elements for many-electron cases.[5, 6] Since then, the

formalism has been extended to the f elements.[7] It provides a
theoretical framework for modeling the ion environment by
means of a few parameters. CFPs are considered as phenom-
enological parameters, and are fitted against experimental

data.
For lanthanide-containing complexes, the interaction be-

tween the lanthanide ion and the ligands has always been
considered to be mostly electrostatic in nature. The nature of
the ground state has been, therefore, rationalized by using

electrostatic arguments; two software packages, CONDON and
PHI, were developed for an efficient fitting of the CFPs against

experimental data.[8, 9] On an electrostatic basis and for highly

symmetrical molecules, Rinehart and Long have shown that
the shape of the ligand environment allows the nature of the

low-lying MJ states to be predicted and thus the magnetic be-
havior of the complexes.[10] This model holds in a high-symme-

try environment. To describe less symmetrical environments,
computational approaches have recently been proposed that
1) combine an electrostatic description with semi-empirical

radial effective charges (RECs)[11] and 2) describe the ligands by
charges either optimized to fit the experimental data within

the lone-pair effective charge (LPEC) model[12] or taken from ab
initio calculations (CAMMEL).[13] A purely electrostatic approach

has been proposed to determine the direction of the magnetic
moment by minimizing the potential energy; the ligands are
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modeled by fractional charges determined by valence-bond
resonance hybrids.[14]

Even though the lanthanide-ion–ligand interaction is pre-
dominately electrostatic, some degree of covalency has been

evidenced, but to a lesser extent than for the 5f elements. The
5d and 6s orbitals participate the most in the mixing, due to

the inner-shell character of the 4f orbitals.[15–17] First-principles
calculations allow for an accurate description of bonding, de-
scribing correctly both electrostatic and the tiny covalent

bonding effects. They have become a useful tool to interpret
the magnetic data of lanthanide complexes, by providing the

nature of the ground state and the associated magnetic
moment as well as the nature of the low-lying states that may
be involved in relaxation processes,[18] and are a useful support
for the interpretation of experimental data relating to lantha-

nide complexes.[19] More recently, ab initio calculations have

also been successful in describing the magnetic coupling be-
tween two lanthanide centers.[20] Magnetic anisotropy is mod-

eled by the so-called g tensor and the splitting of the ground
manifold by the ligands in the absence of a magnetic field by

the zero-field splitting (ZFS) tensor. These model parameters
can be obtained from fitting experimental data with a model

Hamiltonian, and from ab initio calculations.[21, 22] In transition-

metal complexes, the ZFS is induced by the spin–orbit cou-
pling with excited states,[23] whereas in the f elements it arises

from the splitting of the ground J multiplet of the free ion by
the ligands and is characterized by the CFPs. In principle, the

ZFS needs 27 independent parameters, although this number
is reduced by symmetry. For example, in octahedral symmetry,

only two CFPs are left, and they are easily deduced from both

experimental data and calculation by fitting the energies of
the states.[24] For lower symmetry, the number of CFPs increas-

es, and at some point it is no longer possible to evaluate these
parameters, either from experimental data or from the com-

puted energies of the levels. However, all the information is
available from ab initio calculations and two methods have re-

cently been proposed for this purpose.

The aim of this work was to analyze the correlations be-
tween structure and the CFPs deduced from ab initio calcula-

tions, as well as the expected magnetic properties according
to their prolate or oblate shape in two series of lanthanide

complexes. The advantage of using ab initio calculations is
three-fold: 1) All types of interactions are taken into account,

not only the electrostatic interactions, 2) the 27 CFPs can be
determined in the case of low symmetry, and 3) the relevance
of CF theory to the modeling of the low-lying spectrum can be

assessed. In the first series, denoted LnZn16, the lanthanide ion
is sandwiched between metallacrown species to form a quasi-

perfect compressed D4d symmetry, which reduces the number
of CFPs.[25–27] This is a rare case in which the qualitative electro-

static model of Rinehart and Long applies almost perfectly.[10]

The second series, denoted [Ln(dpa)3]3@, covers the whole
period, the environment is more prolate, and the complexes

show close to three-fold symmetry, but not strictly.[28] As
will appear from the calculations, the magnetization stays

axial along the series with a variation in the direction. Further-
more, the second-order parameter was recently deduced

from paramagnetic NMR spectroscopy, applying Bleaney’s
theory.[28]

The CFPs were deduced from ab initio calculations by using
different methods and the results have been compared. The

CFPs were determined from the energy matrix derived from
either the basis sets of the orbitals (ab initio ligand field

theory, AILFT)[29] or the basis set of the many-electron wave
functions (irreducible technique operator, ITO).[30] Because the
first series is highly symmetrical, the CFPs could be directly

fitted against the energies. This work completes a previous
study in which another question about CFPs was addressed,
namely the transferability of the CFPs from the orbital picture
to the many-electron picture, including spin–orbit coupling. It
emerged from this previous study that covalent effects be-
tween the metal and the ligands affect the CFPs, even for the

ionic PrCl3 crystal.[31] This will be confirmed by the present

work in which we aimed to address the following points: 1) Do
the two above-mentioned methods provide similar CFPs?

2) Are the CFPs transferable within each series as they depend
only on the nature and position of the ligands? 3) How to con-

nect the CFPs to the magnetic properties? 4) Are the trends
across the series impacted by covalent effects?

In this report the two series are described first, the main fea-

tures of the methods for the determination of the CFPs from
ab initio calculation are then presented, with more details pro-

vided in the Supporting Information (Sections S1 and S2), and
finally, the results of the CFP calculations for the two series

mentioned above and the trend in the computed CFPs are dis-
cussed.

Two lanthanide series

LnZn16

The isostructural LnZn16(picHA)16 (Ln = Tb, Dy, Ho, Er ; picHA =

picolinohydroxamic acid) series of compounds were synthe-

sized by Pecoraro and co-workers and characterized by
magnetometry.[25, 27] This series has been completed by

YbZn16(pyzHA)16 (pyzHA = pyrazinecarbohydroxamic acid),
which is isostructural with LnZn16(picHA)16 and possesses at-
tractive near-infrared (NIR) emission properties.[26] The struc-
tures of the lighter lanthanides, when available, are structurally

different due to the presence of water molecules in the coordi-
nation sphere. In this series, two 12-MC-4 (MC = metallacrown)
sandwich the LnIII, and a further 24-MC-8 ring lies around this

sandwich as a result of p-stacking interactions with the picHA
rings (see Figure 1). The LnIII are surrounded by eight oxygen

atoms forming a compressed square antiprism geometry with
very close to a perfect D4d symmetry. The Ln@O distance

ranges from 2.35 (Tb) to 2.31 a (Yb) following the diminution

of the ionic radius across the series. The angle with the quater-
nary axis is constant and about 62.38, which denotes a com-

pressed environment. As described in Refs. [26, 27] , this com-
pressed environment leads to unusual magnetic properties,

with axial and planar magnetization for the ErIII and DyIII com-
plexes, respectively.
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[Ln(dpa)3]3@@

The [Ln(dpa)3](C3H5N2)3·3H2O (denoted [Ln(dpa)3]3@ ; Ln = Ce–
Yb; dpa = 2,6-dipicolinic acid) series of compounds are also iso-

structural. The complexes have been structurally characterized
by X-ray diffraction, except praseodymium, and crystallize in

the triclinic space group P1.[28] The coordination sphere con-

tains three DPA@ that form a distorted tricapped trigonal prism
(see Figure 2). Each ligand is tridentate and coordinated to the

LnIII cation through the nitrogen atom of the pyridine cycle
(capped position) and an oxygen atom of each of the carboxyl-

ate groups (prism position). The coordination sphere is formed
by six oxygen and three nitrogen atoms with distances ranging
from 2.51 (Ce@O) to 2.37 a (Yb@O), and 2.63 (Ce@N) to 2.45 a

(Yb@N), respectively. Due to the presence of counter ions, the
ternary symmetry is slightly distorted and, for a given complex,
the distances between the metal ion and the three ligands
differ by about 0.1 a. The oxygen atoms are closer than the ni-

trogen ones, and are more electronegative, as confirmed by
the Mulliken charges of around @0.9 and @0.2, respectively.

One might expect the oxygen atoms to dominate the crystal
field. The angle between the oxygen atoms and the pseudo-
ternary axis is rather constant along the series at around 468 ;

this is a much smaller value than in the LnZn16 series and de-
notes a prolate environment.

The whole [Ln(dpa)3]3@ series is considered in this work,
except the gadolinium complex, which has a pure spin ground

state and in which the ZFS arises from second-order interac-

tions. The Z axis is perpendicular to the plane formed by the
three nitrogen atoms, whereas the X and Y axes are arbitrary

(see Figure 2).

Crystal field parameters

Model Hamiltonian within crystal field theory

The Hamiltonian describing the f electrons may be written as

Equation (1)

bHCF ¼
XN

i¼1

bT i @
Z*

ri

+ *
þ
X

i<j

1
rij

þ
XN

i¼1

xblibsi þ bvCF rið Þ
h i ð1Þ

with the scalar relativistic kinetic term, the attraction of the
electrons by the screened charge of the metal nucleus Z*, the

electron–electron repulsion, the spin–orbit operator, and the
one-electron CF operator, respectively. The sum runs over the

N f electrons of the valence shell. The many-electron CF opera-
tor is the sum of the one-electron operators given by Equa-

tion (2)

bVCF ¼
XN

i¼1

bvCF rið Þ ð2Þ

in which bvCF is the electrostatic potential at a point r close to

the magnetic center arising from the ligands represented by
point charges. In its pure electrostatic formulation, it arises

from the charges attributed to the ligands and it is written as

a multipolar expansion in terms of spherical coordinates
[Eq. (3)] .

bvCF rð Þ ¼
X1
k¼0

Xk

q¼@k

bq
k rk Y q

kðq; @Þ ¼
X

k;q

bvq
k rð Þ ð3Þ

Figure 1. Structure of the LnZn16 complexes.[25] Top: Top view, green: Er, Zn;
red: O; blue: N; black: C. Bottom: Side view, purple: upper 12-MC-4; orange:
lower 12-MC-4; blue: 24-MC-8 ring; grey: pyridine. Hydrogen atoms have
been omitted for clarity.

Figure 2. [Ln(dpa)3]3@ complex. Top: Top view. Bottom: Side view, green: Ln;
red: O; blue: N; black: C. Hydrogen atoms have been omitted for clarity.
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The term bvq
k rð Þ represents components of irreducible tensors of

rank k, and their matrix elements within an fN configuration

with pure f orbitals vanish for k>6 as well as for odd values of
k. The first term, with k = 0, does not contribute to CF split-

ting.[32] The noncontributing terms (k, q) are usually omitted in
the expansion of Equation (3), and the number of terms is fur-

ther reduced by symmetry.
Assuming that all the 4f orbitals have the same spatial ex-

pansion, the bvq
k operators (or their many-electron counterparts)

acting in the Hilbert space of the Slater determinants may be
replaced by the tensor operators bOq

k acting in either the l (one-
electron), L (spin-free), or J (spin–orbit) manifolds. Equation (2)
is then equivalent to Equation (4)

bVCF
Xð Þ ¼

X
k¼2;4;6

ak
X

Xk

q¼@k

Bk
q
bOk

q Xð Þ ð4Þ

in which X ¼ l; L; J according to the considered manifold. The

term ak
X ¼ hXkakkXi represents the reduced matrix elements

of the second, fourth, and sixth order, respectively. The ak
l ele-

ments are determined by N, the ak
L elements by N and L, and

the ak
J elements by N, L, and J. These reduced matrix elements

have been tabulated for the ground state of each lanthanide
ion.[32] The convention of Wybourne is used throughout this

work.[7, 33] It was understood very early on that the pure electro-
static picture is far from quantitative. Because the incorpora-
tion of some covalency keeps the one-electron structure, bVCF

may be seen as an effective interaction, the parameters of
which are fitted on experimental data. We showed in a recent

article[31] that the CFPs deduced from orbital energies (X = l)
and from many-electron wave functions without or with spin–

orbit coupling (X = L and J, respectively) lead to similar CFPs.

Consequently, the reduced elements ak
X depend on the nature

of the metal, and the CFPs Bk
q only on the nature and position

of the ligands, and should be transferable within the lantha-
nide series.

The CFPs depend on the orientation of the molecule in the

{X, Y, Z} frame. They are in general imaginary, and rotations
around the Z axis affect the phase factor mixing Bk

q and Bk
@q. In

the present work, Z was chosen as the pseudo-rotation axis (cf.
Figure 1 and Figure 2), and the choice of X and Y axes is arbi-

trary. Hence, only the norm of these parameters is considered

in this article[34] [Eq. (5)] .

B
k
q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bk

q

444 4442 þ Bk
@q

444 4442r
ð5Þ

For the sake of comparison, rotational invariants are consid-

ered to reduce the numerous CFPs to fewer parameters, more
specifically the second-order moments.[35, 36] We considered the

strength parameter of kth order [Eq. (6)]

Sk ¼ 1
2k þ 1

Xk

q¼@k

Bk
q

444 4442" #1=2

ð6Þ

and the strength parameter as defined by Chang et al.[35]

[Eq. (7)] .

S ¼ 1
3

X
k

1
2k þ 1

Xk

q¼@k

Bk
q

444 4442" #1=2

ð7Þ

These two strength parameters are rotational invariant. To

quantify the symmetry about the Z axis, the strength parame-

ter of qth index was considered [Eq. (8)] .

Sq ¼
X

k

1
2k þ 1

Bk
q

444 4442" #1=2

ð8Þ

This parameter is not rotational invariant, but it is invariant to

rotations about the Z axis. Equations (6), (7), and (8) are related
by Equation (9).

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2 þ S4 þ S6

3

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S0 þ S1 þ S2 þ S3 þ S4 þ S5 þ S6

3

r ð9Þ

The parameter S allows the strength of the ligand field to be

evaluated with only one parameter and gives an idea of the
overall splitting of the ground J manifold.

Crystal field parameters from first principles

The CFPs model the splitting of a J multiplet of the free ion by

the ligands, and according to CF theory, there are 27 such pa-
rameters. The CF operator of Equation (3) is essentially a one-

electron operator that acts at the orbital level. By applying the
Wigner–Eckart theorem, it may be expressed as a many-elec-

tron operator acting in a given J manifold [Eq. (4)] .[5, 6] In transi-
tion-metal complexes, the ZFS arises due to spin–orbit cou-
pling with excited states, and the analysis at the orbital level

needs symmetry considerations;[37] in lanthanide complexes,
CFPs determined at the orbital or many-electron levels are sim-
ilar, because the splitting of the 4f orbitals by the CF is suffi-
ciently small not to impact the composition of the many-elec-

tron wave functions of the free ion.[31] Once the CFPs are
known, the energies and compositions of the 2J + 1 states aris-

ing from this manifold are fully characterized, and all the mag-
netic and spectroscopic properties may be deduced.

Ab initio calculations based on the CASSCF (complete active
space self-consistent field) method provide the energies of the
low-lying states and their compositions in terms of Slater de-

terminants, which provide the necessary information for the
determination of the CFPs. In the AILFT method developed by

Atanasov et al. , the CF operator in its one-electron picture is
considered, and additional parameters are needed to model
the two-electron interaction (Slater–Condon parameters) and

the spin–orbit interaction.[29] On the other hand, in the ITO
method proposed by Ungur and Chibotaru, the CF operator in

its operator-equivalent picture is considered, and the CFPs are
deduced from the many-electron energies and wave functions
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of the considered J manifold.[30] The determination of spin
Hamiltonian parameters from ab initio calculations needs the

one-to-one correspondence between the computed and
model states, and this is usually a key stage of the proce-

dure.[22, 38, 39] For AILFT, the correspondence is performed at the
one-electron level by mapping the seven 4f orbitals, whereas

for ITO, it is performed by determining the eigenvectors of the
magnetic moment operators. Finally, in the AILFT method the
CFPs are deduced from a fitting procedure, whereas in the ITO

method a decomposition is performed by using the irreducible
tensor operator technique.

Fitting procedure (FIT)

In the case of complexes with high symmetry, the number of
CFPs is reduced. In octahedral symmetry, there are two inde-

pendent parameters[40] and the CFPs are easily deduced from
ab initio calculations.[24] When an axial symmetry is present,

there are only three CFPs left : B2
0, B4

0, and B6
0. In this case, the

parameters can be fitted against the ab initio energies by a

least-squares procedure when J is large enough. Then, the
states are assigned according to the projection of the total an-

gular moment bJZ . This method was applied to the LnZn16

series, which evidence a symmetry very close to D4d. This is still
feasible when a few off-diagonal terms are present (q¼6 0), as

for D3h with an additional B6
6 term.[31]

Ab initio ligand field theory (AILFT)

The second approach was developed by Atanasov et al. ,[29] first

based on DFT calculations[41] and afterwards adapted to wave-
function theory (WFT).[42] It has been applied to octahedral

series of lanthanides[43] and actinides.[44] The many-electron
wave functions of a 4fN ion are written as linear combinations

of Slater determinants jfi···fj j built with real 4f spin orbitals
fi. Because 4f orbitals are very inner shell, the fi are almost of

pure 4f character. The correspondence with the model space is

performed at this stage. Both the ab initio and the model
Hamiltonians of Equation (1) are expanded in the Slater deter-
minants basis, and there is a one-to-one correspondence of
the matrix elements. The model matrix is expressed by the 27

CF matrix elements, the three Slater–Condon parameters for
electron–electron repulsion F2, F4, and F6,[45] and the effective

one-electron spin–orbit coupling parameter x. These parame-
ters are deduced by equating the matrix elements of the ab
initio and model matrices. The system of equations is overpar-

ametrized, and is solved through a least-squares procedure.
More details are given in Section S1 in the Supporting Informa-

tion.

Irreducible tensor operator (ITO) method

This method has been proposed by Ungur and Chibotaru.[30]

The CFPs are deduced from the 2J + 1 wave functions and the
corresponding energies of a J term of the free ion. This as-

sumes that this manifold is well separated from the other ones
and easily identifiable. Because the ab initio eigenvectors of

the Z component of the total angular magnetic moment bMZ

correspond to the {j J, MJi} model vectors, the one-to-one cor-

respondence is performed by diagonalizing the representation
matrix of bMZ in the J manifold. The phase factors between the

states are further determined such that the superdiagonal of
the representation matrix of bMX is real. The ab initio Hamiltoni-

an matrix is then expressed in this new basis set, and is de-
composed in terms of the spin matrices of the ITOs.[46, 47] The
corresponding projections are the CFPs within the reduced

matrix elements ak
J of Equation (4). Because the CFPs are ob-

tained by a decomposition technique, there is no loss of infor-
mation, but the 2J + 1 degrees of freedom reduce naturally to
27: Although the odd-order parameters vanish because of
time-reversal symmetry of the Hamiltonian, parameters with
k>6 appear to be negligible. The similarity between the ab

initio MJ
u and the model MAI

u matrices in the direction u is quan-

tified by the distance between these matrices, as given by
Equation (10)

dmu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr MJ

u @MAI
u

E Cy MJ
u @MAI

u

E Cq
ð10Þ

in which y denotes the conjugate transpose. dmu vanishes in

the limit of the free ion in the LS coupling scheme. Another
index, dh, is introduced to quantify the similarity between the

ab initio and model Hamiltonian representation matrices [see
Eq. (S8) in the Supporting Information] . More details are given

in Section S2.

Results and Discussion

LnZn16

The axial symmetry leads to a reduced number of CFPs,
namely B2

0, B4
0, and B6

0, which can be fitted either against the ex-

perimental data or ab initio results. In this work we compared

the CFPs determined from ab initio calculations with those de-
rived from both the FIT and ITO methods. The CFPs obtained

for the five complexes are summarized in Table S1 in the Sup-
porting Information and are presented graphically in Figure 3.

The energies of the ground J manifold are given in Table S2.
The two methods lead to identical values. With ITO, due to a
small twist angle around the Z axis slightly breaking the D4d

symmetry, some CFPs with q¼6 0 are non-zero, as for example

B4
4 and B6

4.
B2

0 is the largest in magnitude, and negative as expected
from a compressed environment. This negative value of B2

0

leads the magnetization to be axial in the erbium derivative,
and planar in the dysprosium derivative.[10, 31] B4

0 and B6
0 are far

from non-negligible, around :500 cm@1, and opposite in sign,
which leads to entangled spectra in terms of jMJ j . As dis-

cussed in Ref. [31], a2
J changes sign between holmium and

erbium. This impacts the ordering of the states in terms of
jMJ j : For terbium and dysprosium, jMJ j increases with the

energy, for ytterbium, it decreases. For the holmium and
erbium complexes, the states are more entangled due to the

significant values of B4
0 and B6

0, which lead to a nonquadratic
relation between the energy and jMJ j . All the CFPs decrease in
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magnitude along the series, which will be further discussed in

the last section, and consequently the strength parameter S,
defined in Equation (7), follows this trend.

[Ln(dpa)3]3@@

Because the real and imaginary parts of the nondiagonal CFPs
vary by any rotation in the XY plane, only their norm is consid-

ered, B
k
q, as defined in Equation (5). The CFPs were calculated

by both AILFT and ITO. For ITO, the manifolds with J<3 do

not provide sixth-order CFPs because the expansion of Equa-

tion (S5) (in the Supporting Information) is limited to 2J. This
artificially leads to smaller strength parameters S and Sq due to

the restricted sum of terms [see Eqs. (7) and (8)] . To overcome
this limitation, the sixth-order CFPs (and all orders for EuIII) are

deduced from the first excited J manifolds.
All the CFPs are given in Tables S6 and S7 in the Supporting

Information, and the strength parameters in Tables S8 and S9.

The dominant parameters are presented graphically in Fig-
ures 4 and 5, and the others are shown in Figures S2. The two

methods give similar CFPs. This confirms that CFPs extracted
from orbital and many-electron levels are very similar due to

the small ZFS of the 4f orbitals. It should be mentioned that
the energies of the low-lying excited states are very similar,
even though they were calculated with different codes, differ-
ent basis sets, and slightly different approximations (see

Table S3). Although B2
0, B4

0, B6
0, B4

3, B6
3, and B6

6 have values of sev-

eral hundred wavenumbers, all the other parameters are small-
er than 100 cm@1. This is in agreement with the approximate

three-fold symmetry of the complexes. Indeed, within the
trigonal C3 point group, only these six CFPs would be non-

zero. B2
0 is positive, whereas B4

0 and B6
0 are negative, and all

three CFPs are of the same order of magnitude. The sign of B2
0

is opposite to that of the LnZn16 series, which denotes a more

prolate coordination environment. As in the other studied
complexes, the CFPs are transferable along the series with an

overall decrease in magnitude. This confirms that the effects of
the ligands and central ion are decorrelated and independently

described by the parameters Bk
q and ak

J of Equation (4), respec-
tively.

In the case of complexes with axial symmetry, the nature of

the ground-state magnetization alternates between planar and
axial following the sign of a2

J from Equation (4). In the LnZn16

series, B2
0 is negative, and the magnetization is planar for the

dysprosium derivative and axial for the erbium one. For sand-

Figure 3. CFPs and strength parameters for the LnZn16 series derived from
the ITO method. For HoZn16, the values are averaged over the DyZn16 and
ErZn16 structures.

Figure 4. CFPs for the [Ln(dpa)3]3@ series. Full line: AILFT; dashed line: ITO.

Figure 5. Strength parameters for the [Ln(dpa)3]3@ series. Full line: AILFT;
dashed line: ITO.

Chem. Eur. J. 2019, 25, 15112 – 15122 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15117

Full Paper

http://www.chemeurj.org


wich complexes,[31] B2
0 is positive for benzene and cyclopenta-

dienyl ligands and negative for the more compressed 1,3,5,7-

cyclooctatetraene ligand, leading to opposite magnetic aniso-
tropies for these different ligands. In the [Ln(dpa)3]3@ series, B2

0

is positive as expected from the prolate layout of the oxygen
atoms. Hence, one would expect a planar (axial) magnetization

for samarium, erbium, and ytterbium (Ce, Nd, and Dy) due to a
positive (negative) value of a2

J . However, this is not the case, as
can be seen from the g factors of the ground Kramers doublets

given in Table S5. Because the fourth- and sixth-order CFPs, as
well as the ternary nondiagonal parameters, are non-negligible,
the ground states are far from pure MJ eigenstates. The dys-
prosium complex shows an axial magnetization, and so do the

erbium and ytterbium complexes, with the magnetization in a
direction perpendicular to the ternary axis. This is in agree-

ment with previous observations:[48, 49] In the presence of

pseudo-axial symmetry, the magnetic anisotropy of elongated
erbium derivatives, which is expected to be planar, is axial and

oriented perpendicularly to the pseudo-axis. As a consequence,
the magnetic axes of the dysprosium and erbium complexes

are perpendicular.

Trends in the lanthanide series

Strength parameters and CFPs

The strength parameters are presented graphically for the two
series in Figure 6 along with the metal–ligand distances. As dis-

cussed above, the strength parameter S defined by Equa-
tion (7) gathers in only one parameter the 27 CFPs and allows

an easy evaluation of the strength of the metal–ligand interac-
tion. This facilitates comparison between two complexes.
Along the two series, the coordination sphere shrinks with the

decrease in the ionic radius of the free ion. The CFPs decrease
in magnitude along the two series and the value of S is larger

for the LnZn16 series than for [Ln(dpa)3]3@. In the pure electro-
static picture, according to Equation (3), the CFPs are deter-

mined by the position and charge of the ligands, as well as by

the radial expansion of the 4f orbitals. Along the series, the nu-
clear charge of the lanthanide atom increases, the 4f orbitals

become more inner shell, the ionic radius of the free ion de-

creases, and, accordingly, the coordination sphere shrinks. In
an isostructural series, the structural changes are smooth and,

as a first approximation, because they are determined only by
the ligands, the CFPs may be considered as transferable from

one lanthanide ion to another inside a series, as observed by
Abragam and Bleaney.[32] The variation in the number of 4f

electrons is included in the ak
X reduced matrix elements, and

the variation in ak
X , both in amplitude and in sign, leads to

very different energetic spectra and magnetic behavior from

one lanthanide ion to another.
Figure 6 shows a smooth variation of the CFPs; it can be

said, as a first approximation, that they are transferable from
one ion to the next with a small variation. But it may not be
said that they are constant across the whole series. As was
shown in Ref. [31], the trends in the many-electron spectra are

much more tricky to analyze, because of the large variation in
ak

X , especially in a2
X , the sign of which changes three times

along the series. In the LnZn16 series, except for B6
0 the TbIII

complex, the three CFPs are rather constant, as they only de-
crease by 10–20 % in magnitude (see Figure 3). dmu, defined in

Equation (10) with u = X, Y, and Z (see Table S1 in the Support-
ing Information), which quantifies the similarity of the bMu

matrix to that of the free ion in the LS coupling scheme, de-

creases across the series to almost 0 for ytterbium. The same
tendency is observed for dh [defined in Eq. (S8)] , which quanti-

fies the similarity of the ab initio and model matrices expanded
up to the sixth order.

Point charge model

To analyze these variations, a point charge (PC) model has
been considered in which each atom of the ligands is repre-

sented by a PC deduced from its LoProp ab initio value.[50] The
electrostatic potentials created by the PC model and the ab

initio ligands are similar (see Table S10 in the Supporting Infor-

mation). The PC and ab initio strength parameters are com-
pared in Figure 7. The PC strength parameter is rather constant

across the series. Because the dipole and quadrupole moments
determined by the two models are almost identical, the differ-

ence between the PC and ab initio calculations can be attribut-
ed to covalent contributions, including the combined effects
of bonding, charge donation, and polarization. In the electro-
static model, the CF is axial and dominated by second-order
terms (S2 and S0 dominant), and the other terms are almost
negligible. This prevalence of the second order for electrostatic
models has already been observed in PrCl3 and sandwich com-

plexes,[31] and it confirms that the nonaxial and fourth- and
sixth-order contributions arise mostly from non-electrostatic ef-

fects such as the polarization of f orbitals, orthogonality issues,
electron correlation, and covalent effects. As already men-

tioned, the PC model leads to a rather constant value of S. The

difference between the ab initio and PC curves is rather con-
stant for the second order, and tends to decrease for the

fourth and sixth orders. It should be mentioned that a simpli-
fied PC model, in which the ligands are replaced by only nine

point charges placed at the positions of the six oxygen and
three nitrogen atoms of the coordination sphere, leads to re-

Figure 6. Strength parameters for the LnZn16 and [Ln(dpa)3]3@ series. Full
line: AILFT; dashed line: ITO. Insert : Average bond distances in the coordina-
tion sphere. LnZn16 : 8 oxygen atoms; [Ln(dpa)3]3@ : full line: 6 oxygen atoms;
dashed line: 3 nitrogen atoms.
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sults similar to those obtained with the more sophisticated PC
model (see Figure S6).

In the pure electrostatic picture, the closer the charges, then
the greater the interactions and the CFPs. In the LnZn16 series,
the coordination sphere is more compressed than in the

[Ln(dpa)3]3@ series, and S is larger because the ligands are
closer to the 4f electrons. But the trend along a series is not so
simple because there are two opposite effects: As the 4f orbi-
tals contract, the CFPs should decrease, but as the coordina-

tion sphere shrinks, the CFPs should increase. To unravel these
two effects, they were dissociated by varying independently

the nature of the lanthanide ion and the position of the charg-

es (see Section S4.5 in the Supporting Information). As expect-
ed, the CFPs decrease when changing the metal ion (fixed po-

sition of the point charges) and increase when changing the
positions of the charges (fixed Ln). The contraction of the coor-

dination sphere and the decrease in the spatial distribution of
the 4f electrons lead to opposite trends along the series, and

the interweaving effects lead to a rather constant value of S.

Consequently, the decrease in the strength parameters ob-
served in Figure 6 with the full ligands arises from the overlap

of the lanthanide and ligand orbitals, namely covalent effects.
The 4f orbitals being inner shell, they participate little in the

covalent bonding itself, which involves mostly 5s, 5p, and 6d
orbitals. It was shown in Ref. [31] that both the direct overlap

of the 4f orbitals and the orbitals of the ligands and the indi-
rect interaction of the more outer-shell orbitals affect the CFPs.

As in this previous work, covalent effects reduce the CFPs of
the second-order term and increase the other CFPs, and more

specifically the off-diagonal terms with q¼6 0.
The decrease in the CFPs across the lanthanide series has

been observed previously. Duan and Tanner fitted the energet-
ic spectra of the whole series of Cs2NaLnCl6

[51] taking advant-
age of the octahedral symmetry, which leads to only two non-

vanishing independent CFPs. Both B4
0 and B6

0 decrease across
the series, from 2100 (Ln = Ce) to 1400 cm@1 (Ln = Yb) and
from 260 to 90 cm@1, respectively. The authors showed that
this decrease is larger than that expected for a pure PC model

of the ligands. Faulkner et al.[52] improved the PC model by
adding induced dipoles on to the ligands, and this led to a de-

crease in the CFPs. But the present work shows that the ex-

tended PC model leads to similar results to those obtained
with the model with only nine PCs. Ishikawa et al. deduced the

CFPs in the [Pc2Ln]@ series for the second part of the lantha-
nide series by fitting paramagnetic shifts and magnetic suscep-

tibilities.[53] Both B2
0 and B4

0 decreased in magnitude whereas B6
0

was rather constant, but small.

Comparison of ITO with AILFT

In the [Ln(dpa)3]3@ series, the variation in the CFPs along the
series is smoother with AILFT than with ITO (see Figure 4). In

the first half of the series, the ITO values are smaller than the

AILFT values, whereas the opposite is observed in the second
half. Also, there are more irregularities in the ITO values, espe-

cially in the first half of the series. In the first half, the value of
J is small according to Hund’s third rule, and the different J

manifolds are closer to each other according to the Land8 rule.
It could be suspected that the spin–orbit coupling between

the J manifolds is at the origin of these irregularities. The CFPs

deduced before and after the inclusion of the spin–orbit cou-
pling, within the L and J ground manifolds, respectively, are

shown in Figure S4 in the Supporting Information. They are
found to be very similar. This shows that the J–J coupling,

which is more important at the beginning of the series, does
not affect the CFPs. The model and ab initio magnetization

matrices (see Table S4) differ more in the first half of the series,
especially for neodymium and samarium. In the second half of

the series, the values of dm are roughly the same as for the

LnZn16 series; they decrease and almost vanish for ytterbium.
The highest values of dh are reached for neodymium and sa-

marium, which means that orders higher than six are less neg-
ligible in these cases. The Slater–Condon parameters, which

describe the electron–electron interaction, increase (see Fig-
ure S3). These trends show that the overlap of the metal and

ligand orbitals, which is tiny, decreases across the series. Finally,

the difference between the AILFT and ITO CFPs should be at-
tributed to electron–electron effects. The former method de-

termines the CFPs at the one-electron level, and the parame-
ters for electron–electron repulsion and spin–orbit coupling

are determined independently with additional parameters. In
the ITO method, the CFPs are determined from the decompo-

Figure 7. Strength parameters for the [Ln(dpa)3]3@ series determined by the
ITO method. Full line: ab initio; dashed line: PC model.
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sition of the many-electron wave functions and describe the
other interactions in an effective way. It cannot be concluded

that one approach is more reliable than the other: AILFT pro-
vides one-electron CFPs and, with the knowledge of Slater–

Condon parameters and the SO coupling constant, the ener-
gies of all the states arising from the 4fN configuration might
be calculated. The ITO technique provides effective many-elec-
tron CFPs and is specific to each J manifold. For magnetic
properties that arise only from the ground J manifold, the ITO

method is recommended because they reproduce exactly the
energies of this manifold, whereas for spectroscopic methods

involving excited J manifolds, the AILFT approach is more suit-
able.

Paramagnetic NMR shifts

Another domain to which CFPs are successfully applied is the
modeling of paramagnetic NMR shifts of lanthanide com-
plexes. Bleaney has shown that the pseudo-contact contribu-
tion depends on B2

0.[2] B2
0 can be evaluated from pNMR shifts

within the lanthanide series, assuming it is constant through-

out the series (see Section S4.6 in the Supporting Information
for more details). In Ref. [28] , the pNMR shifts of the

[Ln(dpa)3]3@ series were measured and modeled according to
Bleaney’s theory,[2] and B2

0 was determined to be 51 with an ar-

bitrary unit applying.[54] This corresponds to 62 cm@1, as shown
in Section S4.6 in the Supporting Information. This value is four

times smaller than the value of 250 cm@1 obtained in this
work. However, it should be noted that B2

0 is almost constant

across the series and is the only CFP showing this trend, which

supports Bleaney’s theory. It shows that Bleaney’s B2
0, which

parametrizes the entire magnetic anisotropy in a single param-

eter, is not clearly related to the “true” B2
0. It was recently point-

ed out by Vonci et al.[55] that B2
0 is very sensitive to small struc-

tural variations.

Conclusion

CFPs have been extensively used to rationalize the properties

of lanthanide complexes. Used as phenomenological parame-
ters, they are fitted to experimental data, which is only possi-

ble for molecules of high symmetry, as this reduces the
number of parameters and avoids overparametrization in the

fitting procedure. With the success of lanthanide complexes as
single-ion magnets, there is a need to better understand the
physics underlying the CFPs, to give guidelines for the synthe-

sis of new molecules, optimizing their desired properties. The
model of Rinehart and Long based on electrostatic interactions

within an axial symmetry has provided successful guidelines.[10]

In paramagnetic NMR spectroscopy, Bleaney’s theory provides

a useful background that allows the contact and dipolar contri-

butions to pNMR shifts to be unraveled,[2] and consequently
covalent contributions to be evaluated. This theory is based on

CF theory, which reduces to only one CFP for the whole lan-
thanide series. The aim of this work was to gain more physical

insights into CFPs, by evaluating them for two series of lantha-
nides from first principles.

Ab initio calculations have already been applied successfully
to the determination of model Hamiltonian parameters. First-

principles approaches enable a full description of the complex-
ity of molecular systems. Ab initio calculations have shown

their potential for the determination of model Hamiltonians
parameters. This allows the underlying mechanisms to be de-
termined and the loss of information to be evaluated by pro-
jecting the whole complexity onto a few parameters. The mag-
netic coupling constant of the Heisenberg Hamiltonian has

been extensively described by both wave-function-based and
DFT methods.[56] More recently, ab initio calculations were ap-

plied to the calculation of anisotropic magnetic couplings[20, 57]

and to the ZFS in transition-metal complexes.[21, 23]

In this work, to determine the CFPs from ab initio calcula-
tions, two recently developed methods were applied to two

series of lanthanide complexes. The first series shows very

close to D4d symmetry and a compressed environment due to
the presence of metallacrowns. The second series displays an

approximate three-fold symmetry due to the presence of
counter ions and an oblate environment. The description of

these molecular systems by ab initio methods allows a descrip-
tion beyond electrostatic interactions and the determination of

the 27 CFPs.

This is the first time that the ITO and AILFT methods have
been compared. AILFT is based on the fitting of the CF matrix

written at the orbital level, whereas the ITO method involves a
decomposition of the Hamiltonian matrix for a J manifold.

These methods lead to very similar CFPs, which confirms that
the ZFS occurs mostly at the orbital level, as has been shown

previously for lanthanides[31] and for a complex of NiII.[37] How-

ever, small discrepancies between AILFT and ITO reveal many-
electron effects on the CFPs: These tend to decrease the CFPs

in the first half of the series and to increase them in the
second half. When calculating CFPs with one or other method,

one should be aware that they do not include the same ingre-
dients. The ITO CFPs are effective and reproduce the energies

and composition of a given J manifold and are suitable for

spectroscopies probing only one J manifold, usually magnetic
properties. The AILFT CFPs may describe different J manifolds,

once the spin–orbit coupling and Slater–Condon parameters
are known, and this method is consequently suitable for spec-
troscopies involving different J manifolds, such as absorption
or emission spectroscopy. Trends were explored by introducing

strength parameters, which are rotational invariant. They have
been shown to be a very convenient tool for comparing series
by reducing the discussion to only one parameter. Strength
parameters were introduced for each order and for each index.
The latter are not rotational invariant, but they allow for the

quantification of rotational symmetry, as for the second series,
of three-fold symmetry.

B2
0 has opposite signs in the two series in accordance with

the respective prolate and oblate environments. Because the
CFPs are transferable within a series, magnetic properties

follow the sign of the pre-factor a2
J . Because the LnZn16 series

is axial, B2
0 is negative, and the magnetization is axial (planar)

for erbium (dysprosium). In the second series, because B2
0 is

positive, the opposite trend is expected. Yet, because the sym-
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metry is not strictly axial, it is not the case: While the dysprosi-
um complex exhibits an axial magnetization along the pseudo-

three-fold axis (as expected), the terbium derivative also exhib-
its an axial magnetization, in a direction perpendicular to that

of the dysprosium complex.
The value of B2

0 deduced from our calculations is larger than

that deduced from the pNMR shifts of the [Ln(dpa)3]3@ series
by using Bleaney’s theory. This reveals that the B2

0 of Bleaney’s
theory is an effective parameter that incorporates other effects.

This should be further investigated.
Finally, as expected, the CFPs are transferable along the two

series in accordance with Equation (4), in which the reduced
parameter ak

J is related to the metal ion and the Bk
q to the li-

gands. But they show a systematic decrease across the series,
which has already been observed in other series. It has been

shown that within a PC model reproducing the electrostatic

potential of the ligands, the CFPs are rather constant across
the series; it has been shown to arise from a counterbalance

between the shrinking of the coordination sphere and the
greater compactness of the 4f orbitals. The decrease in the

CFPs across the series is consequently attributed to covalent
effects, defined as all effects beyond electrostatic interactions.

They comprise bonding, charge-transfer, and polarization ef-

fects. They are not restricted to the overlap of the 4f and
ligand orbitals. Covalent bonding mostly occurs through the

more outer-shell orbitals, that is, the 6s and 5d orbitals ; the
change in the electron density of the lanthanide center affects

the splitting of the 4f orbitals, and thus the CFPs.

Computational Details

For all the investigated systems, calculations were performed on
the crystallographic structures by using the SO-CASSCF (spin–orbit-
complete active space self-consistent field) approach. MOLCAS cal-
culations were performed with the MOLCAS (version 7.8) suite of
programs.[58] Firstly, a SF-CASSCF (spin-free CASSCF) calculation was
performed[59] with an active space composed of the seven 4f orbi-
tals of the lanthanide ion and associated electrons, that is,
CAS(n,7). Spin–orbit (SO) coupling was included by a state interac-
tion with the RASSI (restricted active space state interaction)
method.[60] All the spin states with the highest value of S and 27
singlets (Pr, Tm), 43 doublets (Nd, Er), 86 quartets (Sm), 42 quintets
(Eu, Tb), 108 quartets (Dy), 99 triplets (Ho), 35 quartets (Er), or 2
triplets (Tm) were considered for the state interaction. Scalar rela-
tivistic effects were taken into account by means of the Douglas–
Kroll–Hess transformation,[61] and the SO integrals were calculated
by using the AMFI (atomic mean-field integrals) approximation.[62]

For the LnZn16 series, the lanthanide and coordinating NO was de-
scribed by a TZP ANO-RCC basis, atoms of the first cycle of the 12-
MC-4 sandwiches with a DZP basis, and the most remote atoms
with SZ. 24-MC-8 was described by point charges and zinc by ef-
fective core potentials (ECPs) with 1s 1p.[63] For TbZn16, DyZn16, and
ErZn16, LnZn16(picHA)16 structures were considered.[25] For HoZn16,
calculations were performed on both the structures of the neigh-
boring-ion derivatives, dysprosium and erbium, and averaged after-
wards. For YbZn16, the YbZn16(pizHA)16 complex was considered.[26]

For the [Ln(dpa)3]3@ series, the lanthanide and the O, N, C, and H
atoms were described with the ANO-RCC basis sets of QZP and
TZP quality, respectively. The g factors were calculated according

to Ref. [64] and the CFPs were calculated with a local program
written in Mathematica.

All the ORCA-SO-CASSCF calculations were performed by using the
ORCA 4.0 quantum chemistry package.[65] For the CASSCF calcula-
tions, the default CI setting (i.e. , CSFCI) was used in combination
with the SuperCI and then NR settings for the orbital step. Scalar
relativistic effects were accounted for by using the second-order
scalar relativistic Douglas–Kroll–Hess (DKH2) Hamiltonian formal-
ism.[66, 67] SO coupling was then accounted for in a mean-field fash-
ion (SOMF) by using quasi-degenerate perturbation theory
(QDPT)[68] and allowing all CASSCF (SO-free) states from all spin
multiplicities to mix through the SOMF operator. To facilitate this
task, the CASSCF (SO-free) states were determined by using a
state-average approach, with all CASSCF states equally weighted.

All-electron scalar relativistic SARC2-QZVP basis sets[69] were used
for the lanthanide atoms and the DEF2-QZVPP basis set[70, 71] for the
other atoms (i.e. , H, C, N, and O). The present DEF2-TZVPP basis
sets are an adapted version of the DEF2 basis set from the Karls-
ruhe group (i.e. , Ahlrichs basis set), which is provided in the Turbo-
mole basis set library. They retain the original DEF2 exponents but
with contraction coefficients suitable for the DKH scalar relativistic
Hamiltonian. Finally, the AUTOAUX feature[72] was used to automat-
ically generate auxiliary basis sets for the resolution of identity ap-
proximation (RI-JK),[73] which helps speed up the calculations.
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