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Abstract: A mixed theoretical and experimental approach was used to determine the local magnetic
anisotropy of the dysprosium(lll) ion in a low-symmetry environment. The susceptibility tensor of the
monomeric species having the formula [Dy(hfac)s(NIT—CgH,—OEt).], which contains nitronyl nitroxide
(NIT—R) radicals, was determined at various temperatures through angle-resolved magnetometry. These
results are in agreement with ab initio calculations performed using the complete active space self-consistent
field (CASSCF) method, validating the predictive power of this theoretical approach for complex systems
containing rare-earth ions, even in low-symmetry environments. Susceptibility measurements performed
with the applied field along the easy axis eventually permitted a detailed analysis of the temperature and
field dependence of the magnetization, providing evidence that the Dy ion transmits an antiferromagnetic
interaction between radicals but that the Dy—radical interaction is ferromagnetic.

Introduction

Magnetic anisotropy plays a crucial role in magnetic bista-
bility and related memory effects, in both traditional magnets
and low-dimensional molecular materials such as single-
molecule magnets (SMMs)' and single-chain magnets (SCMs).?
In the design of new SMMs and SCMs with increased blocking
temperatures (7g), good control of the magnetic exchange (J),
and consequently of the spin ground state of SMMs, has been
achieved, leading to a record spin value as high as %/,.> Much
more remains to be done to also engineer the magnetic
anisotropy, and in fact, the record Ty value of Mn;;OAc, the
archetypal SMM, has only recently been broken.*

The magnetic anisotropy of an exchange-coupled system
depends not only on the individual anisotropies of the metal
ions but also on the relative orientation of the local axes. When
the anisotropy is large, this may give rise to spin noncollinearity,
which is responsible for several interesting magnetic properties,
such as weak ferromagnetism,” which has recently also been
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observed in SCMs.® In SMMs, spin noncollinearity has been
associated with the generation of high-order terms in the
magnetic anisotropy, which are mostly responsible for tunneling
of the magnetization.” More recently, spin noncollinearity has
been observed in a triangular dysprosium(IIT) cluster® and indeed
predicted theoretically,” giving rise to spin chirality and slow
magnetic relaxation together with a nonmagnetic ground state.

Anisotropic lanthanide ions are attracting increasing interest
in molecular magnetism,'® where they are often combined with
3d metal ions'' or other magnetic centers.'>'? Adequate analysis
of the magnetic properties is in most cases lacking because of
its complexity, thus hampering the development of a rational
and efficient strategy to increase Tj in these systems. In fact,
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in low-symmetry environments, crystal-field analysis is not fully
reliable because of the large number of parameters that must
be included in the treatment. Ab initio post-Hartree—Fock
calculations have recently been employed successfully to
determine the magnetic anisotropy of a triangular Dyj; cluster,
but only an indirect comparison of the theoretical prediction
with the single-ion anisotropy was possible.’

Here we combine theoretical and experimental investigations
of a model exchange-coupled system comprising a Dy™ ion and
organic radicals to shed light on the magnetic anisotropy and
exchange interactions involving this otherwise intractable lan-
thanide ion. The interest in this type of system is many-sided.
In fact, compounds comprising nitronyl nitroxide (NIT—R)
radicals (NIT-R = 2-R-4,4.,5,5-tetramethylimidazolidine-3-
oxide-1-oxyl) and rare earths give rise to a multitude of
interesting phenomena, including (i) relatively high temperature
transitions to three-dimensional ferromagnetic order,'* (ii)
SMMs,'>'3 (iii) SCMs,"” and (iv) chiral magnetic phases.'® This
last point is associated with the ability of rare earths, both
diamagnetic and paramagnetic, to transmit relatively strong next-
nearest-neighbor (NNN) exchange interactions between NIT—R
radicals,'” giving rise to spin frustration. The need to include
NNNG in the analysis of the interactions inside exchange-coupled
clusters is a general one, and it is very important to establish
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structural magnetic correlations in order to properly handle
complex systems.'®

We recently reported the synthesis and magnetic analysis of
a family of 4f-based SCMs,"” of which the Dy derivative having
the formula [Dy(hfac);(NIT—C¢H,OPh)], (1) was the most
deeply characterized.'>'” Nevertheless, no analysis of the
magnetic anisotropy of the rare earths could be provided, since
simulation of the magnetic behavior of rare-earth-containing
compounds is rather tricky. In fact, the spin-Hamiltonian
approach, which works well for transition-metal ions, is less
appropriate for rare earths because of the unquenched orbital
momentum, and crystal-field analysis suffers from overparam-
etrization problems. In the absence of detailed knowledge of
the local magnetic anisotropy, no clear evidence of NNN
interactions mediated by the anisotropic rare earth can in fact
be detected through a simple analysis of the magnetic behavior.

In order to obtain information on complex systems, single-
crystal EPR measurements allow for a full characterization of
the magnetic anisotropy in compounds based on transition
metals,”® and a report is available on a cerium—iron derivative.?'
Unfortunately, most Dy"" derivatives, as well as [Dy(hfac);-
(NIT—C¢H4OPh),] (2), the monomeric analogue of 1, are EPR-
silent, since anisotropic rare earths present very fast electronic
relaxation that broadens the EPR signal, hampering a precise
determination of the g tensor.

Single-crystal magnetic measurements can provide informa-
tion on the magnetic anisotropy through angle-resolved mag-
netometry. This technique was developed in the 1960s and has
been used in the past to characterize the magnetic anisotropies
of a huge variety of samples, mainly thanks to the fiberglass
torque method.”> However, it has scarcely been employed in
molecular magnetism because of its complex procedure and low
sensitivity, a problem recently solved with the integration of
sample rotators in SQUID magnetometers. Another problem that
has been detrimental to its widespread use is that, in many cases,
the observed magnetization is the crystal average of molecules
that are structurally identical but oriented differently in the
crystal. This occurs when the site symmetry of the magnetic
molecules is lower than that of the space group. For instance,
a problem like this occurs in widely spread monoclinic lattices
when the molecule is in a general position or on an inversion
center. Triclinic crystals do not suffer this drawback but are
more difficult to handle.

Monomeric species having the general formula [Dy(hfac)s-
(NIT—R),], when suited to single-crystal magnetization mea-
surements, can allow the determination of the local magnetic
anisotropy of the Dy ions, thus affording valuable information
about Dy-based magnetic materials and 1 in particular. Screening
of the outcome of the reaction of Dy(hfac);*2H,0 with
NIT—CgH4OR' radicals revealed that with R' = ethyl, crystal-
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lization occurs in the triclinic P1 space group with only one
Dy center in the asymmetric unit. We thus investigated
[Dy(hfac);(NIT—CgH4OEt),] (3) and measured the susceptibility
tensor at various temperatures. We then succeeded in rational-
izing the observed magnetic anisotropy with predictions from
an ab initio calculation, demonstrating that this theoretical
approach can be used to reliably predict the nature, strength,
and orientation of the magnetic anisotropy of rare earths. This
mixed experimental—theoretical approach opens exciting per-
spectives on a deep insight into the magnetism of rare earths
and for the design of improved SMMs and SCMs based on
lanthanide ions.

Experimental Section

General Procedures and Materials. All of the chemicals and
solvents used were reagent-grade. The starting materials, [Dy-
(hfac);*2H,0] (hfac™ = hexafluoroacetylacetonate), [Y(hfac);-
2H,0], and NIT—CgH,OEt radical [NIT-C¢H,OEt = 2-(4'-
ethoxyphenyl)-4,4,5,5-tetramethylimidazolidine-3-oxide-1-oxyl], were
prepared as previously described.'>*?

Syntheses. The monomeric compound 3 was prepared by
dissolving 0.025 mmol of [Dy(hfac);*2H,0] in boiling n-heptane
(40 mL) under stirring. When the volume reached 10—12 mL, the
stirring proceeded on a cold rotator, and at 75 °C, 0.1 mmol (32
mg) of radical was quickly added. After 24 h, blue square crystals
of 3 suitable for X-ray diffraction were collected in 85% yield.
The same procedure was used to produce the Y™ analogue
[Y(hfac);(NIT—C¢H4OEt),] (4), with the only difference being the
use of [Y(hfac);*2H,O] as a reactant. Anal. Calcd for
C4sHasN4O,FsDy: Dy, 12.14; C, 40.38; H, 3.39; N, 4.18. Found:
Dy, 12.12; C, 40.34; H, 3.44; N, 4.21. Anal. Caled for
C4sHysN4O0Fi5Y: Y, 7.03; C, 42.73; H, 3.58; N, 4.43. Found: Y,
7.01; C, 42.72; H, 3.58; N, 4.42.

Crystallography. X-ray data were collected at 150 K with an
Oxford Diftraction Xcalibur3 diffractometer using Mo Kot radiation
(A =0.71073 A). Data reduction was accomplished using CrysAlis
RED p 171.29.2. Absorption correction was performed using both
ABSGRAB and ABSPACK software included in the CrysAlis
package.?* The ABSGRAB correction allows for the determination
of w parameter. The structure was solved by direct methods,
developed by successive difference Fourier syntheses, and refined
by full-matrix least-squares on all F> data using SHELXL 97.%°
Hydrogen atoms were included in calculated positions and allowed
to ride on their parent atoms.

Crystal data for 3 (Dy;CysHysN4O,Fi5, M = 1338.35 g mol™"):
dark-blue prism; triclinic space group P1 (No. 2); a = 12.259(5)
A, b = 14235(4) A, ¢ = 17.560(1) A, oo = 98.111(2)°, p =
103.836(5)°, y = 111.260(8)°; V = 2683.6(16) A%, Z = 2; T =
150(2) K; p = 1.656 gcm % u = 1.516 mm™!; R1= 0.0669, wR2=
0.1667. A relatively large residual electronic density (6.85 ¢ A~%)
was observed on the difference map, even after the final cycle of
the refinement. Since the position of this peak is not consistent
with the presence of any chemical species, such as solvent
molecules, it can reasonably be related to a truncation artifact (Gibbs
effect), as often observed in molecules containing heavy atoms such
as lanthanides. The assignation of this peak as a carbon atom
produced unrealistic values of R1 (0.513) and GOF (6.888),
strengthening the above interpretation. The supplementary crystal-
lographic data for this paper are available in the Supporting
Information as well as in Cambridge Crystallographic Data Centre
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Magnetic Measurements. The angle-dependent magnetic mea-
surements were performed with a Cryogenic S600 SQUID mag-
netometer equipped with an automatic horizontal sample rotator.
Single-crystal ac susceptibility was measured with a Quantum
Design MPMS SQUID magnetometer. The magnetization curve
was obtained with a Vibrating Sample Magnetometer (Oxford
Instruments MAGLAB2000 platform).

A crystal of 3 (1.48 mg) was placed on its (001) face on a Teflon
cube and attached with Apiezon N grease along one edge of the
cube, with an estimated error of +3°. Three orthogonal faces of
the cube were then employed to fix the sample on the platelet of a
Quantum Design horizontal sample rotator adapted to work in a
Cryogenic S600 SQUID magnetometer. The angle dependence was
investigated over an angular range of more than 180° in three
consecutive rotations performed along the three orthogonal crystal-
lographic axes a, b', and ¢*, where ¢* is defined as a x b and b’
is orthogonal to a and ¢*, defining a right-handed frame. The signal
was corrected for the diamagnetic contribution of the Teflon cube,
which, however, was fundamental for better control of the
orthogonality of the three rotations. Measurements were performed
in a magnetic field of 1 kOe to avoid a strong torque on the crystal.

The same crystal was then placed on a specially designed support
to measure its magnetization when the field was applied along the
previously determined easy and hard axes. The temperature
dependence of the magnetization was measured with a Quantum
Design SQUID magnetometer, while the field dependence was
measured up to 120 kOe with an Oxford Instruments Vibrating
Sample Magnetometer. In this case, only the easy axis was
investigated because the application of a field larger than 40 kOe
resulted in a torque sufficient to detach and break the crystal.
Measurements on a powder sample were performed with the same
instruments, grounding crystals in a pellet.

Ab Initio Calculations. The post-Hartree—Fock ab initio
calculations were carried out using the MOLCAS 7.0 program.?®
In the multiconfigurational approach used, relativistic effects were
treated in two steps, both based on the Douglas—Kroll Hamilto-
nian.?’ Scalar terms were included in the basis-set generation and
used to determine spin-free wave functions and energies through
the use of the complete active space self-consistent field (CASSCF)
method. Next, spin—orbit coupling was treated with the restricted
active space state interaction (RASSI-SO) method,?® which uses
the CASSCF wave functions as the basis states. From the resulting
eigenstates, the gyromagnetic tensor of the ground-doublet Kramers
state was computed and diagonalized in order to obtain the three
main anisotropy axes and the associated gyromagnetic values (g,,
gy and g.).>’

Results

Synthesis and Crystal Structure. Reaction of NIT—R radicals
with Dy(hfac);+2H,0 salts has previously been employed to
obtain both chain compounds and various monomeric species, > '>17%
depending on the stoichiometry of the reagents and the presence
of water. The Dy(NIT—R), stoichiometry was chosen to mimic
the coordination around Dy™ in the chain compound. Addition-
ally, it also allows information on the radical—radical NNN
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Figure 1. Representation of 3, as seen from the idealized C, molecular

symmetry axis. The coordination environment of the Dy'! ion is highlighted

by the azure polyhedron. Fluorine and hydrogen atoms have been omitted
for clarity.

interactions to be gathered. The mononuclear compound 2,
which is similar to a monomeric unit of 1, crystallizes in a
monoclinic space group with the metal ion in a general position.
Consequently, it is not suited for angle-resolved magnetic
measurements, as angle-resolved magnetometry provides the
crystal magnetic susceptibility tensor, which corresponds to the
molecular one only when the molecule has the same point
symmetry as the crystal space group. However, a quantitative
determination of the molecular y tensor is possible for the
triclinic system.>" A screening of the outcomes of the reactions
of Dy(hfac);*2H,0 with NIT—C¢H,OR' radicals revealed that
compound 3 crystallizes in the triclinic P1 space group with
only one Dy center in the asymmetric unit. In 3, the Dy ion is
octacoordinated by three hfac™ ligands and two oxygens
belonging to the NIT—R radicals, as shown in Figure 1. The
coordination polyhedron of each Ln™ ion is quite regular, with
six Dy—Oyy,. distances ranging from 2.333(4) to 2.371(3) A
and two almost identical Dy—O,, distances of 2.328(3) and
2.331(3) A. Selected bond distances and angles are listed in
Table S2 in the Supporting Information.

The coordination geometries of the Dy ions in 1 and 3 are
very similar to each other, with the highest discrepancies being
0.055 A in the Dy—O bond length and 4.2° in the bond angle.
The Supporting Information gives selected bond distances and
angles (Table S2) and a superposition of the coordination
polyhedra of 1 and 3 (Figure S3), which can be schematized as
distorted square antiprisms.** This similarity is mainly due to
the fact that despite the stoichiometry change, the same stacking
interactions take place between the aromatic rings of the radicals
and two of the three hfac™ ligands, governing the geometrical
arrangement of the complex. Consequently, as for 1, the two
radicals of 3 point in almost opposite directions.

The monomers are well-isolated one from another, with a
minimum Dy—Dy distance of 10.06 A. Neither intermolecular
contacts through the noncoordinated NO groups of the radicals
(minimum distance 4.26 A) nor hydrogen bonds that could be
responsible for intermolecular magnetic interactions are observed
in the system. A representation of the crystal packing in 3 is
provided in Figure S4 in the Supporting Information.

Magnetic Measurements. The angular dependence of the M/H
ratio was measured in a static field of 1 kOe. At this field, the

(31) De W. Horrocks, W., Jr.; De W. Hall, D. Coord. Chem. Rev. 1971, 6,
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Figure 2. Angular variation of the molar susceptibility (M/H ratio) of 3 at
T = 2.5 K along the three axes of the laboratory frame. At & = 0 and 90°,
respectively, H is parallel to b’ and ¢* for the rotation around a, ¢* and a
for the b' rotation, and a and b' for ¢* rotation.

Figure 3. Representation of a molecule of 3 together with the easy axis as
determined from the angular dependence of the susceptibility (yellow) and
ab initio calculations (blue). The angle formed by the two directions is ~7°.

magnetization is almost linear in H, and the M/H ratio can be
assumed to correspond to the susceptibility. Figure 2 shows that
the susceptibility is highly dependent on the angle, particularly
for the rotation around b’, where values span the range from
0.74 to 12.9 emu mol ..

Similar to what is commonly done in single-crystal EPR
analysis,”° the data were fitted assuming the tensorial relation
M = yH. For H rotating in the of3 plane, we can use the
expression

M(0) = y,,H(cos 0)2 + XﬁﬂH(sin 0)2 + ZXGﬂH sin 6 cos 0
(H

where o and 8 stand for the vectors a, b’, and ¢* in a cyclic
permutation and 6 is the angle between H and the o vector.
The best-fit procedure at 7= 2.5 K (Figure 2) provided the
full susceptibility tensor (see the Supporting Information), whose
diagonalization afforded the three principal components y, =
02 £0.1, =13 £ 0.1, and 3, = 13.2 + 0.2 emu mol ..
The eigenvector matrix provides the molecular reference frame
X, ¥, Z, and the easy axis z is superimposed on the molecular
structure in Figure 3 (the orientation of the three axes is shown
in Figure S6 in the Supporting Information). The outcome of
this analysis is a strong Ising-type magnetic anisotropy for 3,
with the easy axis along z and the hard and intermediate axes
along x and y, respectively. The experimental data refer to a
three-spin system, but the assumption that the anisotropy is
determined by Dy™ appears to be a reasonable one. This result
represents, to the best of our knowledge, the first direct
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Figure 4. Angular variation of the susceptibility of 3 measured at different
temperatures, as reported in the color scale, from 2 (blue) to 15 K (red).
Rotations were performed around the a axis, and 6 = 0 and 90° correspond
to measurements along b" and c¢*, respectively.
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Figure 5. Temperature dependence of the 7 product of 3 measured along
the hard axis (black @) and the easy axis (red O). The lines are theoretical
simulations based on an analytical expression derived from eq 2 using the
parameter values Jyy = —13.7 ecm™!, Jyyny = 15 cm™!, and either gpy =
19.7 (blue dash-dot curve) or gpy, = 18.4 (blue solid curve), as reported in
the Discussion.

estimation of the magnetic anisotropy of a rare-earth center in
the absence of symmetry, and it shows that the easy axis lies
not along any bond but rather through the approximate binary
axis of the coordination environment (i.e., roughly the view axis
of Figure 1).

Temperature-dependent measurements were then performed
over the 7= 2—15 K range at H = 1 kOe (see Figure 4 for the
rotation along a). The y values depend strongly on 7, with a
10-fold reduction of the maximum values in going from 2 to
15 K, independent of the rotation axis. On the contrary, the
minimum values remain roughly the same, and no shift of the
positions of the extrema is observed.

Once angle-resolved magnetometry had provided the orienta-
tion of the easy axis, the temperature dependence of the
magnetic susceptibility was measured along and perpendicular
to it. The results, which are shown in Figure 5, confirm that the
magnetic anisotropy remains constant up to 30 K. Over the
investigated temperature range, the y,7 product shows a rounded
maximum at ~15 K that reaches a value of 34 emu K mol ..

By using the same sample holder, we also measured the
H-dependence of M at T = 1.6 K for H up to 120 kOe (Figure
6). A plateau is observed between 10 and 60 kOe with a
magnetization value of ~10ug; beyond 70 kOe, M successively
increases to reach a value of 11.8up. With an increase in 7, the
jump is transformed into a linear increase in M. Measurements
with the field perpendicular to the easy axis were not possible,
as they resulted in a torque strong enough to break the crystal
or detach it from the sample holder. However, it was possible
to measure the magnetization of a powder sample with blocked
microcrystals in a pellet. The corresponding magnetization

M(uB)

2 O Powder (pellet) 1.6 K
A Single Crystal 16K
O Single Crystal 4.0K

o 2 4 6 & 10 12
H (Tesla)

Figure 6. Field dependence of the magnetization of 3 measured on a single
crystal with the field oriented along the easy axis at 1.6 (blue A) and 4 K
(red O) and on a powder pellet at 1.6 K (black O0). The solid lines represent
curves obtained using the analytical expression derived from the spin
Hamiltonian (eq 2), as discussed in the text.

curve, which is also shown in Figure 6, differs significantly,
being reduced by a factor of almost 2 and having no well-defined
step even at low 7.

Ab Initio Calculations. The low-lying energy levels of the
Dy ion in the coordination environment of the X-ray structure
were obtained via CASSCEF calculations. A simplified molecular
model was considered in order to reduce the otherwise too large
computational time. The fluorides in the hfac™ ligands were
replaced by H atoms and the NITC¢H;—OEt radicals by
NIT—CHj3;, and H atoms were added to the external oxygen
atoms of the radicals, transforming them into closed-shell
molecules in order to reduce the active space of the CASSCF
calculations. In view of the internal nature of the 4f orbitals,
they should be the most sensitive to ionic interactions, justifying
the above assumptions.

All of the atoms were represented by basis sets of atomic
natural orbitals from the ANO-RCC library, as implemented in
the MOLCAS 7.0 quantum-chemistry package. The following
contractions were used: [8s7p4d3f2g] for Dy; [3s2p] for O, C,
and N; and [2s] for H. The CASSCF active space consisted of
the Dy 4f orbitals, containing nine electrons in seven orbitals
[CASSCF(9,7)]. CASSCF state average calculations of all of
the sextets (21 roots) and all of the quadruplets (224 roots) were
computed. As for the doublets, because of hardware limitations,
a subset of 200 out of a total of 490 roots was considered in
the state average calculations. With these CASSCEF states, three
different RASSI state interactions were computed in order to
check the effect of the other energy levels on the spin—orbit
splitting of the °His;, ground multiplet: first, a calculation (labeled
as A in Table 1) including all of the multiplets having an energy
gap of less than 40 000 cm ™" with respect to the ®His;, multiplet
(the °H, °F, and °P sextets, 108 quadruplets, and 32 doublets);
second, a calculation (B) considering only the three sextets (°H,
°F, and °P); and finally, a calculation (C) using only the °H
multiplet. The computed energies of the split levels of the ground
SHis;, multiplet and the principal g values of the ground Kramers
doublet are listed in Table 1. The energy pattern is basically
the same in the three calculations, indicating a small mixture
of the °H multiplet with the other ones due to the spin—orbit
coupling. Therefore, we performed a last CASSCF/RASSI
calculation (D) considering only the 11 roots of the °H multiplet
in the CASSCEF state average and using them for the RASSI-
SO state interaction. The energies of the *His;, multiplet and
the g values from this last calculation are also listed in Table 1.

The magnetization easy axis, corresponding to the direction
of the largest ¢ component obtained from the last RASSI-SO
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Table 1. Energy Levels of the ®H:s,, Multiplet and Principal
Gyromagnetic Factors for the Ground Kramers Doublet State
Computed for Dy"" in 3 Using the CASSCF—RASSI-SO ab Initio
Method

A? B® ce D
Energy Levels (cm™)
E, 30.2 30.3 29.9 40.4
E, 62.1 63.0 62.6 75.0
Es 66.6 67.4 67.4 79.1
yon 99.6 101.5 101.5 111.4
Es 114.7 116.0 115.8 128.9
Es 2159 220.6 221.0 237.8
E; 372.8 380.2 380.0 411.1
Principal g Values
8x 1.5 1.7 1.8 1.0
2 13 1.4 1.4 0.9
g 17.6 17.5 17.4 18.2

“Includes in the RASSI-SO calculation all of the CASSCF roots in
the 0—40 000 cm™' energy range. ” Same as A, except that only the
sextet roots are considered. ¢ Considers only the °H roots from a
CASSCEF state average calculation with a total of 18 sextet roots. ¢ Same
as C, but using a CASSCF state average calculation with the 11 lowest
sextet roots.

computation, is represented together with the experimental one
in Figure 3. The angle between the ab initio-computed and
experimental easy axes is only 7°. This result allows us not
only to confirm the experimental determination of the single-
ion anisotropy axis but also to support the use of the CASSCF/
RASSI-SO method as a suitable technique for the determination
of single-ion easy anisotropy axes in lanthanide-based molecules.

Discussion

The ab initio calculations suggest a strong Ising-type magnetic
anisotropy of the Dy ion at low temperature. A first rationaliza-
tion of the observed magnetic behavior can be given by
considering that the ®His;, ground electronic state of the Dy
ion is characterized by g; = *3."7** The crystal-field interaction
removes the (2J + 1) degeneracy, yielding eight Kramers
doublets. In the Ising limit, the ground doublet can be reasonably
approximated by m; = £'%/,, with the first excited doublet
separated by ~60 K. Therefore, the low-7 data can be
interpreted by taking into account only the ground Kramers
doublet, which can be treated as having the effective values
Setr = ', g2 = (2)(12)g; = 20, and g5 = 0. These data are in
good agreement with the data in column D of Table 1. With
respect to the magnetization, the M value observed at the plateau,
9.9ug, is very close to the value of 10up expected for this
limiting case. The estimated g values compare well with those
obtained by fitting the susceptibility data of Dy—NIT—R square
dimers'® and those reported in the literature that have been
extracted from Mossbauer experiments®* and other tec-
hniques.?*3°-¢

(33) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition lons; Dover: New York, 1986.

(34) (a) Wickman, H. H.; Nowik, I. Phys. Rev. 1966, 142, 115. (b) Nowik,
1.; Wickman, H. H. Phys. Rev. 1965, 140, 869. (c) Ofer, S.; Rakavy,
M.; Segal, E.; Khurgin, B. Phys. Rev. 1965, 138, 241.

(35) (a) Bramwell, S. T.; Harris, M. J. J. Phys.: Condens. Matter 1998,
10, 1L.215. (b) Flood, D. J. J. Appl. Phys. 1974, 45, 404. (c) Blote,
H. W.; Wielinga, R. F.; Huiskamp, W. J. Physica (Amsterdam) 1969,
43, 549. (d) Janaa, Y. M.; Sengupta, A.; Ghosh, D. J. Magn. Magn.
Mater. 2002, 248, 7.

(36) (a) Borowiec, M. T.; Dyakonov, V.; Prokhorov, A.; Szymczak, H.
Phys. Rev. B 2000, 62, 5834. (b) Carlin, R. D. L. Magnetochemistry;
Springer-Verlag: Berlin, 1986. (c) Bellesis, G. H.; Simizu, S.;
Friedberg, S. A. J. Appl. Phys. 1987, 61, 3286.
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The observed magnetic behavior also suggests that the
radicals are antiferromagnetically coupled and do not contribute
significantly to M at low H. The increase in M at high H to
reach the 11.92up value confirms the presence of an NNN
antiferromagnetic interaction (Jynn) between the radicals, which
is broken by the applied magnetic field at H = 120 kOe.

The ability to obtain single-crystal magnetic data with H
applied along the easy axis of the Dy™ ion allows a much
simpler analytical treatment to be performed. With the assump-
tion that the two radicals interact isotropically between them-
selves via a Jyny coupling while an Ising interaction (Jyy) occurs
with the S = '/, spin of Dy™, the spin Hamiltonian becomes
H = JSg;*Sgy + J'Spi. + Spo)0 + griSpitsH, +

A

8rodwro e, T gpyugoH, (2)

where ¢ = %'/, because of the Ising nature of Dy". The
splittings of the four Kramers doublets present at zero magnetic
field are then given by

1
E, = iEgDyﬂBH
1 1
E34 = Jaww T 5w £ G T 58pylHsH

1
Ese = Jaw £ EgDyﬂBH

1 1
Erg = Jaw — EJNN + (gr — ngy)ﬂBH

From these expressions, an analytical formula to reproduce
the field and temperature dependence of the magnetization along
the easy axis can easily be derived. Qualitative agreement with
the experimental data is found for antiferromagnetic Jyxn and
ferromagnetic Jyy values, with a sign alternation reminiscent
of that observed for Gd-based compounds containing NIT—R
radicals.?” In this case, the E| > doublet lies lowest for zero and
weak applied fields. At a field He, = (Jann 5 Jan)/(gritz), @
crossover with the first excited doublet E54 occurs. As far as
the level crossing is concerned, the two coupling constants Jynn
and Jyy are therefore strongly correlated to one another, and
many sets of Jxny and Jyy values reproduce the observed step.
To solve this point, we synthesized [Y (hfac);(NIT—CsH4OEt),]
(4), which is structurally identical to 3 except for the substitution
of Dy™ with the diamagnetic Y™ center. Analysis of the
temperature dependence of the susceptibility of 4 with a
Bleaney—Bowers formula (see the Supporting Information)
affords a Jyny value of 15(1) cm™'. When this Jyny magnitude
is used for 3, the best-fit values gpy, = 19.7(3) and Jyn =
—13.5(7) cm™! for the Dy—radical interaction are found. Such
a large value for the Dy—radical coupling constant Jyy is a direct
consequence of using Ser = !/, for Dy™ but indeed corresponds
to an exchange energy comparable to that observed for
Gd"™—~NIT—R derivatives.*

Despite the excellent agreement between the shapes of the
simulated and experimental curves reported in Figure 6, the
simulated ones show a more drastic jump of the magnetization
near H,, and a flatter signal in the initial part of the plateau
than do the experimental ones. Moreover, the simulation of the
T dependence of yT along the single-ion easy axis using the

(37) Benelli, C.; Caneschi, A.; Gatteschi, D.; Laugier, J.; Rey, P. Angew.
Chem., Int. Ed. 1987, 26, 913.

(38) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L.; Rey, P. Inorg. Chem.
1989, 28, 275.
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previous best-fit parameters shows good qualitative agreement
with experimental data, confirming that the Jynn and Jyy values
are correctly estimated; however, for quantitative agreement,
the simulation requires a slightly reduced gp, value of 18.4,
which is indeed closer to the value estimated from the ab initio
calculations

The origin of the differences between the simulated and
experimental data, in particular the discrepancy between the g
values estimated from the high and low magnetic field experi-
ments, can be envisaged by considering that CASSCF/RASSI-
SO calculations suggest a relatively small separation between
the ground and excited states inside the °His, multiplet. The g,
value, in fact, does not approach the limiting value of 20 expected
for a ground doublet corresponding to the pure m; = £'%/, value,
contrary to what is observed for the Dys cluster.'"'* In the case of
3, as the ground Kramer’s doublet is not an eigenstate of jz, the
Zeeman term of the Hamiltonian produces an admixture of the
ground and excited states, resulting in a nonlinear dependence of
its energy as a function of H. These nonlinear terms in the
Zeeman effect would account for the discrepancies observed at
low field in Figure 6, namely, the smoother increase of the
experimental magnetization versus the faster saturation of the
simulated curve and the slightly smaller gp, value necessary to
reproduce the experimental 7 dependence of y7 along the single-
ion easy axis measured at the relatively low applied field of
1000 Oe.

Other possibly relevant factors that were not considered in
the model are the effects of thermal population of the other ®His,
Kramers doublets of the Dy™ ion and a more complicated
magnetic interaction between the radicals than just an isotropic
one, since this interaction is mediated by the anisotropic spin
density of Dy™. Of course, it cannot be excluded that the energy
levels may be somewhat populated above 15 K, but there is no
doubt that the strong magnetic anisotropy requires that the low-
temperature behavior is dominated by the population of the most
anisotropic state. The small upturn observed in y7 at the lowest
investigated temperature cannot be ascribed to the excited states
but could be due to either intermolecular weak dipolar interac-
tions or an artifact introduced by the torque exerted on a
nonperfectly aligned crystal.

Conclusions

In conclusion, we have demonstrated the power of a mixed
experimental—theoretical approach in the analysis of the
magnetic anisotropy and exchange interactions in molecular
magnetic materials having a low-symmetry environment around
the anisotropic lanthanide ion. In particular, using angle-resolved
single-crystal magnetometry, we have obtained the orientation
of the principal axes of the magnetization of a model system

comprising Dy™ and organic radicals. With this information, a

clear analysis of the 7 and H dependence of M has been possible,
even in the presence of a strong orbital contribution.

A ferromagnetic Dy—radical interaction has been evidenced,
as has the presence of antiferromagnetic NNN interactions
between the radicals that are mediated by the Dy™ ion,
analogous to what has previously been observed for diamag-
netic** Y™ and Eu'™ or isotropic Gd"! magnetic centers.® The
collected information is currently being employed to analyze
the more complex behavior of the first rare-earth-based SCM,
1,'>' and a successful rationalization can be obtained by also
assuming NNN antiferromagnetic interactions between Dy™ ions
and a resulting spin-canted structure similar to that observed in
Mn""'—porphyrine SCMs.®

These conclusions agree well with ab initio calculations based
on the self-consistent field theory, which therefore seem to be
a precious tool capable of predicting the nature and orientation
of the magnetic anisotropy of rare earths in low-symmetry
environments.

These experimental and theoretical approaches for character-
izing anisotropic building blocks, both of which are affordable
at a laboratory scale, are expected to become more and more
frequently employed in molecular magnetism whenever a low-
symmetry environment is encountered. The extracted informa-
tion is fundamental in the rational design and full exploitation
of SMMs and SCMs based on rare earths.
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