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A Dy -based single-molecule magnet is reported. ab initio calculations highlight that molecular symmetry plays a
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predominant role over site symmetry in determining the shape and orientation of Dy magnetic anisotropy. Moreover the

dipolar component of the electrostatic potential created by the surrounding ligands is shown to be the driving force of its

magnetic behaviour.

Introduction

In the past decade the use of lanthanide ions in coordination
chemistry1 has permitted the design of a tremendous amount
of compounds2 with properties as diverse as Iuminescence,3
porosity,3e’ 3f catalytic activity,4 temperature5 or chemical
sensors,3f or some of them combined into hybrid materials®.
They are also expected to show magneto-chiral dichroism, has
observed on chains based on anisotropic 3d ions.” Their strong
magnetic anisotropy also allowed the observation of single-
molecule magnet (SMM) behaviour® even on mononuclear
compounds.® In such molecules, lanthanide ions have been
associated to a wide variety of Iigandssa that produce different
electrostatic environments around the magnetic centre that
strongly impact their magnetic behaviour.” In a previous work
we used historic bio-inspired ligand, the murexide (ammonium
salt of 2,6-dioxo-5-[(2,4,6-trioxo-5-
hexahydropyrimidinylidene)amino]-3H-pyrimidin-4-olate) that
has a great affinity for lanthanide ions and is widely used in
complexometric studies.'’ We have been able to isolate the
compound of formula Yb(Murex)3-11H20.12 Its SMM behaviour
was rationalized thanks to low temperature near infra-red
emission.

In the present work we study the DyIII derivative of this family
of compounds, which after great synthetic efforts was
obtained as single-crystals. We focus our investigation on the
influence of the (N3Og) coordination environment on the
lanthanide magnetic properties. From the theoretical point of
view such investigation can be performed by means of ab initio
SA-CASSCF/RASSI-SO calculations. Analysis of the resulting
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atomic point charges distribution around the magnetic centre
permits to rationalize the ground state magnetic anisotropy of
the lanthanide ion." However, in the present case, the
peculiar geometry of the compound hampers this simple
treatment. It forces us to adopt a more detailed analysis of the
electrostatics potential around the DyIII ion. This approach
highlights the predominant contribution of the dipolar
moments held by ligands atoms.

Results and discussion

Reaction of Dy(NOj3);:6H,0 and murexide affords a reddish
suspension from which crystals of good quality can be isolated.
The resulting compound is isostructural with the already
reported Yb" derivative of formula Yb(Murex)3-11H20.12 It
crystallizes in the Pccn space group (N°56), with Z=4 (Tables S1,
S2 and S3). The DyIII ion is nine coordinated in a (N3;Og)
environment by three tridentate anionic murexide ligands to
form a neutral Dy(Murex);-xH,0 complex (1) (Figure 1). Each
complex is well isolated with a minimum Dy-Dy distance of
9.85 A (Figures S1, S2 and S3). Numerous water molecules
have been found in the crystal packing, but contrary to the Yb'"
derivative, are too disordered to be reasonably taken into
account in refinement procedure.

Figure 1: Representation of Dy(Murex)s.xH,O with labelling scheme. Hydrogen
atoms omitted for clarity.
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Static magnetic properties (dc) have been investigated. At
room temperature xyT value is 14.04 emu.moI.K'l, in
agreement with the expected 14.17 emu.mol.K* (Figure 2). A
continuous decrease of xyT is seen as the temperature is
lowered, because of the depopulation of sublevels of the
ground state manifold.®

Commonly xuT vs T curves are reproduced by modelling
crystal-field effects with the extended Stevens operators
technique.14 However such procedure implies geometric
approximation of the metal centre symmetry. Indeed, on the
vb" derivative, the magnetic behaviour was nicely reproduced
by considering a Dj;, site symmetry arising from the six oxygen
atoms of the first coordination sphere.12 Similar approximation
is legitimated on 1 by the very close Dy-O (2.344 to 2.375 A)
and Dy-N distances. (2.570-2.573 ﬁ) (Table S2). With the
HamiItonian:I:Ing ? +B2O? +B20OS +BEOE the
experimental curve can be well reproduced (R=0.99997) with
the following parameters: Bzo =0.2215 cm'l, Bf;’ =3.039x10° cm’
1 BY=5.76x10"° cm™ and B¢ =1.75x10" cm™ (Figure 2). Field
variation of the magnetization at 2 K is also well reproduced
with these parameters (inset Figure 2). The ground state is
found to be a mixture of different M, eigenstates with the
main contribution coming from the M;=%+13/2. The total
splitting of the 5H15/2 ground multiplet is 220 cm™ with the first
excited state at 27 cm™ above the ground state (Table 1).
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Figure 2: Temperature dependence of yuT and field dependence of the
magnetization at 2 K (inset) with simulation based on ab initio calculations (blue
line) and Stevens procedure considering an approximated Di, symmetry (red
line).
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Table 1 Energy levels extracted from Stevens procedure and ab-initio
calculations (see Sl for detailed compositions)

Stevens procedure Ab initio calculations
Energy Main M, Energy Main M,
(cm'l) states (cm'l) states
0 0 +13/2 0 +15/2
1 26.7 +11/2 24 +5/2; +13/2
2 62.3 +1/2 52 +11/2
3 77.95 +3/2 73 +9/2
4 114.2 +5/2 99 +11/2; £9/2
5 117.8 +9/2 165 +7/2
6 156.1 +7/2 214 +13/2; £5/2
7 222.65 +15/2 337 +1/2

From ab initio calculations the calculated total splitting of the
ground multiplet is 337 cm™ with the first excited state at 24
cm™ above the ground state (Tables 1 and S$S4-S5), in good
agreement with the Stevens technique (see experimental part
for computational details). However, whereas the ground state
is also found to be a mixture of different M, eigenstates, the
main contributions come from the M,=t15/2 eigenstate. The
XmT vs T curve is nevertheless properly reproduced (Figure 2).
Such discrepancy between the two techniques is a direct
consequence of considering crystallographic molecule
symmetry (ab initio) instead of approximated first
coordination sphere symmetry (Stevens).

2| J. Name., 2012, 00, 1-3

In order to investigate the magnetic relaxation of 1, dynamic
magnetic measurements (ac) were performed. Slow relaxation
was observed, providing that an external dc field is applied in
order to remove the zero-field fast tunnelling (Figures 55-56).15
Field scans have been performed at 2K and the most suited dc
field has been identified to be 1500 Oe. Relaxation times (t)
follows a thermally activated mechanism where t=toexp
(A/kgT). An energy barrier of A= 33 + 2 K and a characteristic
relaxation time of to= 5.5 x 10 are obtained"® (Figure S7 and
Table S6). These results are in the range of what is commonly
observed on similar compounds.14 Relaxation times
distribution is quite low as observed on Cole-Cole plots”’18
(a=0.21 at 1.7 K) and almost all the molecules relax according
to one mechanism (Table S7). This relaxation concerns the
whole sample ((1- xs/x7)=0.93 at 1.7 K). It is interesting to
notice that the previously reported Yb" derivative shows
similar energy barrier and characteristic relaxation times under
comparable external dc field.*?
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Figure 3: Temperature dependence of xy’ (empty circles) and xy”(full squares)
measured with a 1500 Oe dc field and from 100 (red) to 70000 Hz (blue).

The energy barrier value is supported by ab initio calculations,
which reveal that both the ground and first excited states have
quite axial magnetic anisotropies (Table S5) but separated by
an angle of 55°. This means, most likely, that the pathway for
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magnetic relaxation does not reach states beyond the first
excited state, which is 35 K above the ground state. This
behaviour is also supported by the calculated transition
moments between the different Kramer’s doublets of the
ground multiplet, which show efficient relaxation process
already through the first excited state (Figure 4).
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Figure 4: Ab initio magnetization blocking barrier, computed by mean of
magnetic transition moments. The black thick lines correspond to all the spin-
orbit states of 1. The coloured arrows correspond to the different possible
pathways/transitions considered in this work. The number provided at each
arrow is the mean absolute value for the corresponding transition moment.

Magnetic slow relaxation on Dy'”-based molecules has been
observed on a wide library of compounds.SH’ 819 |n most
cases SMM behaviour is observed with a “sandwich-like”
symmetry of the electrostatic surrounding of the Dy'". Such
geometry is the most favourable to stabilize the oblate
electron density of the DyIII ion and creates a sizable energy
barrier for magnetic moment reversal.?’ ab initio calculations
of magnetic anisotropy on 1 show that the ground state is
quite axial with g;=16.6 while gy=g,=0.2 (Table S5), and the
associated easy-axis is oriented in the 06-06 direction (Figures
1 and 5), i.e. perpendicular to the molecular C, axis (Dy1-N8).
This evidence that local symmetry approximation based on
chemical neighbouring of the metal centre (i.e. the three
ligands) is not adapted on 1 and that only
crystallographic symmetries have to be considered.

murexide

Usually the easy-magnetic axis follows the «most charged»
direction of the Dy" 132¢ 21 However in 1, all
oxygen atoms induce the same electrostatic potential on the
DyIII ion (Table S8) and additional contributions should be
considered. This unusual investigated using the
multipolar expansion of the electrostatic potential generated
"ion. It is

surroundings.

case is

by the ligands in the close environment of the Dy
modelled using the following textbook formula:*

ul qi ﬁ:FI F,(a,XF:) 1
vimy =S 2o
Y T

This formula defines the electrostatic potential generated by a
finite distribution of charges (located at point I such as1=1,..,
N, with N, the total number of charges in presence) in a given

This journal is © The Royal Society of Chemistry 20xx
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point of space, here called M, located inside the latter
distribution. I; stands for the position vector going from M to
I, while g;, p; and Q; stand for the charge, dipole moment and
quadrupole moment at point I, respectively. These multipolar
moments describe the spatial distribution of the charge at
point I. For each considered complex, the sum over | run over
all atomic positions, except the one of the lanthanide ion, and
the associated multipolar moments are extracted from a
LoProp calculation performed on the ground state of the
system.23 This potential is calculated in a given number of M
points, equally-spaced in a sampling cube (1x1x1 Angstréms)
centred on the position of the lanthanide ion. A large set of 3D
data is then generated and to represent it efficiently, we use
2D maps, cut into the sampling cube along a given direction.
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Figure 5: Mapping of the different contributions to the electrostatic potential in
the plane perpendicular to the molecular C, axis and containing the Dy'" ion.
Contributions are calculated in a 1 A® volume centred on Dy" ion. The dashed
black line symbolizes the orientation of the calculated ground state magnetic
easy-axis. (top left) Mapping of the atomic charges, (top right) atomic dipole
moments and (bottom left) atomic quadrupole moments. (bottom right)
superimposition of easy magnetic axis on molecule of 1.

Such approach permits the discrimination of the effect of
atomic charges, dipole moments and quadrupole moments
(Figure 5). The shape of the electrostatic potential holds a
perfect C, axis rather than any other kind of 3-fold symmetry
lanthanide position,
electrostatics are related to molecular symmetry (C,) rather
than site symmetry (D3h). Going into details, the quadrupole
contribution to the electrostatic potential is isotropic whereas
the other two show preferential orientations. The only
contribution that closely matches easy-axis direction is the
dipolar one. This highlights the importance of higher order
terms in the modelling of the electrostatic environment.

element. This suggests that at the

Conclusions

In conclusion, we have been able to synthesize the DyIII adduct

of the Ln(Murex); family. Similarly to its yp" parent12 it shows
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a SMM behaviour. The three identical ligands generate a N5Og
environment around the DyIII ion that in first approximation
may be considered having a 3-fold symmetry. However ab
calculations  highlight that whereas such an
approximation provide a correct splitting of energy levels and
good energy barrier for spin reversal it dramatically fails in
reproducing the correct wavefunction of the ground and first
excited states. Similar conclusion can be made for the
calculated magnetic easy-axis orientation that is not related to
the 3-fold symmetry but to the crystallographic C, symmetry.
Exploration of the various contributions to the electrostatic
potential generated by the ligands around the DyIII ion, shows
the predominant role of the dipolar contributions. Commonly,
small approximations of local symmetry around the DyIII
permit a simple and straightforward description of its
magnetic properties. However this particular compound made
of three equivalent ligands and very narrow bond length
distribution (lower than some hundredth of A) highlights that
molecular symmetry plays a more crucial role than site
symmetry in determining the shape and orientation of
magnetic anisotropy.

initio

ion
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Experimental

Materials and methods.

Synthetic Procedure: All reagents were analytical grade purchased at
TCl chemicals and used as received. An aqueous solution of Murexide
is reacted with Dy(NOs);.xH,0 salt. After some minutes a red-orange
mud can be isolated by filtration. Successive washing with CH;CN and
diethyl ether provide a microcrystalline powder (85 % yield). Single
crystals suitable for X-ray crystal diffraction can be isolated from the
filtrate. Elemental Anal. Calcd (%) for C24 H12 Dyl N15 018: C 29.93, H
1.25, N 21.83; found C 27.37, H 2.10, N 19.95

Crystal Structure Determination: A Single crystal was mounted on a
APEXIl AXS-Bruker diffractometer equipped with a CCD camera and a
graphite-monochromated MoKa radiation source (A=0.71073 A), from
the Centre de Diffractométrie (CDIFX), Université de Rennes 1, France.
Data were collected at 150K. Structure was solved with a direct
method using the SIR-97 program24 and refined with a full-matrix least-
squares method on F? using the SHELXL-97 program25 and WinGx
interface.”® Crystallographic data are summarized in Table S1. CCDC-
1409034 contains the supplementary crystallographic data for this
paper. Figure S8 gather the simulated X-ray powder diffraction pattern
from this crystal structure and the experimental one obtained from
the polycrystalline sample.

4| J. Name., 2012, 00, 1-3

Magnetic Measurements: dc measurements were performed on a
Quantum Design MPMS magnetometer. Ac measurements were
measured with an homemade inductive probe; courtesy of M. Novak.
All  measurements were performed on polycrystalline sample
embedded in grease to avoid in-field orientation of the crystallites.
Measurements were corrected for the diamagnetic contribution, as
calculated with Pascal’s constants, and for the diamagnetism of the
sample holder, as independently determined.

Computational details: To properly account  for  the
multiconfigurational nature of the wave function of the 4f electrons of
the Dy ion, the competition between the spin-orbit coupling, and the
crystal-field interactions, explicitly correlated ab initio methods are
required. Herein, the ab initio calculations have been carried out on
the X-ray structure using MOLCAS 7.87 In this approach the
relativistic effects are treated in two steps based on the Douglas-Kroll
Hamiltonian. First, the scalar terms are included in the basis set
generation and are used to determine the spin-free wave functions
and energies in the complete active space self-consistent field
(CASSCF) method.?®

restricted active space state interaction (RASSI-SO) method, which

Next, spin-orbit coupling is added within the

uses the spin-free wave functions as basis states.”” All atoms were
represented by ANO-type basis sets from the ANO-RCC library. The
following contractions were used: [8s7p4d3f2glh] for the Dy ion,
[4s3p2d] for the C, N and O atoms of the first and second coordination
spheres, [3s2p1d] for the remaining C, N and O atoms and [2s] for the
H atoms. The active space of the self-consistent field (CASSCF) method
consisted of the nine 4f electrons of the central Dy ion spanning the
seven 4f orbitals. For a proper description of the spin-orbit coupling on
the metal site, the mixing of a large number of states is required. In
the present work, state-averaged CASSCF calculations were performed
for all the sextets (21 roots) of the Dy ion, all the quadruplets (224
roots) and 300 out of 490 doublets, due to hardware limitations. Since
the energy spectrum of the ground multiplet (°Hisp) is converged
when mixing the 21 sextet roots with the 128 first quadruplet roots
and the 107 first doublet roots, we make the choice not to include all
possible spin-free states in the RASSI-SO calculation. The energy
spectrum of the system is extracted from the RASSI-SO calculation.
Using the pseudo-spin s? («S» = 1/2) approximation as implemented
in the SINGLE_ANISO module,*® the magnetic anisotropy tensor of the
8 Kramer doublets of the ground multiplet (6H15/2) are computed, as
well as the temperature-dependent magnetic susceptibility, the molar
magnetization at 2K and the decomposition of the wave functions of
the 16 lower spin-orbit states in term of M, eigenvectors. The atomic
charges, dipolar moments and quadrupolar moments used to
determine the electrostatic potential in the system are extracted from

a LoProp calculation performed on the ground state of the system.23
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Dalton Transactions

A DylIlI-based single-molecule magnet is reported. ab initio calculations highlight that molecular symmetry
plays a predominant role over site symmetry in determining the shape and orientation of DyIII magnetic
anisotropy. Moreover the dipolar component of the electrostatic potential created by the surrounding ligands
is shown to be the driving force of its magnetic behaviour.
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