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Hybrid organic—inorganic mononuclear
lanthanoid single ion magnetsy

Walter Canlon-Mancisidor,

Carlos Cruz,° Diego Venegas-Yazigi

The first family of hybrid mononuclear organic—inorganic lanthanoid
complexes is reported, based on [PW,030]”~ and 1,10-phenanthroline
ligands. This hybrid approach causes a dramatic improvement of the
relaxation time (x1000) with a decrease of the optimal field while
maintaining the Ug of the inorganic analogues.

The plasticity of the coordination chemistry of lanthanoid ions
(Ln) has allowed the design of novel coordination compounds
with appealing physical properties, including the presence of
slow relaxation of the magnetization."” The first Single Ion
Magnet (SIM) was obtained as a ‘‘sandwich type” complex in
which two phthalocyaninate ligands coordinate a Ln ion.* After
this seminal contribution, different types of Ln molecular
complexes with SIM behaviour have been obtained through a
rational approach using coordination chemistry.®> Most of
these compounds are based on organic ligands,®® allowing a fine-
tuning of the dynamic response through chemical modification of
the organic moieties,” and can find applications as spin valves
and qubits.®'° The inorganic analogues, i.e., mononuclear SIMs
in which the organic ligands have been replaced by inorganic
ones, have also been described using different types of lacunary
polyoxometalates (LPOMs),"**® resulting in more robust systems
with applications in quantum computation;'®'” this is a con-
sequence of the magnetic insulation from the other neighbouring
magnetic molecules of the crystal lattice caused by the inorganic
moieties.'®'® On the other hand, theoretical studies have shown
that heteroleptic coordination compounds formed by anionic
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and neutral ligands favour the SMM behaviour in Dy™ complexes
compared to homoleptic systems.?

The optimum coordination environment for the appearance
of SMM behaviour in lanthanoid complexes is D,q symmetry,>"**
although other unconventional geometries such as pentagonal
bipyramid Ln complexes have resulted in breakthrough energy
barriers of ca. 1200 em™".>* More recently, different dysprosium
metallocenes have shown magnetic hysteresis at temperatures of
up to 80 K.>*?°

Conversely, despite the exquisite control of coordination
chemistry, the preparation of mononuclear hybrid organic-
inorganic Ln complexes with SMM behaviour remains elusive.
These hybrid materials could benefit from the combination of
the ease of functionalization of the organic ligands with the
robustness of the inorganic moieties. However, all the attempts
in this direction have been unsuccessful, producing dinuclear
and polynuclear systems.””

Herein we present the first isostructural family of mononuclear
hybrid organic-inorganic lanthanoid complexes that present
SMM behavior, [n-NBu,J;[LnH(PW;,034)(phen),]-H,0, denoted
as LM*1-Lni (Ln = Dy, Er, Gd and Dy, ,5Y, .5, see Scheme 1).

The combination of the neutral phenanthroline ligand and
the anionic inorganic lacunary Keggin POM ligand under
hydrothermal synthesis at 160 °C after 48 h yields a molecular
heteroleptic complex, LM*1-Ln. Under this experimental condition,
the pH becomes more acidic, due to the deprotonation of
the inorganic ligand. Single crystals of LM*-1-Dy, LM*-1-Er and

SIM
Organic — Inorganic Hybrid

Inorganic Ligand

Scheme 1 Representation of octacoordinated SIMs based on organic,
inorganic and hybrid organic—inorganic ligands.
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Fig. 1 Ball-and-stick and polyhedra representation of hybrid organic—
inorganic molecular complexes [LnH(PW,;0z0)(phen),]*~. Hydrogen atoms,
water molecules and [n-NBu4l* cations are omitted for clarity. Colour label:
Ln (dark blue), W (cyan), N (blue), C (grey) O (red) and P (orange).

LM*-1-Gd suitable for X-ray diffraction were obtained, revealing
that all compounds are isostructural, crystallizing in the mono-
clinic P2,/c space group (Table S2, ESIt). Compound LM*1-DyY
was obtained as a microcrystalline material but thorough char-
acterization indicates that LM*-1-DyY has the same chemical
formula and crystalline phase than the other complexes (see
Sections S1 and S2 in the ESIf).

Three [NBuy]" cations can be clearly identified in the crystal
structure, and electroneutrality is achieved by the presence of one
proton that is delocalized over the LPOM.** The BVS calculations
for all oxygen atoms of the [PW;;035]"~ show values close to 2, as
expected for a non-protonated bridging oxido groups (Table S4,
ESIF).** The anionic complex of formula [LnH(PW;05,)(phen),]>~
is formed by two types of ligands, an inorganic POM and two
organic phenanthrolines, forming an octacoordinated complex
(Fig. 1). The inorganic ligand corresponds to the Keggin
lacunary polyoxometalate, [PW,,035]"~, which can be defined
as a more rigid ligand compared to the two phenanthroline
molecules. The distances between the Ln centre and the
coordinated oxygen atoms are in the range 2.225(14)-2.358(11) A
in the [PW,,03,]"~ moiety, whereas the Ln to nitrogen distances
of the phenanthrolines are in the range 2.545(14)-2.646(16) A.

Continuous shape measurement (CShM’s) calculations, per-
formed using the SHAPE code,’*”® reveal that the geometry of
the Ln complexes can be best described as a square antiprism,
thus implying that the Ln centres present a pseudo-D,q
symmetry as observed for the fully inorganic analogue, Ln™-
(LPOM), (see Section S2.4, ESIT)."*??

Magnetic dc susceptibility measurements were carried out
between 2 and 300 K at 1 kG for all complexes (see Fig. 2 and

14

c 12

— 10}

[<]

£ gl CoOLD ong

g

3 6

~ 4f o LM%“1-Dy © LM*“1-Gd

= 2 o LM“1-Er © LM“1-DyY
0

0 50 100 150 200 250 300
TK)

Fig. 2 Experimental T vs. T plots from 2 to 300 K of compounds LM*#-1-Dy
(dark blue), LM*-1-Er (blue), LM*-1-Gd (green) and LM*-1-DyY (dark green).

Section S3, ESIt). The susceptibility values of all the complexes
are in good agreement with the expected values for mono-
nuclear complexes. The T values decrease at low temperatures
due to the thermal depopulation of the Stark sublevels,*® as the
absence of any dipolar magnetic exchange interaction is confirmed
with the measurement of isotropic LM*1-Gd compound, which
shows a constant y7 value in all the temperature range (see Fig. 2).
Magnetization measurements were done for all the compounds at
2 K between 0 to 90 kG, with no saturation observed for LM*-1-Dy,
LM*1-Er and LM*1-DyY. On the contrary, the magnetization is
close to saturation for LM*1-Gd (6.95 NB), further confirming the
paramagnetic character of this system (see Fig. S8, ESIf). For
compounds LM*1-Dy and LM*-1-Er the non-superposition of the
iso-field lines shows the anisotropic character of the system with
the dysprosium complex (LM*1-Dy) presenting a butterfly magnetic
hysteresis suggesting the presence of slow magnetic relaxation and
Quantum Tunnelling of Magnetization (QTM). This indicates
the presence of a dynamic response, as also observed for other
lanthanoid SIMs (see Fig. S9 and S10, ESTf).*®

The magnetic characterization of LM*-1-Dy and LM*-1-Er
was completed by alternate current (ac) measurements (see
Section S$3.2, ESIf). LM*1-Dy presents an out-of-phase signal
(") in the absence of an external dc field, which is frequency-
dependent, although no maxima are observed (see Fig. Si1,
ESIt). This behaviour could be due to the existence of fast
relaxation of the magnetization through a quantum tunnelling
mechanism, which has been quenched by applying an optimal
external field of 2 kG (see Fig. S12, ESI{).”” Importantly, the
ac-susceptibility versus frequencies measurements show a single
maximum related to the relaxation process of this system (Fig. 3
and Fig. S13, ESIt).

In order to rationalize the relaxation process of single ion
magnets, the relaxation mechanisms can be explained as originated
by the energy exchange between the paramagnetic centres and the
phonon radiations, i.e., direct, Raman and Orbach mechanisms.*®
Furthermore, there is a relaxation mechanism that is independent
of the temperature of the system, caused by the existence
of transverse anisotropy induced by the distortion from the
axial symmetry, which is referred as Quantum Tunnelling of
Magnetization (QTM)." Thus, the relaxation times t can be
quantitative explained using eqn (1) to model the magnetic
data:36,39742

<
=

eff

‘L'7l = TQTM71 +A . T+ C T” +‘C()71 . ekaT (1)

The best fit parameters for C, n, A, t1qrm, To and Ueg values are
0.997(19) K "s ™%, 3.65, 8.61(4) s K, 0.021(3) 5, 5.3(4) x 10 ° s
and 36.4(5) cm " (see Fig. 3). The magnetization of the diluted
system reveals that the best fitting parameters of the relaxation
times for C, n, 4, Tqrm, To and U are 0.209(11) K" s, 4.61,
2.26(6) s ' K1, 0.043(7) s, 5.2(3) x 10~ ° s and 36.3(4) cm ™" (see
Section S3.2, ESIT). The obtained values are in the range of
previously reported Dy™ systems.**** These results reflect that
the energy barrier of magnetization for LM*-1-Dy and LM*-1-DyY
are the same, despite the high dilution of magnetic centres in
the latter, confirming that at high temperatures the systems
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Fig. 3 (a) Out-phase susceptibility measurements for LM*-1-Dy under
external dc field of 2 kG. Data shown in the temperature range 2 to 9.6 K.
(b) Temperature dependence of the relaxation time t for LM*-1-Dy (dark
green) and LM*-1-DyY (dark blue) under an Hyc = 2 kG. The experimental
data are shown as circles, and the solid line corresponds to the best fit (see
text). (c and d) show the Argand plots at different temperatures (T = 2-9.6 K)
at Hge = 2 kG plots for LM*-1-Dy and LM*-1-DyY.

relax by an Orbach mechanism. The n value of the Raman
relaxation obtained in the fitting are lower than the expected
value (n = 9 Kramer’s ion), which might be attributable to the
involvement of both optical and acoustic Raman processes
during magnetic relaxation.*’

For IM*-1-Dy and ILM*-1-DyY the U value obtained are
36.4 cm ' and 36.3 cm ', respectively, considering the Orbach
relaxation mechanism under an optimal field of 2 kG. Upon
comparison of the magnetic dynamic properties of the hybrid
organic-inorganic LM*-1-Dy with the purely inorganic analogue,
i.e. [Dy™(PW,,05,),]° ", it is possible to observe an improvement
in the dynamic response. First, it presents maxima at a lower dc
field (2 kG for LM*-1-Dy vs. 3 kG for [Dy"™(PW1,03,),]°"); and
second, the relaxation time (t,) is improved 3 orders of magnitude
(5.3 x 107% s for LM*1-Dyvs. 9.6 x 10~ ** s for [Dy™(PW;,050)]").*>
Importantly, the energy of the magnetization is maintained
unaffected around 36 cm ™. This reflects that the addition of
organic ligands has an effect on the dynamic of the magnetic
properties. In some extension, this fact tends to confirm that the
inclusion of an organic ligand improves the magnetization
dynamics in Dy"-POM compounds.

This behaviour can be due to the fact that the LM*-1-Dy complex
is an heteroleptic system that can favour SMM behaviour compared
to the inorganic analogue, which is an homoleptic system.”®
Moreover, if a comparison is made between the most common
eight-coordinated SIMs®*>*® (see Table S5, ESIt), it is possible
to observe that the heteroleptic organic complex shows the highest
Ues- The highest 7, values are observed for the homoleptic and
heteroleptic organic complexes, thus no clear correlation can be
observed. It is clear that this field remains an open subject.

The distribution of the relaxation times can be studied by plotting
" versus y' in an Argand plot, also known as Cole-Cole plots. The fit

of the data to a general Debye model*” (eqn (S1), ESIt) results in
adequate description of the experimental points. These plots
were used to extrapolate the o value for LM*-1-Dy (see Fig. 3). At
low temperatures, the o value is around 0.3, suggesting that
multiple relaxation mechanism are present like direct, Raman,
and QTM at low temperatures. When increasing the temperature,
the o value decreases to 0.12 inferring that the Orbach mechanism
becomes dominant at higher temperatures (see Fig. S14 and
Table S6, ESIY).

Moreover, LM*-1-Er presents frequency dependent signals
when a dc field is applied, making this Erbium compound a
field induced Single Ion Magnet (SIMs), an uncommon situation
compared to the Dy™ ones.*>*® However, the QTM phenomenon
in this system cannot be suppressed even when applying different
dc fields since no maxima can be observed. (see Fig. S15-517,
ESIT).* In order to study the dynamic magnetic relaxation of this
compound, an approach to the Arrhenius equation was used.>*>?
A good fit was achieved with energy barriers of the relaxations
of the magnetization at different frequencies, being the average
Uegr = 7.5(2) em ™! and an average for 7, = 3.5(7) x 10 ¢ s !
(Fig. S18, ESIt). Er'" SIMs are scarce since there are a few
compared to Dy"™" SIMs. However, at least one example of
Er'"(LPOM), exists in the literature,"® having an energy barrier
of magnetization of 37 cm ™" obtained at zero dc field. LM*-1-Er,
the first Er'™ SIM system based on hybrid organic-inorganic
ligands, has, on the contrary, a small value of Uy under an
applied dc field.

In summary, a family of mononuclear hybrid organic-inorganic
compounds with SMM behaviour has been successfully obtained
using a lacunary Keggin POM and phenanthroline as inorganic and
organic ligands, respectively. The optimal field of the hybrid
LM*-1-Dy is 2 kG, lower than the purely inorganic analogues of
formula Ln(POM),. In addition, the relaxation times obtained
for the hybrid compounds are 1000 slower than the pure
inorganic system, proving that the addition of organic ligands
is a suitable approach to lower the relaxation times. Since the
systems improve some aspects of their magnetic response, this
opens the way to the design of novel hybrid materials, in which
the modification of the organic ligand will allows to deposit
these molecules onto surfaces for potential applications in
spintronics and/or as spin qubits.
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