Showcasing research from Multifunctional Luminescent
Materials Group of the Faculty of Chemistry,
Jagiellonian University in Krakéw, Poland.

Neutral dicyanidoferrate(i) metalloligands for the rational
design of dysprosium(i) single-molecule magnets

Dicyanidobis(aromatic a,o/-diimine) Fe(l) complexes
efficiently constrain the equatorial plane of Dy(ll) centres
by forming chains of vertex-sharing {Dy,Fe,} squares. This
opens the pathway for controlling the lanthanide magnetic
anisotropy by placing organic N-oxides at axial positions of
4f metal complexes.
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Diamagnetic cis-dicyanidoferrate() complexes bearing blocking aro-
matic diimines, cis-[Fe"(CN)x(Lnn)21° (Lun = 2,2/ -bipyridine, 1,10'-phenan-
throline) serve as metalloligands to Dy" centres leading to a rigid
cyanido-bridged chain of vertex-sharing {Dy",Fe",} squares which con-
strains the equatorial plane of embedded 4f metal ions. This results in a
novel convenient route to rationally designed single-molecule magnets
as the magnetic anisotropy of Dy" centres can be efficiently generated

by inserting aromatic N-oxide ligands on labile axial positions.

Magnetic materials play a vital role in our life due to the
applications in data storage, electric motors, power generation
and conversion, refrigeration, and medical treatment.! In this
context, increasing interest is given to molecular nanomagnets
called Single-Molecule Magnets (SMMs) that reveal the slow
magnetic relaxation resulting in a hysteresis loop of molecular
origin.> Thus, they should revolutionize the fields of data
storage,® spintronics,* and quantum computing.’

Lanthanide (Ln) ions arouse primary interest in the field of
SMMs as they show strong magnetic anisotropy being the result
of spin-orbit coupling and crystal-field effects.® They offer
further functionalization of SMMs due to the efficient lumines-
cence and softness of the crystal lattice.” The design principles
for maximized anisotropy of 4f metal ions are related to the
type of the f-electron density distribution for the preferred
highest m; state.® Oblate-type ions, e.g. Dy*", need the axial
alignment of charged ligands to minimize the energy of my; =J
state while prolate-type ions, e.g. Er’", require the equatorial
alignment of charged ligands.” These rules, often supported by
high complex symmetry,>**? are used for the design of Ln-SMMs.
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Among them, the most impressive results were found for Dy™
centres exhibiting huge anisotropy in sandwich-like organo-
metallic complexes.'® Their disadvantage lies in weak stability to
chemical stimuli which is important for processing into devices.’
This can be overcome using strategies based on coordination
chemistry. The equatorial plane of the Dy™ centre can be con-
strained by weakly coordinating ligands enabling the introduction
of ligands with charged donor atoms to the axial positions.>**
Besides the application of multidentate ligands controlling the
whole coordination sphere,'! this strategy was realized by two
main routes. The first one employs solvent molecules occupying
the equatorial plane and expanded organic P-/N-/alkyl-/aryl-oxides
placed on the axial positions.”*'* The second one explores
macrocyclic ligands constraining the equatorial plane which
leaves the axial positions for oxide-type ligands." In this regard,
there is a continuous need for novel pathways towards Dy-SMMs
exploring the axially and equatorially positioned ligands. We have
undertaken this challenge exploiting cyanido complexes of transi-
tion metals which are efficient metalloligands for Ln-SMMs with
luminescent, SHG-active, or proton-conductive properties."* Cya-
nido complexes used alone can induce moderate SMM property
due to long Ln"™-N(cyanido) bond lengths. However, they can
provide a rigid backbone for the f- or d-block metal counter-ions, >
which can be used for constraining the equatorial plane of the
Dy™ coordination sphere. To achieve this, we screened polycya-
nidometallates looking for a candidate with a sufficient number
of cyanido ligands for bridging to 4f metal ion, being also suitably
expanded to block the equatorial plane of Ln** ions, leaving space
for axially aligned ligands. We found that these prerequisites
are provided by cis-dicyanidoferrate() complexes bearing aro-
matic diimines, [Fe"(CN)y(Lan)2]° (Lun = 2,2"-bipyridine = bpy,
1,10’-phenanthroline = phen).'® Here, we report four bimetallic
coordination chains, {Dy™(MeOH),[Fe™(CN),(Lxn)2]2H{CF3S03)s-
nMeOH (1, Lyy = bpy, 7 = 1; 2, Lyy = phen, n = 5) and {Dy™
(pyNO),(MeOH),[Fe"(CN), (Lnn)2]}(CF3S03)s:nMeOH (3, Ly = bpy,
n = 0.5; 4, Ly = phen, n = 1.5). They are built of {Dy"™,Fe",} squares
that constrain the equatorial plane of Dy™ centres opening the way
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Fig. 1 The views of cyanido-bridged chains of vertex-sharing {Dy

to generate the SMM behaviour by the insertion of pyridine N-oxide
(pyNO) ligands on the axial positions of Dy™ which was investigated
using X-ray diffraction data and dc/ac magnetic characteristics
analysed by a newly developed relACs programme supported by
the ab initio calculations.

Crystals of 1 and 2 were obtained by the self-assembly of
Dy"(CF3S0;); with cis-[Fe"(CN),(bpy/phen),] in the MeOH/
MeCN solution. Their basic characterization using CHNS ana-
lysis, IR spectra and TGA (see Experimental section and Fig. S1
and S2, ESIt) was followed by a single-crystal X-ray diffraction
analysis (Fig. 1 and Fig. S3-S5, Tables S1-S6, S11-S15, ESIT). 1
and 2 crystallize in the C2/c space group (Tables S1 and S2,
ESIT) and are composed of cyanido-bridged chains of vertex-
sharing {Dy™,Fe",} squares crystallizing with CF;SO;™ ions
and MeOH of crystallization (Fig. S3-S5, ESIt). Each Dy™ centre
coordinates four CN~ ligands from four neighbouring
[Fe"(CN),(Lnn)2] complexes, while each Fe" site links two
different 4f metal ions (Fig. 1). As the convergent cis-
dicyanido complexes were used, this results in the {Dy™,Fe",}
squares sharing the Dy™ centres. The coordination sphere of 4f
metal centres is completed by MeOH ligands, lying above and
below the equatorial plane of Dy-NC-Fe linkages. The Dy™
centre and surrounding Fe'' sites do not lie in the ideal plane as
the neighbouring squares are twisted (Fig. S3—-S5 and Table S11,
ESIt). The Dy™ centres are dodecahedral in 2 or of a mixed
geometry between dodecahedral and square antiprismatic in 1
(Tables $3-S6 and $12-S15, ESIT). The Dy-N(CN ) and Dy-O(MeOH)
distances vary in the range of 2.39-2.47 A in 1 and 2 (Tables S3-S6,
ESI). Each Fe" site coordinates two diimine ligands that protrude
from a coordination skeleton stabilizing the structure by interchain
n-1 stacking (Fig. S8, ESIT). The addition of pyNO to the same
solution as used for 1 and 2 gives the crystals of 3 and 4, respectively
(see Experimental section). 3 and 4 crystallize in the Pccn space
group but they are similar to 1 and 2 being built of CN™-bridged
chains of {Dy™,Fe",} squares crystallizing with CF;S0; ions and
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oFe'l;} squares of 1-4 shown together with respective molecular building units.

MeOH molecules (Fig. 1 and Fig. S3, S6, S7, Tables S1-S2, S7-S15,
ESIf). The difference lies in pyNO ligands attached to the Dy™
centres. Each 4f metal ion coordinates two pyNO ligands replacing
two out of four MeOH ligands present in the Dy™ complexes in 1
and 2. They are located on the axial positions of square-
antiprismatic Dy™ centres, above and below the equatorial plane
given by four Dy-NC-Fe linkages. The Dy-O(pyNO) distances
are shorter (ca. 2.36 A) than Dy-O(MeOH) and Dy-N(CN™) ones
(2.42-2.45 A, Tables S7-510, ESIt). However, its vertical alignment is
not perfectly axial as depicted by the O(pyNO)-Dy-O(pyNO) angle,
124.6(2)° (3) and 127.9(3)° (4), which is related to the twist between
neighbouring {Dy™,Fe",} squares. The alignment of pyNO ligands is
controlled by intrachain n—r stacking with the Lyy ligands which are
also involved in interchain m-n interactions (Fig. S6-S8, ESIt).
The validity of the structural models were confirmed by the P-XRD
(Fig. S9, ESIY).

The direct-current (dc) magnetism for 1-4 is similar (Fig. S10,
ESIt), including the decrease of the y\T product upon cooling
related to the thermal depopulation of higher-lying m; states of
the ground Dy"™ multiplet as well as the featureless course of the
M(H) plots at 1.8 K. These properties can be assigned to the single-
ion effects of the Dy™ complexes which are magnetically isolated
(J of ca. -0.07 cm ™" as determined for 3, see Fig. $10, ESI{) due to
their separation in the crystal lattice by diamagnetic Fe" centres.'®
The alternate-current (ac) magnetism of 1-4 is shown in Fig. 2 and
Fig. S11-S22, Tables S16-S18 (ESIt). Under zero-dc-field, 1 and 2
do not show a distinct slow magnetic relaxation effect as only the
onsets of y” susceptibility were detected in the high-frequency
region (Fig. 2a and b, the insets). However, the y\,” signals in 1
and 2 increase and shift to lower frequencies upon the applied dc
field (Fig. S11 and S13, ESIf). Under the optimal dc field of
800 Oe, the ac susceptibility was investigated for variable 7' showing
magnetic relaxations below 4 K (1) or 3 K (2) (Fig. S12 and S14, ESIt).
Only for 1, the accessible range of relaxation times, determined
using the Debye model, enables the analysis of overall relaxation by

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Alternate-current (ac) magnetism of 1-4: the frequency depen-
dences of out-of-phase susceptibility, 3", for the 2—10 K range at Hgc = 0
Oe for 3 (a) and 4 (b), together with the fitting to the Debye model (solid
lines), compared with the ac signals at Hygc = 0 Oe for 1 and 2 (the insets),
and the T-dependences of relaxation time at Hyc = 0 Oe and Hy. = 1000
Oe for 3 (c) and 4 (d). In c and d, circle points show the experimental data,
solid lines show the best-fit curves obtained taking into account the
combined contribution from direct, Raman, and QTM processes while
dashed lines show the separate contributions from each process.

taking into account three processes: direct, Raman, and QTM
(Fig. S11-S22, ESIf). The bestfit parameters prove that the
H-induced magnetic relaxation in 1 is dominated by the
Raman process in the 2-4 K range while by the QTM below 2 K
(Fig. S12 and Tables S17, S18, ESIt). On the contrary, compounds 3
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and 4 exhibit distinct maxima on the j,,”(v) plots under zero-de-field
(Fig. 2a and b). They appear almost at the same frequency in the
2-4 K range due to the strong QTM. Then, they shift to higher
frequencies being detectable to 10 K in the 1-1000 Hz range. The full
set of ac magnetic data for 3 and 4, including field-dependences at
5 K as well as T-dependences at zero and optimal (1 kOe) dc fields,
was fitted using the Debye model (Fig. S15-S20, ESIT). The extracted
relaxation times were analysed using the simultaneous, 3-D fitting
based on all obtained curves, (T, H), taking into account direct,
Raman, and QTM processes (Fig. 2¢, d and Fig. S21, ESIf). All
analyses were realized by a purposefully developed relACs pro-
gramme that enables the fitting of ac data to various models and
further 3-D fitting of (T, H) curves with the visualization of
contributions from relaxation processes which was shown for 3-4
in Fig. 2c and d (for details see ESL Fig. S23). We also performed an
alternative fit taking into account the Orbach relaxation with a
fixed energy barrier, AE, taken from the ab initio calculations
(Fig. S22, ESIt). The obtained results are consistent with the former
fitting, which confirms the major role of the Raman process. The
best-fit parameters reproduce well the experiment indicating that the
energy barriers of Orbach relaxation of 80.3 and 85.9 cm™" for 3 and
4, respectively, can be postulated (Fig. S15-522 and Table S16, ESI}).
Despite these values, magnetic relaxation is observed only up to 10 K
which is due to the Raman relaxation becoming the main pathway
above 7 or 3 K for zero and optimal dc fields, respectively (Fig. 2c, d
and Table S17, ESIt). Slightly better SMM features were found for 4
which is due to the larger O(pyNO)-Dy-O(pyNO) angle and the
shorter Dy-O(pyNO) distance increasing the AE, contributing to
quenching of other relaxation routes, e.g. QTM.

Insight into the transition from weak to distinct SMM
features from 1-2 to 3-4 is given by ab initio calculations of a
CASSCF/RASSI/SINGLE_ANISO type (Fig. 3 and Tables S19-S21,
Fig. S24, and the comment in ESIt). They show that the
ground Dy"" multiplets in 1-2 consist of the mixture of |J, m;)
states of |15/2, + 15/2) (main contribution) and |15/2, &+ 11/2)
(Table S20 and S21, ESIf). The significant mixing for the
ground states in 1-2 explains the strong QTM effect and the
lack of field-free slow magnetic relaxation. However, the SMM
effect appears in 1-2 under a dc field, and, for 1, the energy of

1
bpy
Fe cN
Dy
3 4
pyNO
Dy
Dy
¢ \
pyNO

Fig. 3 The alignment of easy magnetic axes of Dy complexes in 1-4,
determined by the ab initio method (Tables S20 and S21, ESI¥).
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the first excited m; level of 60.0 cm ™" can serve as the estima-
tion of the AE of Orbach relaxation, considered in the broa-
dened fit to the ac data (as for 3-4, see Table S16, ESI{ and
above). The insertion of pyNO in 3-4 improves the magnetic
axiality as the related ground Dy™ multiplets consist of almost
pure |15/2, + 15/2) states with the admixtures of other states
below 0.8% (Tables S20 and S21, ESIt). This gives the g, values
> 19.8, higher than for 1-2, but non-negligible transversal
components remain. It explains the observation of field-free
SMM behaviour with the not fully quenched QTM. The energies
of the first excited m; levels in 3-4 can be connected with the
Orbach energy barriers; however, it is not crucial as the Raman
relaxation dominates. The dramatic changes in anisotropy in
3-4 are proved by the modified alignment of magnetic easy axes
(Fig. 3 and Fig. S24, ESIT). In 1-2, they are arranged in the plane
formed by four cyanido bridges which provide the most nega-
tive charges. In 3-4, the easy axes deflect toward the direction of
pyNO ligands proving that they are responsible for enhanced
SMM features.

We report a convenient strategy for the design of Dy"" SMMs
based on the application of cis-dicyanidoferrate(i) complexes
blocked by diimine ligands. Despite their overall zero charges,
unusual among cyanidometallates,™* they serve as metalloli-
gands for Dy*" ions leading to the rigid chain structure that
constrains the equatorial plane of the 4f metal centre. As a
result, to the axial positions of the Dy"™ complex, primarily
occupied by solvent molecules, one can introduce the organic-
oxide-type ligands generating SMM behaviour. This strategy is
an alternative to typical approaches using weakly coordinated
solvents or macrocyclic ligands occupying the equatorial plane
of the Dy™ centres.’>** As ligands on both metal sites can be
modified, or the Fe" centres can be replaced with other d-block
metals,"” this approach opens the route to Dy-SMMs revealing
optimized magnetic anisotropy, e.g. by amending the coordina-
tion geometry or the axial ligand field,'* and further functio-
nalized towards luminescent and chiro-optical properties. We
will search for more rigid cyanido-bridged skeletons leaving
two axially positioned solvent molecules for incorporation of
charged organic ligands.
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