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(Abstract: Compounds [FesLn(tea),(dpm)s] (FesLn; Ln=
Tb-Yb, Hstea=triethanolamine, Hdpm =dipivaloylmethane)
were synthesized as lanthanide(lll)-centered variants of
tetrairon(lll) single-molecule magnets (Fe,) and isolated in
crystalline form. Compounds with Ln=Tb-Tm are isomor-
phous and show crystallographic threefold symmetry. The
coordination environment of the rare earth, given by two
tea’” ligands, can be described as a bicapped distorted
trigonal prism with D; symmetry. Magnetic measurements
showed the presence of weak ferromagnetic Fe-Ln inter-
actions for derivatives with Tb, Dy, Ho, and Er, and of weak
antiferromagnetic or negligible coupling in complexes with
Tm and Yb. Alternating current susceptibility measurements
showed simple paramagnetic behavior down to 1.8 K and

for frequencies reaching 10000 Hz, despite the easy-axis
magnetic anisotropy found in Fe;Dy, FesEr, and Fe;Tm by
single-crystal angle-resolved magnetometry. Relativistic
quantum chemistry calculations were performed on Fe;Ln
(Ln=Tb-Tm): the ground J multiplet of Ln*" ion is split by
the crystal field to give a ground singlet state for Tb and
Tm, and a doublet for Dy, Ho, and Er with a large admixture
of m, states. Gyromagnetic factors result in no predomi-
nance of g, component along the threefold axis, with com-
parable g, and g, values in all compounds. It follows that the
environment provided by the tea®" ligands, though uniaxial,
is unsuitable to promote slow magnetic relaxation in Fe;Ln
species.
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Introduction

Single-molecule magnets (SMMs) are molecular compounds
that can be in principle used to store and process information
because of their magnetic bistability and quantum behavior."?
In essence, a SMM is a magnetic molecule whose magnetic
moment aligns preferentially along a specific molecular axis
(“easy-axis” anisotropy) and switches very slowly between the
two equivalent directions. Since such properties require low
temperatures to be observed (< 4.2 K in most cases), an impor-
tant target of research is the design of new systems that out-
perform known SMMs®® in terms of operating temperature.
Compounds containing 4f ions are very promising in this re-
spect,” ¥ since crystal field (CF) effects in lanthanides are weak
and orbital momentum remains largely unquenched, resulting
in huge magnetic anisotropies. In mononuclear lanthanide(lll)
complexes the sign of anisotropy (“easy-axis” or “easy plane”)
and the possibility to observe SMM behavior have been related
by Long etal. to the spatial distribution of the 4f-electron
cloud and of ligand charges.”’ More recently, Chilton et al. ex-
panded this approach from a theoretical point of view propos-
ing an electrostatic model in which the magnetic anisotropy of
dysprosium(lll) complexes can be calculated by considering
the charges of the coordinated ligands around the lanthanide
ion.®? Another very interesting theoretical approach to the
study of magnetic anisotropy of mononuclear lanthanide com-
pounds has been proposed by Baldovi et al. with a different
point-charge electrostatic model that leads to magneto-struc-



tural correlations."” Systematic experimental studies are how-
ever still scarce, mainly because it is hard to reproducibly con-
trol the coordination environment along the whole lanthanide
series: complexes of 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetate (DOTA*") represent a benchmark in this respect.!™

In this work, we have inserted a lanthanide ion in the three-
fold-symmetric structure of tetranuclear propeller-like SMM
complexes, Fe;M, as a possible route to enhance their magnet-
ic anisotropy.™ In these robust and chemically-versatile mole-
cules,"™ a tripodal ligand bridges a central metal ion (M**) to
three peripheral high-spin Fe*" centres (S=5/2) positioned at
the vertices of a triangle, whereas -diketonates act as ancillary
ligands at the complex periphery. By using 3d metals, deriva-
tives of 2-hydroxymethyl-propane-1,3-diol work well as tripodal
ligands (Scheme 1a). Thus, Fe,!'™ Fe,Cr">' and Fe,V!"”
species were isolated, which feature antiferromagnetic Fe—M
interactions and ground total spin values ranging from S=5 to
13/2. These molecules conform to either rigorous or idealized
D; symmetry and display easy-axis anisotropy along the
normal to the metal plane. They behave as SMMs, with operat-
ing temperatures increasing in the order Fe;Cr < Fe, <Fe;V and
anisotropy barriers reaching up to 21 K.

Scheme 1. Schematic representation of: a) Fe;M (M=Fe, Cr, V) SMMs, and
b) Fe;Ln propellers. The encapsulation of M** and Ln** ions is obtained by
two tripodal ligands derived from 2-hydroxymethyl-propane-1,3-diol in (a)
and by two tea>~ ligands in (b) (O/N =black, C =gray).

Owing to the different size and coordination requirements
of 4f versus 3d metal ions, 2-hydroxymethyl-propane-1,3-diol
derivatives are unsuitable to encapsulate a lanthanide(lll) ion.
However, Ln-centered species may be stabilized by triethanol-
amine (Hstea, see Scheme 1b), as shown by the low-yield syn-
thesis of [FesLn(tea),(acac)s] (Ln=Gd, Dy; Hacac=acetylace-
tone) reported by Murray and co-workers."® By applying the
same synthetic strategy used to assemble Fe,Cr'"® and Fe V'
species we soon found that [Fe,(u-OMe),(dpm),] reacts with
[H;La(tea),] to give large trigonal crystals of [Fe;La(tea),(dpm)gl
(Fe;La) in high yield (Hdpm = dipivaloylmethane)."” The whole
series of “heavy’-lanthanide(lll) complexes Fe;Ln (Ln=Tb, Dy,
Ho, Er, Tm, Yb) has now been prepared, and structurally and
magnetically characterized. Fe;Ln compounds with Ln=La,
Thb-Tm are isomorphous and have crystallographically imposed

axial (D;) symmetry. They therefore provide a unique opportu-
nity to probe different 4f-shell electron distributions while
maintaining the same high-symmetry coordination environ-
ment.”) Although single-crystal magnetometry showed that
the compounds Fe;Dy, Fe;Er, and Fe;Tm have an easy-axis
anisotropy, all derivatives were found to behave as simple
paramagnets. Reasons for this are discussed with the help of
ab initio theoretical calculations.

Results and Discussion
Synthetic procedures and X-ray crystal structures

The synthesis of Fe;Ln derivatives was accomplished following
a two-step procedure, similar to the one that allowed the
quantitative incorporation of Cr**'® and V3*'” as central ions.
The lanthanide(lll) cores [HsLn(tea),] (Ln=La,"® Tb, Dy, Ho, Er,
Tm, Yb) were first assembled and isolated. Their infrared spec-
tra remain very similar across the whole series (Supporting In-
formation, Figure S1a). A v(O—H) signal centered at about
3300 cm™" and covering the 3600-2500 cm™' range is detected
and attributed to hydrogen-bond networks. Such broad peak
is accompanied by strong v(C—0) and v(C—N) bands in the
1100-1000 cm™" range. These spectral features represent
a useful fingerprint that allowed us to demonstrate the forma-
tion of the desired product when elemental analysis was not
feasible, as in the case of [H;Tm(tea),] (see the Experimental
Section). Subsequently, by layering a diethyl ether solution of
the iron(lll) dimer [Fe,(u-OMe),(dpm),] over a methanol solu-
tion of [HsLn(tea),], compounds FesLn were obtained as yellow
X-ray quality crystals in good to excellent yields (56-79%). The
infrared spectrum of Fe;Tb is reported in the Supporting Infor-
mation (Figure S1b) as representative for the whole series,
since the spectra of the six derivatives are practically identical.
Bands are narrower than for the [H;Ln(tea),] cores, with
characteristic C=0 stretching signals of dpm™ ligands in the
1500-1600 cm™' range, and diagnostic shift of v(C—0) from
1049 cm ™" in the iron dimer"'® to about 1080 cm™".

Similar to the La derivative, compounds with Ln=Tb, Dy,
Ho, Er and Tm, crystallize in trigonal space group R3c (see the
Experimental Section), with six tetranuclear clusters per unit
cell and no lattice solvent.” Selected interatomic distances
and angles are listed in Table 1.

Molecules develop around D; symmetry sites. The lantha-
nide(lll) ion lies on the threefold axis and is coplanar with the
three crystallographically-equivalent iron(lll) ions, which are lo-
cated on crystallographic twofold axes (see Figure 1 for the
representative Fe;Er structure). The lanthanide(lll) ion is coordi-
nated by two triply deprotonated triethanolamine molecules,
located one above and one below the plane of the metals and
lying with their nitrogen atoms on the threefold axis. The tea®"
ligands adopt a , coordination mode and, through their
oxygen atoms, bridge the lanthanide to the three iron(lll) cen-
ters. The molecular size, as measured through the Ln--Fe and
Fe--Fe separations, is much larger than in systems entailing
a 3d central ion."'%1721 |t declines smoothly in the series, fol-



parameters 6, ¢ and y [°].”

Table 1. Selected interatomic distances [A] and angles [°] in compounds Fes;Ln, together with the angular

Thus, Ln1-01 and Ln1-N1 dis-
tances exhibit opposite trends
upon contraction of the lantha-

Fe;La"® Fe;Tb Fe;Dy Fe;Ho Fe,Er Fe;Tm nide ionic radius along the
Ln1-01 2.4826(16) 2.344(4) 2.323(4) 2.302(3) 2.290(4) 2.277(4) Tb-Tm  series: as  atomic
Ln1-N1 2.758(3) 2.735(7) 2.769(7) 2.801(6) 2.823(8) 2.854(7) number increases, a shortening
Ln1--Fel 3.5795(5) 3.4581(14) 3.4398(13) 3.4165(11) 3.4058(14) 3.3919(13) . . i
Fel-Fe2 6.1999(6)  5990(3) 5.958(2) 59176(19)  5.899(2) 587502) of Ln1-01 bonds is accompa
Fel-01 19462(18)  1.937(4) 1.940(4) 1.940(3) 1.940(4) 1.940(4) nied by an elongation of Ln1—
Fe1-02 2.0108(19) 2.014(5) 2.010(4) 2.009(4) 2.010(5) 2.009(5) N1 distance. Notice that the
Fe1-03 2.0203(19) 2.016(5) 2.012(5) 2.012(4) 2.015(5) 2.015(4) bigger La’" ion in Fe,La" af-
O1-Ln1-N1=6"  62.54(4) 63.63(9) 63.66(9) 63.41(8) 63.27(10) 63.19(10) _
Ln1-O1-Fel 107.22(7) 107.42(19) 107.25(16) 106.99(14) 106.94(18) 106.80(18) fords La1-01=2.4826( 16).A I?Ut
01-Ln1-07’ 62.58(8) 64.64(19) 65.17(18) 65.76(17) 66.002) 66.4(2) La1-N1=2.758(3) A, confirming
01-Fe1-01’ 82.98(10) 80.6(2) 80.3(2) 80.2(2) 80.1(3) 80.0(3) that the Ln—N distance is not
¢ 1 31.23(7) 38.81(16) 39.83(16) 40.19(14) 40.29(16) 40.73(16) a simple function of lanthanide
y [ 62.62(8) 56.17(18) 55.48(18) 55.53(15) 55.64(18) 55.45(18)

radius. In [Fe;Dy(tea),(acac)yl,

[a] Fe1 and Fe2 are related by a threefold rotation around ¢; O1’ is related to O1 by the twofold axis directed
along b. [b] Data from ref. [19]. [c] Distortion of the LnO4 polyhedron from octahedral geometry by trigonal
compression/elongation. [d] Distortion of the LnO, polyhedron from octahedral geometry by trigonal rotation,
calculated using formulae in ref. [21] or as the dihedral angle between the planes N1Ln101 and N1Ln101".
[e] Helical pitch, evaluated as the dihedral angle between the Ln101Fe1 and Fe,Ln planes.

the bond lengths are similar to
those of the Dy derivative
herein presented, with Dy—O=

Figure 1. Partially labelled plot of the molecular structure of the sss isomer
in FesEr viewed: a) perpendicular to the threefold molecular axis ¢, and

b) along it. Carbon atoms are in light gray, whereas hydrogen atoms are
omitted for clarity.

lowing the gradual decrease of Ln ionic radius with increasing
atomic number (Table 1).

The coordination environment of the lanthanide can be
described as a bicapped distorted trigonal prism, in which the
nitrogen atoms give the two caps along the trigonal axis, and
the six oxygen atoms occupy the prismatic positions (Figure 2).
The tea®  ligands show Ln1-O1 bond lengths ranging from
2.344(4) in Fe;Tb to 2.277(4) A in Fe;Tm. By contrast, Ln1—N1
distances range from 2.735(7) in Fe;Tb to 2.854(7) A in Fe,Tm.

2.344(5) and Dy—N=
2.743(5) A'® As expected, in
[Fe;Gd(tea),(acac)s] the Gd-O

distance (2.360(6) A) is larger

than in our Tb derivative, whereas Gd—N =2.740(6) A.l"®

Neglecting the two nitrogen donors, the O¢ coordination en-
vironment of the central ion is the same as in Fe;M propellers
(M=Fe, Cr, V)."*1%17.211 By consequence, it is of interest to ana-
lyze the deviations from perfect octa-
hedral geometry by using the two N1
angles 0 and ¢ associated with trigonal
compression/elongation and trigonal }
rotation along the threefold axis l —$01"
(Table 1).2" The angle 6, which takes
the value 54.74° in an octahedron, is
here equal to O1-Ln1-N1 and ranges
from 62.5 to 63.7°, indicating substan-
tial trigonal compression (for compari-
son, 0=54-55° in Fe-centered species
containing two tripodal ligands®").
Such compression is reflected in the
short distance between the two oppo-
site triangular faces of the O4 poly-
hedron (av.: 2.07 A) and in the very dif-
ferent O-+O separations within each
face (av.: 3.58 A) and between faces
(av.: 2.50 and 3.38 A; the Supporting Information, Table S1).
The trigonal rotation angle ¢, which is 60° in an octahedron
and 0° in a trigonal prism, undergoes much larger variations in
the series (31.2-40.7 °), with the largest and smallest deviations
from octahedral geometry observed in the La and Tm deriva-
tives, respectively. The values of 6 and ¢ concur to determine
a third important angular parameter, namely the helical pitch
(y) of the propeller-like structure, evaluated as the dihedral
angle between the Ln101Fe1 and FesLn planes. The helical
pitch in FesLa approaches the lower end of the range covered
by tetrairon(lll) propellers.?"! However, the heavier lanthanides
give much lower y values (i.e., “weaker” propellers). As found
in an isostructural series of Fe, derivatives, the approximately

o= o1

N

Figure 2. Drawing of
the erbium core
[Er(tea),]*~ in FesEr with
partial atom labeling as
used in Table S1 in the
Supporting Information.




constant 6 causes y to be mainly triggered by trigonal rota-
tion, so that y varies inversely with ¢.2"

Two dpm~ ligands complete the coordination sphere of
each iron(lll) ion, giving a distorted octahedral coordination ge-
ometry, the major distortion being detected in the 02-Fe1-02’
angle of about 165° (02’ is related to 02 by the twofold axis
directed along b). The dpm~ ligands display major disorder
effects, as found in few other Fe, propellers."*'¥ In the first ar-
rangement (propeller-like, p), the two oxygen donors of dpm™
lie on opposite sides of the molecular plane, whereas in the
second arrangement (sandwich-like, s) they are found on the
same side. The p and s components have relative occupancies
close to 40:60; by contrast, the p arrangement is preferred in
Fe;La.'” Assuming independent coordination environments
for the three iron(lll) ions, the crystal is expected to contain
a mixture of ppp, pps, ssp, and sss isomers, and their propor-
tions are reported in Table S2 in the Supporting Information.
Views of the structures of ppp and sss isomers are depicted in
Figure S2 in the Supporting Information.

Bulk magnetic studies

The temperature dependence of the molar magnetic suscepti-
bility, %, in low fields (1-10 kOe) for compounds FesLn (Lh=
Tb, Dy, Ho, Er, Tm and Yb) was measured between 2 and
300 K, and the data are reported in Figure 3 and Figure S3 in
the Supporting Information in the form of y, T versus T plots.
The experimental y,,T values at 300 K agree very well with the
sum of the Curie constants, C, expected for uncoupled high-
spin Fe’" (S=5/2, g=2.00) and Ln*" free ions, as reported in
Table 2.

Table 2. Magnetic properties of Ln®" ions and FesLn compounds at

room temperature.

Ln  Ln’" ground g, ClLn** (tuDeatca FesLn™ (¢, Dexpu FesLn
state [emuKmol™"] [emuKmol™'] [emuKmol™']

Tb  7F 3/2 11.84 24.97 25.54

Dy °His, 4/3 1419 27.32 26.83

Ho °lg 5/4 14.08 27.21 26.33

Er Ly 6/5 11.48 24.61 24.84

Tm  *Hg 7/6 7.5 20.28 19.78

Yb %, 8/7 257 15.70 15.37

[a] Curie constant C(Fe*")=4.38 emuKmol ™.

For derivatives Fe;Tb, Fe;Dy, and Fe;Ho, the value remains
constant upon cooling to around 25K, and then it increases
rapidly to reach 45.73, 41.97, and 32.82 emuKmol™', respec-
tively, indicating a weak ferromagnetic interaction between the
lanthanide and the iron ions. For comparison, a similar behav-
ior was also reported for compounds [Fe;Ln(tea),(acac)s] (Ln=
Gd, Dy); for the gadolinium derivative a coupling constant of
0.73cm™" was obtained by fitting experimental data to a
Heisenberg exchange Hamiltonian (“—2J” formalism)."® Com-
pound Fe;Er shows an initial slow decline of the y,,T product
upon cooling, followed by an increase below 25K towards
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Figure 3. a) Temperature dependence of the y,,T product for Fe;Ln (Ln=
Tbh-Yb) in the 2-300 K range. b) Magnified view of the gray dashed box in
(a) for compounds with Ln=Thb-Er; gray lines are a guide for the eye.

29.34 emuKmol™' at 2 K. The y,,T product of Fe;Tm and Fe,Yb
decreases slowly and reaches 12.75 and 11.30 emuKmol™,
respectively, at 2 K. Such behavior presumably reflects either
weak antiferromagnetic couplings or the depopulation of sub-
levels of the ground J multiplet split by the CF.

The field dependence of the isothermal magnetization, M,,
at low temperatures for compounds Fe;Ln is shown in Fig-
ure S3 in the Supporting Information as M,, versus H/T plots.
The pronounced nesting of the curves hints to deviations from
Brillouin function and is consistent with the presence of mag-
netic anisotropy and/or intramolecular exchange interactions.

The magnetization dynamics of compounds Fe;Ln was then
investigated by alternating current (AC) susceptibility measure-
ments in zero and 1- or 2 kOe applied static fields to look for
SMM behavior. The analysis was performed as a function of
both temperature (down to 1.8 K) and frequency of the oscil-
lating field (v=10-10000 Hz), and the results are reported in
Figure S4 in the Supporting Information. In all conditions
explored, all Fe;Ln derivatives (from Tb to Yb) show no
frequency dependent maxima in the . versus T plots, and
therefore behave as simple paramagnets, even if a substantial
axial anisotropy is expected.

Single-crystal magnetic studies on Fe;Dy, Fe;Ho, Fe;Er, and
Fe;Tm derivatives

To gain information on magnetic anisotropy, the angular
dependence of the magnetization was measured following a
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experimental uncertainty of the technique. In the case of
Fe;Ho, a meaningful fit was not possible due to the almost
isotropic magnetic behavior of this compound. In the three
remaining derivatives, the y; component is dominant and
magnetic anisotropy is of the easy-axis type; it decreases in
the order Fe;Dy > Fe;Er >Fe;Tm, as pictorially represented by
the ellipsoids in Table 3. Since cosd.~ 1, where ¢ is the angle
between ¢ and y; direction, the easy axis lies close to the
threefold crystal axis; deviations (1.8° in Fe;Dy and Fe;Er; 4.6°
in Fe;Tm) reflect the expected accuracy in crystal alignment.

Ab initio and theoretical calculations

To better understand the magnetic properties of these systems
and, in particular, to explain the absence of SMM behavior, two
different kinds of ab initio quantum chemistry calculations
were performed on the compounds for which structural data
are available (Ln=Tb-Tm). First, relativistic DFT calculations

procedure established by our group and requiring . ) ) o -

f Table 3. Principal components of the diagonalized susceptibility tensors y derived
.no aFe 221 oo . from single-crystal angle-resolved magnetic measurements, and orientation of the
indexing. Briefly, a single crystal of Fe;Ln was obtained anisotropy direction with respect to the crystallographic ¢ axis for Fe;Dy,
fixed on a face of a millimetric Teflon cube, whose Fe;Er, and Fe;Tm.

f efine the laboratory XYZ referen m.

aces define the la 9atoy : ce syste Fe,Dy Fe,Er Fe,Tm
The cube faces were indexed in the reference frame W

of the crystal with non-integer Miller indices (see Ex- % [emu m°'71] 9.310) 9.240(3) 5.4602(10)

) . . . %2 [emumol ] 10.057(2) 10.5865(19) 5.8275(13)
perimental Section and the Supporting Information, %3 lemumol ] 43.36(4) 26.33(8) 8.7758(13)
Table S3, for further details). The system cube + crys- Ve 29.447 18.435 22.558
tal was then mounted on a horizontal rotator and oso, 0.99953(8) 0.99952(17) 0.996812(1)
placed in the SQUID magnetometer with a vertical pictorial ellipsoid
magnetic field. Unfortunately, crystals of Fe;Tb were
too small to give a reliable set of data, whereas crys-
tals of Fe;Yb were not analyzed because major diffi- 4 /\:\ ¢
culties were encountered in the structure refine- ;}\En%\‘ -[ @
ment.?” The outcomes of three isothermal (T=2K) | = 1 ‘7 /" "\
rotations along X, Y, and Z for Fe;Er are reported as
plots of x,,T against the rotation angle in Figure 4
(similar measurements for Fe;Dy, Fe;Ho, and Fe;Tm

can be found in the Supporting Information, Fig-
ure S5).

By exploiting the tensorial character of the susceptibility,
and considering that we measure the component of the mag-
netization along the applied field, the experimental data were
fitted to Equation (1):

X7 (0) = Yuu COS* O + Y SIN® 0 + 2,5 COS T SIN O (1)

with cyclic permutation of the «, 5, and y indices over the XYZ
reference frame. Here, o is the angle between the magnetic
field and the a axis. The susceptibility tensor y was then dia-
gonalized to provide its principal components (y;, ¥ %3 and
its orientation, reported in Table 3 in the ortho-normalized cell
a, b¥, c. No axial symmetry of the susceptibility tensor was as-
sumed during the fitting process, thus resulting in different in-
plane x, and yx, values; this non-axial response thus reflects the

were carried out on Fe** ions to determine their magnetic an-
isotropy. Second, relativistic quantum chemistry calculations
were performed for Ln*" ions to establish the energy level
structure for the 'L, ground multiplets, the composition of
the corresponding wave functions, and the magnetic an-
isotropy. The results of these calculations were used for fitting
experimental bulk magnetic susceptibility data applying an ex-
change Hamiltonian model to estimate the Fe—Ln and Fe—Fe
exchange coupling constants. The magnetic anisotropy of
Fe;Ln compounds was then modelled with the same
Hamiltonian and compared with the experimental one, when
available.

The relativistic DFT calculations on Fe*" ions were conduct-
ed with the quantum chemistry ORCA package.” By using the
X-ray molecular structure of Fe;Dy as a model (see the
Experimental Section for details), an easy-plane magnetic an-



isotropy was obtained for Fe’' ions, with D/ky= +1.04 K
(+0.723 cm™"). This value is fully comparable to that found
for FesLa™ using experimental torque magnetometry data
(D= +0.989(9) cm™") and DFT calculations (+1.094 cm™). The
ab initio magnetic hard axis forms an angle of 73° with the
threefold molecular axis and is thus close to the Fe;Ln plane. It
is also closely coincident with O2-Fe1-O2’ direction, that is, one
of the axes of the FeOg octahedron (Supporting Information,
Figure S6), and almost perpendicular to the Fe—Ln direction.
Notice that, due to symmetry reasons, the latter must coincide
with one of the principal directions of the anisotropy tensor.
However, small deviations may be expected in the DFT calcula-
tions as the wave function is not symmetry restricted. Since
Fe’>" magnetic hard axis is strongly related to O2-Fe1-O2’ di-
rection, and the environment around the iron ions is very simi-
lar for all compounds, in the subsequent calculations we have
set the Fe’" hard axis at 73° from the threefold molecular axis
and perpendicular to the Fe—Ln direction.

The relativistic quantum chemistry calculations on the mag-
netic anisotropy of the Ln** ions were performed by using the
CASPT2/RASSI-SO method® as implemented in the MOLCAS
7.8 package.” To this purpose, iron(lll) was replaced with dia-
magnetic gallium(lll). The calculations were performed on ppp
isomers, in which the lanthanide ions reside in an axially sym-
metric (D;) environment that is most favorable for SMM behav-
ior. The computed energies of the ground and first two excited
states for Ln’" ions are given in Table 4, whereas the full
energy level structures of the **'L, ground multiplets are
shown in Table S4 in the Supporting Information. Knowing the
electronic states and their energies, a straightforward way to
study the Ln®" magnetic anisotropy is by computing the main
values of the gyromagnetic tensor. Here, it is interesting to
remark that, due to the D, symmetry around the Ln*" ions, the
gyromagnetic tensor should be axial, with one of the principal
components (g,) along the threefold axis z and isotropic in-
plane values (i.e., g,=g,). The g-tensor is commonly calculated
using a pseudo-spin S=1/2 formalism, which is only applicable
to doublet states.” We thus opted for a different approach
that allows to treat ions with singlet ground states as well. The
g-tensor herein provided is the effective gyromagnetic tensor
required for an $S=1/2 state to reproduce the ab initio
anisotropic susceptibility tensor at a given temperature. These
effective gyromagnetic factors at T=2 K are shown in Table 4.

A well-isolated ground doublet state and a strong uniaxial
anisotropy of the gyromagnetic tensor are two of the main re-

Table 4. Computed energies of the ground (E,) and the first two excited
states (E;, E,) for the Ln*" ions, and the effective gyromagnetic factors
along the threefold molecular axis (g,) and in the xy plane (g,,) at T=2K;
(x2) after the energy values indicates a doublet state.

Tb** Dy** Ho®* Er Tm**
E, [K] 0.0 0.0 (x2) 0.0 (x2) 0.0 (x2) 0.0
E, [K] 27.6 56.6 (x2) 204 40.6 (x2) 9.8
E, [K] 48.1 (x2) 89.9 (x2) 62.1 (x2) 1226 (x2) 3323 (x2)
g, 3.94 9.85 7.62 5.72 6.59
Gxy 2.39 4.51 4.36 7.76 0.37

quirements for an Ln’" complex to display SMM behavior.
From the data in Table 4, it is apparent that none of the herein
studied Fe;Ln compounds meets such requirements. Tb>* and
Tm?* complexes have a singlet ground state, whereas all other
compounds have ground Kramers doublets but do not possess
strong uniaxial anisotropy. The ground doublet state is there-
fore a mixture of |m,> states, which favors the quantum tun-
neling of the magnetization and prevents the observation of
a directionally-bistable magnetic moment at low temperature.

Comparison with experimental data requires taking into
account also the Fe—Ln and Fe—Fe intramolecular exchange
interactions. As stated previously, the ab initio results for Fe®*
and Ln*" ions can be used to fit experimental magnetic data
through Hamiltonian:

5 T,
H= 21:1 DS; + HCF(Ln) - Z:’J/:LZ.S Sit S5~ (2)
3 = 3 2 = - A

b ) 1 Siod —Getts ZH Si-B—gusJ-B
In Equation (2), the first term accounts for Fe*" anisotropy
along the individual z hard axes, whereas the second term de-
scribes Ln** anisotropy. The third and fourth terms introduce
Heisenberg exchange interactions among Fe*" ions (J;) and
between Fe*™ and Ln** ions (J,), respectively. Finally, the last

two terms account for Zeeman splitting in a magnetic field B.
Statistical physics methods can be applied to this Hamiltonian
to obtain the magnetic properties of Fes;Ln. For doing so, the
directions of the non-collinear hard axes for the three Fe’"
ions and the crystal field on Ln*" ion were taken from ab initio
results, whereas D, J;, and J, were treated as adjustable
parameters.

The fit of the powder 7, T measurements for Fe;La""® with
the above Hamiltonian, in which J,=0 due to the diamagnetic
lanthanum(lll) core, resulted in D= +0.80 K and J;,=—0.10 K.
This D value is lower than the one obtained in ref. [19]; reasons
have to be traced back to the non-coincidence of the two
Hamiltonian models; in particular, the Fe*" hard axis is taken
to lie on the metal plane in Fe;La,"® whereas it deviates by
about 17° from the Fe;Ln plane in the present model. Further-
more, there is a large correlation between D and J; parameters.
Next, the experimental powder y,,T values for Fe;Ln (Ln=Tb-
Tm) were analyzed using J; and J, as adjustable parameters
while fixing D= +0.80 K to reduce the number of variables.
We decided to use this experimental value instead of the DFT
estimate because it can be considered more reliable. Notice,
however, that the D parameter has only a small influence on
the overall anisotropy of Fe;Ln (Ln=Tb-Tm).

For Fe;Tb and Fe;Tm such fits resulted in unrealistically
large ferromagnetic J; values, whereas interaction strengths of
similar magnitude are expected in all the compounds. There-
fore, data for Fe;Tb and Fe;Tm were fitted by fixing J; to
—0.10 K and leaving only J, as a variable parameter. The results
obtained with this approach are gathered in Figure S3 in the
Supporting Information, whereas the best-fit values of J; and J,
are given in Table 5. The agreement between experimental
and calculated data is satisfactory for all compounds except
Fe;Tb and Fe;Tm, in which J; was fixed. For these two, the



Table 5. Exchange coupling constants J; and J,, calculated from the fit of
the powder y,, T measurements.”

) J Oty (0)z Ot Gy

[K] [K] [emumol™'] [emumol™'] calcd exptl®
Fe;Tb  —0.10 (F) 0.87 837 49.65 5.93 -
Fe;Dy 0.05 0.34 9.55 45.90 4.81 4.47
Fe;Ho —0.18 043 15.74 19.81 1.26  isotropic
Fe;Er —0.08 0.36 18.22 11.67 0.64 2.66
Fe;Tm —0.10 (F) —0.02 4383 7.34 1.52 1.55

[a] Principal values of y,, at T=2 K computed along the trigonal axis (2)
and in the xy plane are also given, together with their theoretical and
experimental ratio. (F) indicates that the parameter was held fixed in the

fit. [b] The values of y,, in Table 3 were averaged to obtain (x,,),,

worst matching appears in the 10-75 K region, and a possible
explanation for such disagreement is that the energies of the
lowest states are not well reproduced by the ab initio
calculations.

Based on the best-fit sets of Hamiltonian parameters, the y,,
values at 2 K were calculated along the trigonal axis (z) and in
the xy plane and compared with the experimental ones
(Table 5).

Except for FesEr, there is a good agreement between the ex-
perimental and the theoretical magnetic anisotropies for all
compounds. This suggests that our ab initio evaluation of
magnetic anisotropy is reliable and the proposed explanation
for the absence of SMM behavior is realistic. For the erbium
derivative, experimental data indicate easy-axis anisotropy,
whereas the calculated anisotropy is of the easy-plane type.
The same trend was encountered in the [Ln(dota)] series,
suggesting that relativistic ab initio results on EP™ ions must
be taken with care. However, in the present case a source of
disagreement may also be the use of a fully isotropic exchange
Hamiltonian.

Finally, it is important to stress that the magnetic anisotro-
pies of the Ln*" ion and of the whole FesLn molecule are not
directly correlated. Molecular magnetic anisotropy is crucially
dependent on the interplay between local magnetic anisotro-
pies at lanthanide(lll) and iron(lll) sites and intramolecular mag-
netic interactions, even when the latter are assumed to be
isotropic. For instance, the single-ion magnetic anisotropy is
larger for Tm?** than for Dy** ion, but Fe,Tm has a much
lower magnetic anisotropy than Fe;Dy.

Conclusion

In an attempt to enhance the magnetic anisotropy of Fe,
SMMs by selective substitution of the central iron(lll) ion with
a lanthanide(lll), while advancing the work by Chilton et al. on
acac™ analogues,'® the series of Fe;Ln complexes was pre-
pared with Ln=Tb-Yb. Although angle-resolved single crystal
susceptibility measurements highlight the presence of easy-
axis anisotropy in the case of Fe;Dy, Fe;Er, and Fe;Tm, all syn-
thesized compounds behave as paramagnets and do not show
slow magnetic relaxation at 1.8 K with AC field frequencies up
to 10000 Hz.

Theoretical calculations have shown that lanthanides dis-
playing a doublet ground state (Dy, Ho, Er) also exhibit exten-
sive admixture of m, states, which prevents SMM behavior. The
presence of two purely axial nitrogen donors together with six
oxygen atoms arranged at the vertices of a compressed and
trigonally distorted octahedron gives rise to a coordination
geometry probably intermediate between axial and equatorial
in Long’s model” The former is typical of phthalo-
cyaninates®”?) or polyoxometalates,”® whereas an equatorial
environment is produced by Cp/COT ligands”*” but also by
properly arranged monodentate species, as in Er[N(SiMe;),];.2%
Our systematic study then shows that lanthanide(lll) coordina-
tion in FesLn, though uniaxial, can be considered unsuitable to
stabilize pairs of virtually pure m, states with large |m,| both
for “oblate” and “prolate” 4f ions.

Experimental Section
Materials and methods

All chemicals were of reagent grade and were used as received.
Toluene was absolute over molecular sieves (H,0 <0.005 %). Isopro-
panol was distilled over CaO and stored over 3 A molecular sieves,
methanol was distilled over magnesium methoxide and stored
over 3 A molecular sieves, and diethyl ether was predried over
CaCl, overnight and distilled from sodium-benzophenone under N,
before use. Elemental analyses were carried out on a Carlo Erba
EA1110 CHNS-O automatic analyzer. Infrared spectra were recorded
as KBr disks using a Jasco FTIR-4200 spectrophotometer with
a 2 cm' resolution. [Ln(OAc);] (Ln=Tb, Dy, Ho, Er, Tm, Yb)®" and
[Fe,(1-OMe),(dpm),I"¥ were synthesized as reported in the
literature.

Syntheses

Synthesis of [H;Ln(tea),]:"® The reaction was performed under di-
nitrogen inert atmosphere with oven-dried glassware. Sodium in
small pieces was added to a suspension of [Ln(OAc);] in toluene
(20 mL) and isopropanol (2 mL) and the resulting mixture was
heated at reflux for 4 h. A white precipitate (NaOAc) formed upon
cooling; the colorless solution of [Ln(OiPr);] was syringed to
a second flask under dinitrogen flow. The solid was further treated
with toluene (2 x5 mL), and all the organic phases were combined.
A solution of Hstea in isopropanol (3 mL) was added and the reac-
tion mixture was left under stirring at room temperature for 24 h;
it was then concentrated under vacuum until a white gelatinous
precipitate was obtained; the product was collected, washed with
isopropanol and dried in vacuum.

[H;Tb(tea),]: Prepared from [Tb(OAc);] (0.3421g, 1.018 mmol),
sodium (0.0762 g, 3.31 mmol), and Hstea (0.3016 g, 2.022 mmol).
Yield: 0.1943 g (42.31%); elemental analysis calcd (%) for
Cy,HyN,OTb (454.28): C 31.73, H 5.99, N 6.17; found: C 31.94, H
6.20, N 5.98.

[H;Dy(tea),]: Prepared from [Dy(OAc);] (0.6778 g, 1.996 mmol),
sodium (0.1488 g, 6.472 mmol), and Hstea (0.6036 g, 4.044 mmol).
Yield: 0.4163 g (45.46%); elemental analysis calcd (%) for
Cy,H,,DyN,O, (457.86): C 31.48, H 5.94, N 6.12; found: C 31.27, H
5.83, N 6.07.

[H;Ho(tea),]: Prepared from [Ho(OAc);] (0.3657 g, 1.069 mmol),
sodium (0.0793 g, 3.45 mmol), and Hstea (0.3324 g, 2.228 mmol).
Yield: 0.41919g (85.18%). Elemental analysis calcd (%) for



Cy,H,,HON,040.15C,H, (474.10): C 33.06, H 6.00, N 5.91; found: C
33.35,H 6.16, N 5.94.

[H;Er(tea),]: Prepared from [Er(OAc);] (0.4302 g, 1.249 mmol),
sodium (0.1045 g, 4.545 mmol), and Hstea (0.3871 g, 2.595 mmol).
Yield: 0.4187 g (68.46%); elemental analysis calcd (%) for
Cy,Hy,ErN,O41.5H,0 (489.64): C 29.44, H 6.18, N 5.72; found: C
29.40, H 6.18, N 6.04.

[H;Tm(tea),]: Prepared from [Tm(OAc);] (0.4131 g, 1.194 mmol),
sodium (0.1082 g, 4.706 mmol), and Hstea (0.3800 g, 2.547 mmol).
Yield: 0.3755 g (67.73%). The gelatinous solid was not suitable for
proper elemental analysis.

[H;Yb(tea),]: Prepared from [Yb(OAc);] (0.3010 g, 0.8596 mmol),
sodium (0.0807 g, 3.51 mmol), and Hstea (0.2763 g, 1.852 mmol).
Yield: 0.1350g (30.59%); elemental analysis calcd (%) for
Cy,HyN,0.Yb-2.5H,0 (513.43): C 28.07, H 6.28, N 5.46; found: C
27.96, H 6.16, N 5.16.

Synthesis of [Fe,Ln(tea),(dpm)s] (Fe;Ln):"” A solution of [Fe,(u-
OMe),(dpm),] in diethyl ether (10 mL) was layered over a solution
of [HsLn(tea),] in methanol (5mL) in a cylindrical flask, with n-
hexane buffer (1 mL) between the two layers. The system was left
under slow diffusion over a period of 2-4 weeks during which the
formation of yellow crystals suitable for X-ray diffraction was ob-
served. Once the diffusion was complete, the crystalline product
was collected by filtration and dried in vacuum.

Fe;Tb: Prepared from [Fe,(u-OMe),(dpm),] (0.0749 g, 0.0826 mmol)
and [H;Tb(tea),] (0.0251 g, 0.0552 mmol). Yield: 0.0601 g (63.5%);
elemental analysis calcd (%) for CjgH;35Fe;N,0,4Tb (1718.37): C
54.52, H 8.09, N 1.63; found: C 54.55, H 8.25, N 1.77.

Fe;Dy: Prepared from [Fe,(u-OMe),(dpm),] (0.0610 g, 0.0673 mmol)
and [H;Dy(tea),] (0.0239 g, 0.0522 mmol). Yield: 0.0613 g (79.3%);
elemental analysis calcd (%) for C,gH,3sDyFe;N,0q¢ (1721.95): C
54.40, H 8.08, N 1.63; found: C 54.38, H 8.31, N 1.75.

Fe;Ho: Prepared from [Fe,(1-OMe),(dpm),] (0.0427 g, 0.0471 mmol)
and [H;Ho(tea),] (0.0145 g, 0.0315 mmol). Yield: 0.0307 g (56.7%);
elemental analysis calcd (%) for CjH,ssFe;HON,O,5 (1724.38): C
54.33, H 8.07, N 1.62; found: C 54.39, H 8.27, N 1.74.

Fe;Er: Prepared from [Fe,(u-OMe),(dpm),] (0.0552 g, 0.0609 mmol)
and [HEr(tea),] (0.0210 g, 0.0454 mmol). Yield: 0.0510 g (72.7%);
elemental analysis calcd (%) for CygHq35ErFesN,0.5 (1726.71): C
54.25, H 8.06, N 1.62; found: C 54.07, H 8.16, N 1.59.

Fe;Tm: Prepared from [Fe,(u-OMe),(dpm),] (0.0647 g, 0.0713 mmol)
and [H;Tm(tea),] (0.0268 g, 0.0577 mmol). Yield: 0.0465 g (56.6 %);
elemental analysis calcd (%) for C,gH,;sFesN,0,sTm (1728.38): C
54.20, H 8.05, N 1.62; found: C 53.93, H 8.15, N 1.62.

Fe;Yb: Prepared from [Fe,(u-OMe),(dpm),] (0.0547 g, 0.0603 mmol)
and [H;Yb(tea),] (0.0187 g, 0.0399 mmol). Yield: 0.0486 g (70.3%);
elemental analysis calcd (%) for C,gH;55FesN,0,5Yb (1732.51): C
54.07, H 8.03, N 1.62; found: C 54.25, H 8.29, N 1.54.

X-ray crystallography

Single-crystal X-ray diffraction studies on Fe;Ln compounds®”
were carried out at 140(2) K with a four-circle Bruker X8-APEX dif-
fractometer equipped with a Moy, generator (1=0.71073 A), an
area detector and a Kryo-Flex cryostat, and controlled by Bruker-
Nonius X8-APEX software. Crystallographic data and refinement pa-
rameters are reported in Table 6. The structures were solved by
direct methods using the SIR92%? program and the full-matrix
least-squares refinement on F,> was performed using the SHELX-
97° program; both programs are implemented in the WINGX®*
v1.80.05 package. The programs Mercury 3.5.1%% and Diamond
3.15% were used for graphics. For all compounds, two different ar-
rangements of dpm~ ligands coordinated to Fe were observed,
with resolved disorder on carbon but not on oxygen atoms. In the
first one (propeller-like, p) the two oxygen donors of dpm™ lie on
opposite sides of the molecular plane (oxygen atoms A); in the
second one (sandwich-like, s) they lie on the same side of the mo-
lecular plane (oxygen atoms B). Complementary occupancy factors
were assigned to the carbon and oxygen atoms of p and s, result-
ing in the highest occupancy for s (the Supporting Information,
Table S2). Furthermore, oxygen atoms A and B were constrained to
have the same coordinates (EXYZ instruction) and the same ther-
mal parameters (EADP instruction). The C—O distances of the sand-
wich part were restrained to be (1.266 +0.008) A. The carbon skele-
ton of the dpm™ propeller component was restrained to have the
same geometry as the sandwich component within 0.01 A for 1,2
distances and 0.02 A for 1,3 distances. The C—C distances within
each tBu group of the sandwich part were also restrained to be
similar within 0.01 A. All non-hydrogen atoms were refined aniso-
tropically. Because of the extensive overlap between the two com-
ponents, the methyl carbons of tBu groups in both p and s arrange-

Table 6. Crystallographic data and refinement parameters for Fe;Ln.?”

Fe;Tb Fe;Dy

Fe;Ho Fe;Er Fe;Tm

formula

MI’

crystal system

space group
a=b[A]

cAl

VA%

V4

Pealed [g cm73]

w [mm™]

crystal size [mm?]
2emax [:]
collected/indep refins
Rint
restraints/parameters
R, wR, (I>20(1))

R;, WR, (all data)

GoF

CrgHizsFesN,0,Th
1718.37

trigonal

R3c (no. 167)
16.4841(2)
57.0970(18)
13436.1(5)

6

1.274

1.316
0.29%0.27x0.25
58.00
31751/3971
0.0378

281/255

0.0751, 0.1682
0.1202, 0.1881
1.213

CrsHi3sDyFesN,044
1721.95

trigonal

R3c (no. 167)
16.4739(3)
57.1558(17)
13433.3(5)

6

1.277

1.361
0.33%0.27x0.21
58.04
34328/3953
0.0375

293/255

0.0761, 0.1665
0.1048, 0.1788
1.212

CrgHi3sFesHON, 044
1724.38

trigonal

R3c (no. 167)
16.4568(3)
57.1691(23)
13408.6(6)

6

1.281

1413
0.43x0.27x0.26
58.02
31970/3963
0.0300

293/255

0.0656, 0.1560
0.1028, 0.1735
1.146

CrsHi3gErFesN, O
1726.71

trigonal

R3c (no. 167)
16.4626(2)
57.1102(14)
13404.2(4)

6

1.283

1.467
0.46x0.36x0.18
58.02
49152/3970
0.0333

293/255

0.0884, 0.1688
0.1186, 0.1800
1.240

CrgHi3sFesN,045Tm
1728.38

trigonal

R3c (no. 167)
16.4451(2)
57.1671(11)
13389.0(3)

6

1.286

1.523
0.41x0.33x0.18
58.00
31865/3956
0.0346

293/255

0.0863, 0.1723
0.1186, 0.1868
1.163




ments had to be restrained to approximate isotropic behavior
within 0.04 A2 Furthermore, all the other carbon atoms were also
restrained to approximate isotropic behavior within 0.02 A% All
carbon atoms, except for the tea®~ ones, were restrained to have
similar thermal ellipsoid vibrations within 0.02 A%, Hydrogen atoms
were added in idealized positions and assigned isotropic displace-
ment parameters constrained to those of the attached carbon
atoms.

CCDC 1050650, 1050651, 1050652, 1050653 and 1050654 contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by The Cambridge Crystallographic
Data Centre.

Magnetic measurements

DC magnetic data were recorded using a Quantum Design MPMS
SQUID magnetometer. Magnetic susceptibilities were measured on
20.57, 16.79, 15.40, 11.60, 14.01, and 15.90 mg powder samples of
FesLn (Ln=Tb, Dy, Ho, Er, Tm, Yb, respectively), packed in a pressed
Teflon pellet with applied fields of 1 kOe from 1.9 to 35K and of
10 kOe from 35 to 300 K. Isothermal magnetization data were also
registered between 1.9 and 5 K in fields up to 50 kOe. Data reduc-
tion was carried out by using —944.3 10 ®emumol ' as diamag-
netic contribution for all compounds, estimated from the Pascal’s
constants.®”" AC susceptibility of the Fes;Ln series was recorded on
the same samples using the aforementioned SQUID magnetometer
(Tb, Dy, Ho) or a Quantum Design PPMS susceptometer (Er, Tm,
Yb).

Single-crystal angle-resolved magnetic studies

A crystal of each compound Fe;Ln (Ln=Dy, Ho, Er and Tm), about
0.2x0.4x0.4 mm? in size, was fixed on a Teflon cube (~20 mg)
with Apiezon grease and the ensemble was mounted on a goniom-
eter head. The faces of the cube, whose normals define the XYZ or-
thogonal reference frame, were indexed at room temperature with
non-integer Miller indices in the Fes;Ln unit cell reference frame,
using an Oxford Diffraction Xcalibur3 four-circle X-ray diffractome-
ter. The composition of the XYZ directions in the hkl crystal refer-
ence is reported in Table S3 in the Supporting Information. Three
orthogonal rotations around X, Y, and Z axes were then performed
using a Quantum Design horizontal sample rotator to measure the
angular dependence of the magnetic susceptibility (assumed to co-
incide with the M/H ratio at H=1.0 kOe). Data were corrected for
the diamagnetic contribution of the cube sample holder and rota-
tor, and fitted using a home-written program. As sample mass
cannot be directly measured with the required accuracy, suscepti-
bility data were properly scaled by comparing the y, value ob-
tained by powder measurements at 2 K with the orientationally
averaged magnetic susceptibility resulting from single-crystal
measurements at the same temperature.

Computational and theoretical details

The DFT calculations for obtaining the magnetic anisotropy, includ-
ing the main anisotropy axes, the uniaxial D parameter and the g-
factors, were performed with the quantum chemistry package
ORCA.* The spin-orbit coupling effects were treated within the
spin-orbit mean-field approximation (SOMF).*®¥ The calculations
were performed on a quantum cluster around one of the Fe’™"
ions. The geometry was taken from the X-ray crystal structure of
Fe;Dy, replacing Dy** with Y>* and the other two Fe** ions with
diamagnetic Ga®* ions in order to have only one magnetic center.
Ga’" and high-spin Fe*" ions have similar radius and coordination

chemistry. In addition, dpm™ ligands coordinated to Ga** were re-
placed by OH™ groups (Supporting Information, Figure S6) to
reduce the computational time. The employed basis-set was the
Ahlrichs Def-TZVP™ for all the atoms and the exchange-correlation
functional was the BP86 one."”

Post-Hartree—-Fock ab initio calculations were carried out using the
CASSCF/RASSI-SO method®” as implemented in the MOLCAS 7.8
package.”” Computations were performed on Fe;Ln molecules
from their X-ray structures for each lanthanide derivative, in which
the dpm™ ligands (C,,H,,0,) linked to Fe*" ions were replaced by
acac” ligands (CsH,0,) to reduce the computational time, but pre-
serving the reliability of the calculations. In addition, Fe*" ions
were replaced by Ga®' ions to reduce the active space. All the
atoms were represented by a basis set of atomic natural orbitals
from the ANO-RCC library, as implemented in the MOLCAS quan-
tum-chemistry package. The following contractions were used:
[8s7p4d3f2g1h] for lanthanide ions, [6s5p3d] for Ga®" ions,
[4s3p1d] for O, N, and C atoms in the first and second shell of
atoms around the lanthanide ions, [3s2p] for all the other C and O
atoms and [3s] for H atoms. The CASSCF active space consisted of
the lanthanide 4f orbitals.

The MOLCAS package does not allow the treatment of the D; sym-
metry around the Ln*" ions and therefore the computed electronic
states are not symmetry adapted. However, we recovered symme-
try-adapted eigenstates by an a posteriori process. The single_
aniso module™” of the MOLCAS package provides in fact the CF
matrix in the {|J,m,)} basis set, which produces the states and the
energy levels obtained from the ab initio calculation. Using the
threefold molecular axis as quantization axis, the (J,m,|CF|J,m’) el-
ements that do not fulfil the condition m)=m, m'=m,£3, m'=
m,+6, should be zero due to the symmetry. Therefore, we set to
zero all those non-diagonal elements in the CF matrix, thereby
giving rise to almost symmetry-adapted electronic states. By
consequence, some degeneracy of the energy level structure is
recovered, with some singlet states of the non-Kramers Ln>" ions
becoming doubly degenerate due to the increased symmetry.
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