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Decorated Tetrathiafulvalene-Based Ligands: Powerful Chemical
Tools for the Design of Single-Molecule Magnets

Olivier Cador,? Boris Le Guennic,? Lahcéne Ouahab,? Fabrice Pointillart,

Abstract: This Minireview covers the design and characterization of
coordination lanthanide complexes involving TTF-based ligands. The
specific design of TTF-based ligands allowed the isolation of
complexes with magnetic properties such as Single-Molecule
Magnets (SMMs) behavior and the studies of magnetic modulations
due to supramolecular interaction, molecular engineering, magnetic
dilution as well as isotopic enrichment. A careful design lead to TTF-
based ligands displaying several coordination sites in order to
rationally elaborate polynuclear systems with multi-SMM behavior or
to auto-assembly SMMs. Their redox-activity allowed the investigation
of coordination lanthanide complexes in several oxidation states and
their consequences on optical and magnetic properties. The complete
experimental and theoretical studies of such systems contributed to
the understanding of the magnetic properties of lanthanide ions for
futures applications in high density storage and quantum computing.

Introduction

The 2,2'-bis(1,3-dithiolylidene) organosulfur molecule
(tetrathiafulvalene, TTF) was discovered in the early 70s!*! and
was used first to design conducting materials such as organic
metals, semiconductors and superconductors.?® The TTF core
can be easily decorated replacing the hydrogen atoms by one to
four substituents able to bring new properties, for example, to
develop photo-functional materials®®® or able to coordinate
paramagnetic transition metals.’! A plethora of different
coordinating groups was used over the years such as amino,
nitrilo, phenolate, phosphino, B-diketonate, pyrazine, pyrimidine,
pyridine, pyridine-N-oxide, bipyridine groups.® In the early
2000s, first attempts of coordination with lanthanide ions
appeared*¥ and few years later the first X-ray structure of a
lanthanide coordination complex involving a TTF-based ligand
was published.l*? The objective of the lanthanide insertion in the
TTF-based coordination complex was to take advantage of their
intrinsic emission and specific magnetic properties. The
luminescence of the lanthanide ranges from the visible to the
near-infrared (NIR) energy and it is characterized by line-sharp
emission bands. Thus lanthanide materials are at the origin of
applications in OLEDs, bio- and microscopy imaging, sensors or
time-resolved luminescent immunoassays***" but due to the
forbidden f-f transitions,*® the use of organic chromophores is
needed to increase the efficiency of the sensitization process of
such ions through antenna effect.!*?? In particular case of the
use of push-pull organic chromophore in the sensitization
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process, TTF-based ligands are very efficient.[?>25 However this
review is mainly focuses on the magnetic properties which could
be obtained for TTF-based coordination lanthanide complexes
especially the observation of Single-Molecule Magnet (SMM)
behavior. Such phenomena might have potential applications in
high density data storage, quantum computing and spintronics./?&
31 The interest for lanthanides in the elaboration of SMMs grown
up in the 2000s after the discovery of the first mononuclear
lanthanide SMM.2 Recently few groups have shown that
lanthanide SMM could displayed a blocking temperature closel®*
35 or even abovel® the liquid nitrogen temperature using an
organometallic approach. The advantages to use TTF-based
ligand in the design of lanthanide SMMs are i) the possibility to
get high resolution emission, ii) the redox-activity of the TTF
ligand and iii) to open the route to the design of redox switching
SMMs.

Few years ago, some of us published a review focused on both
the magnetic and optical properties of TTF-based lanthanide
SMMs and their correlation.” In the present review, we wished
to show how using the common TTF-based molecular skeleton 2-
(4,5-bis(propylthio)tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-
pyridine (L) (Scheme 1), it was possible to design a library of
TTF-based ligands by alkylation of L. Thus 4,5-bis(propylthio)-
tetrathiafulvalene-2-(2-pyridyl)-benzimidazole methyl-2-pyridine
(L?), 2-{1-[methylbenzo(1-oxyl-3-oxide-4,4,5,5-
tetramethylimidazoline)]-4,5-[4,5-bis(propylthio)-
tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine (L%), 2-{1-[4,4"-
dimethyl-2,2’-bipyridyl]-4,5-[4,5-bis(propylthio)-
tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine (L*), 2-(1-(2,6-
di(pyrazol-1-yl)-4-methylpyridyl)-4,5-(4,5-bis(propylthio)-
tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine (L%) and 2-(1-
(4’-[4-(methylphenyl)]-2,2:6’,2"-terpyridyl)-4,5-(4,5-
bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine
(L9), 2-{1-methylpyridine-N-oxide-4,5-[4,5-
bis(propylthio)tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine
ligand (L") and 2-{1-[2-methyl[6]helicene]-4,5-[4,5-
bis(propylthio)tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine
(L8 (Scheme 1) were elaborated. So now in addition to what we
reported in our previous review,®"! the elaboration of a complete
library of ligands allows the rational design of both mononuclear
and polynuclear complexes opening new investigations such as i)
the enhancement of the magnetic properties by isotopic
enrichment, ii) the introduction of a paramagnetic specie, iii) the
design of multi-SMM systems, iv) the auto-assembly of SMMs and
v) the introduction of chiral elements.



/\\/S 5 S
T~
\’/‘\ S

5 5
Scheme 1. Molecular structures of the ligands L*-L8.

Supramolecular Effect on the Single-Molecule
Magnet Behavior

Hydrogen Bond Effect

The molecular skeleton L* which is a common chemical
fragment to all the ligand L2-L8 can be used as a ligand for the
coordination of various metal centers through its bischelating
benzimidazole-2-pyridine (bzip) moiety (Scheme 1). L! was
obtained by the direct condensation reaction between the
commercial 2-pyridinecarboxaldehyde and the 5,6-diamino-2-
[4,5-bis(propylthio)-1,3-dithio-2-ylidene]benzo[d]-1,3-
dithiole.®839% The association of L* with the Dy(hfac)s-2H,O Lewis
acid precursor led to the mononuclear complex of formula
[Dy(hfac)s(LY)] () (with hfac = 1,1,1,5,5,5-
hexafluoroacethylacetonate) in which the Dy(lll) center is linked
to a Coy N206 coordination environment.[“°! The crystal packing
highlighted the formation of dimers through hydrogen bonds
between the amine and an hfac™ anion (Figure 1). Dynamic
magnetic measurements of 1 did not show any SMM behavior in
solid state. Once in frozen CH,Cl, solution, 1 presented an out-
of-phase contribution of its magnetic susceptibility which is an
indication of slow magnetic relaxation. The temperature
dependence of the relaxation time followed the combination of a
thermally activated regime (Orbach process) at high temperature
with A = 12(1) K, 1o = 1.9(4)x10® s and a thermally independent
regime (QTM process) at low temperature with tr; = 2.14(8)x10%
s. The small determined energy barrier is a strong indication of
the involvement of a Raman process in the magnetic relaxation
mechanism as demonstrated recently for a Dy(lll) ion in a similar

coordination environment (see the “Chiral
Magnet” section of this review).

Single-Molecule

Figure 1. Representation of two neighboring complexes of [Dy(hfac)s(L')] (1)
forming a dimer through hydrogen bonds. Ligand L? is represented in ball and
sticks while the Dy(hfac)s fragment is represented in capped sticks. Color code:
carbon: grey, nitrogen: blue, oxygen: red, Sulfur: yellow, fluoride: light green,
hydrogen: white and dysprosium: light blue. Adapted from ref [39].

Assuming that hydrogen bonds are broken in
dichloromethane solution, the first hypothesis was to attribute the
non-observation of the slow magnetic relaxation to the presence
of hydrogen bonds. In order to verify such hypothesis, L' was



chemically modified to cancel the hydrogen bond network by
alkylating the amine with the methyl-2-pyridine arm to form the
ligand 4,5-bis(propylthio)-tetrathiafulvalene-2-(2-pyridyl)-
benzimidazole methyl-2-pyridine (L?) (Scheme 1).*9 Once
associated with the Dy(hfac)s;-2H,O precursor, a similar
mononuclear complex of formula [Dy(hfac)s(L?)] was formed
(Figure 2). In absence of dimerization through hydrogen bonds, 2
behaved as a SMM in both solid- (A = 17.2(9) K, 1o = 9.5(2)x10°®
s and t = 1.71(2)x10* s) and solution-state (A = 15(2) K, 1o =
1.5(3)x10®¢ s and 1y = 2.69(8)x10° s). In other words, both
compounds 1 and 2 behaved similarly at the molecular level (in
frozen solution) while they presented drastically different
magnetic behavior when the supramolecular organization plays a
role (solid-state).
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Figure 2. (Top) X-ray structure of [Dy(hfac)s(L2)] (2) and (bottom) the frequency
dependence of its out-of-phase signal ym” measured in solid-state between 1.8
and 7.5 K at H = 0 Oe. Ligand L2 is represented in ball and sticks and the
Dy(hfac)s fragment is represented in capped sticks. Color code: carbon: grey,
nitrogen: blue, oxygen: red, Sulfur: yellow, fluoride: light green, hydrogen: white
and dysprosium: light blue. Adapted from ref [39].

The role of hydrogen bonds in the magnetic switching of the SMM
behavior was confirmed and rationalized in 2014 by ab initio
calculations.®d In the objective to have a maximum of
experimental data to compare with the theoretical ones and thank
to the fact that 1 crystallizes in the P-1 space group, single-crystal
angular-resolved magnetometry measurements were performed
(Figure 3a). Such experiment permitted to determine the
components of the g-factor (g, = 14.22, gy = 3.96 and gy = 9.43)
which are far from an Ising-type anisotropy (g, = 20, gy = 0 and gx
=0) but in agreement with the non-observation of a SMM behavior

in solid-state for 1. Ab initio calculations performed for an isolated
molecule of 1 (no hydrogen bond) led to an almost Ising-type
anisotropy ground state (g, = 18.87, gy = 0.16 and gx = 0.08)
composed by 85% of M; = + 15/2 and an energy gap with the first
excited state of 91.1 cm®. Such results demonstrated the
necessity to take into account the supramolecular organization
through the hydrogen bond to reproduce the experimental
magnetic data.
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Figure 3. (a) Angular dependence of the ywmT product for 1 in the three
orthogonal planes (open circles). The full lines represent the best fitted curves.
(b) Thermal dependence of the magnetic susceptibility for 1 with the curves
calculated on the basis of SA-CASSCF/RASSI-SO data for different positions
of the hydrogen atom involved in the hydrogen bond (Hn, blue line; Hm, purple
line and Ho, red line) (c) Orientation of the experimental ground-state anisotropy
axes (black arrow) and calculated ground-state anisotropy axis in function of the
positions of the hydrogen atom (Hw, blue arrow; Hm, purple arrow and Ho, red
arrow). Color code: carbon: grey, nitrogen: blue, oxygen: red and dysprosium:
light blue. Adapted from ref [40].

Three various arbitrary positions of the hydrogen atom were
considered: i) close to the oxygen atom of the hfac™ anion with a
classical O-H distance (Ho), ii) at the position calculated by X-ray
diffraction on single crystal (Hy) and iii) equidistant to the nitrogen
and oxygen atoms (Hm) (Figure 3c). While the Ho position led to
an Ising-type anisotropy (g, = 19.51, gy = 0.03 and gx = 0.02)
composed by 94% of M; = + 15/2 and an energy gap with the first
excited state of 109.7 cm™ the Hy position led to a mixing of M,
Kramers doublets as ground state but with a strong discrepancy
of orientation between the experimental and calculated anisotropy
of the ground state (67°). A satisfactory agreement between
calculations and experiment was found for the hydrogen atom
localized at equidistance to the nitrogen and oxygen atoms. The
g-factor highlighted significant transversal components (g, =
17.05, gy = 3.05 and gx = 0.83) explaining the fast magnetic
relaxation in the solid-state while the ground state reproduced the



experimental magnetization and the calculated splitting
reproduced the thermal variation of the magnetic susceptibility
(Figure 3b). The position of the hydrogen atom involved in the
hydrogen bond influences the charge carried out by the oxygen
atom of the hfac® anion and thus modified the electronic
distribution around the Dy(lll) ion and finally induced drastic
modulation of the magnetic response.

Magneto-structural correlation

In the previous section, it was demonstrated the important
role of ab initio calculations to rationalize unconventional
magnetic behaviors. The magnetism of lanthanide-based
systems is driven by the energy splitting of the ground state which
is also at the origin of the sharp emission bands of the lanthanide
since they are assigned to transitions from the emitting state to
the various J levels of the ground state. The latter is further split
into M; states due to the crystal field effect that can be detected
by well-resolved emission spectroscopy. In other words both
lanthanide luminescence and magnetism have the same origin
and lanthanide luminescence could be seen as a photography of
the energy splitting and could be an experimental probe to
endorse the magnetic and computational results.B7#255 Since
the Dy(lll) emission of complexes 1 and 2 was not observable
because of the strong absorption of the ligands L* and L2 in the
whole visible range, the Yb(lll) analogues [Yb(hfac)s(L')] (3) and
[Yb(hfac)s(L?)] (4) were synthetized.®® The thermal dependence
of the magnetic susceptibility for both Yb(lIl) analogues were first
fitted evaluating the crystal field by the Stevens method. This
equivalent operator model was expressed as polynomials of the
total angular momentum matrices (J?, J;, J+ and J.) in O/
operators.[57-59
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Figure 4. The full grey (compound 3) and black (compound 4) lines correspond
to the solid-state emission spectra at 77 K represented with an appropriate shift
of the energy scale in the ?Fs2—2F72 NIR region. The full horizontal sticks
illustrated the energy splitting determined by Stevens’ method from the
magnetic data while the dashed horizontal sticks illustrated the energy splitting
obtained by MS-CASPT2/RASSI-SO calculations. Adapted from ref [56].

To prevent the over parametrization, the highest symmetry as
possible was considered i.e. Do for 3 and Dag for 4. Thus the
eigenstates are found pure for 4 while the M, states are mixed for
3. The following 0, 259, 416, 522 cm™ and 0, 251, 459, 544 cm
experimental energy splittings were found for 3 and 4,
respectively. In parallel, the calculated energy splitting was found
for the two compounds at the CASSCF/MS-PT2/RASSI-SO level.
The same procedure than the one used for the Dy(lll) analogues
was employed giving g, = 5.8 and g, = 5.3 (expected value 5.71
for a pure M; = 5/2 ground state) and energy spittings of 0, 252,
407, 504 cm* and 0, 210, 436, 503 cm™* for 3 and 4 respectively,
offering great correlation with luminescence results (Figure 4).
The high resolved emission was guaranteed by a sensitization
mechanism of the Yb(Ill) emission which involved a photo-
induced electron transfer (PET).[1%60651 The near infrared
luminescence for 3 and 4 are composed of four main contributions
as expected for an 2F7, ground state leading to the experimental
energy splittings of 0, 234, 409, 504 cm™ and 0, 284, 448, 533 cm’
1 respectively for 3 and 4.

Enhancement of the Single-Molecule Magnet
Performances

Simple mononuclear complexes were designed and their
magnetic properties were interpreted thanks to the help of ab initio
calculations. The objective of this section is now to show how the
performances of the SMM can be enhanced. To do so, three
strategies were proposed: i) a modulation of the electronic
distribution by molecular engineering, ¢ ii) magnetic dilution®7]
and iii) isotopic enrichment.[58-76]

Molecular Engineering: electronic distribution

Compound 2 displayed SMM behavior in both solid-state
and frozen solution but its performances remained modest with a
maximum of the ym” data localized at 1000 Hz at 2 K (Figure 2). It
is well known that the series of lanthanide ions can be divided in
two families depending of their electronic distribution shape i.e.
the oblate ions for those with 4f electrons mainly localized in a
plane and the prolate ions for those with 4f electrons mainly
localized along an axis. Thus, in first approximation, to optimize
the spin-orbit coupling, the electronic repulsion between the 4f
electrons and the electrons coming from the ligands must be
minimized. Consequently, the molecular design is able to drive
the electronic distribution around the metal centre. In the literature
different strategies have been used and proved their worth:
playing with the steric hindrance®*-36 and electron
withdrawing/donating substituents,®8771 adding axial or equatorial
ligands.[’®7 |n the context of this review, the charge density in
the first coordination sphere of the Dy(lll) ion in 2 was reorganized
by replacing the hfac® anions with tta~ anions (tta= = 2-
thenoyltrifluoroacetonate). Indeed, the negative charges on the
oxygen atoms of the diketonate ligands increased in the tta
anions because the thiophene moiety is less electro-attractive
than the CF; one. The resulting mononuclear complex
[Dy(tta)s(L?)]-CeHi4 (5) has a very similar structure than 2 (Figure



5).189 5 displayed a SMM behavior in zero applied magnetic field
with a maximum of the out-of-phase component of the magnetic
susceptibility at 2 K which is centred at 65 Hz (Figure 5). At such
temperature, 5 presented a magnetic relaxation 15 times slower
than 2. The experimental orientation of the anisotropy axis was
experimentally determined perpendicular to the plane formed by
the Dy(lll) ion and the two nitrogen atoms of the imidazole-
pyridine rings in agreement with the oblate character of the Dy(ll1)
ion. CASSCF/RASSI-SO calculations allowed to determine the
nature of the ground state easy axis (M; =£15/2, g, = 19.50) which
is almost parallel to the experimental one (deviation of 7.6°). The
thermal dependence of the relaxation time was determined thank
to an extended Debye model®! and it was fitted by a combination
of thermal dependent Orbach and QTM (tr; = 1.62(4) x 103 s)
regimes. The extracted energy barrier for 5 (A = 40 K) is twice the
value found for 2 (A = 18 K). The experimental energy barrier
value is smaller than the calculated energy gap between the
ground and the first excited states (194 K). Such discrepancy was
recently explained by the significant contribution of the Raman
process in such systems. [62-84
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Figure 5. (top) Molecular structure of [Dy(tta)s(L?)]-CeHis (5). Ligand L! is
represented in ball and sticks and the Dy(tta)s fragment is represented in capped
sticks. Color code: carbon: grey, nitrogen: blue, oxygen: red, sulfur: yellow,
fluoride: light green and dysprosium: light blue. (bottom) Frequency
dependence of the out-of-phase component yu” of the magnetic susceptibility
in the temperature range 2-10 K at 0 Oe. Adapted from ref [80].

The substitution of the hfac™ with tta  led to a relaxation of the
magnetization slow enough to permit the observation of a butterfly
shaped hysteresis loop until 4 K with a maximum coercive field of
700 Oe. The presence of the TTF moiety allowed an easy check
of the stability of the complex in CH,Cl, solution by the red shift
(2100 cm™) of the Intra-Ligand Charge Transfer (ILCT) excitation
after complexation. Thus the hysteresis loop remained in frozen
CH_ClI, solution and can be recorded by irradiation of the ILCT
band by Magnetic Circular Dichroism (MCD) measurements.[85-87]
The Yb(lll) analogue was also synthetized in order to perform
structural correlation between magnetism and luminescence as
previously detailed in this review for the compounds 3 and 4.8

Dipolar Interactions: Magnetic Dilutions

The limitation of the SMM performances comes mainly from
the fast relaxation of the magnetization through QTM that is
operating via the mixing of +M; and —M; states. For Kramers ions
(half-integer Spin) these states are degenerate and QTM is not
theoretically allowed. Nevertheless, this degeneration is released
in presence of an applied magnetic field, hyperfine coupling and
dipolar interactions. The latter interactions are present in the
condensed phase when the molecules are close enough to
generate an internal field. Such internal field can be cancelled by
magnetic dilution i.e. doping a diamagnetic matrix with the SMM.
This matrix can be a solvent®® or a diamagnetic analogue of the
SMM.67:8% When the dynamical magnetic properties of a frozen
solution (C = 7.7 mM) of 5 (5solution) is measured, the SMM
behavior is retained and the maximum of the out-of-phase
component of the magnetic susceptibility at 2 K shift from 65 Hz
for the condensed phase to 10 Hz for the solution.
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Figure 6. Thermal dependence of the relaxation time for a given isotope of bulk
sample 5 in solid-state (full red disks), frozen CH2Cl2 solution (full red triangles)
and diluted [Yo.96'*Dyo.04(tta)s(L2)] (full red squares). Adapted from ref [90].

Taking into account the concentration, one can deduce that
the average distance between the Dy(lll) centres is about 60 A in
the frozen solution versus 10 A in the condensed phase



explaining the slower magnetic relaxation at low temperature
(Figure 6). Even more efficient to slow down the magnetic
relaxation is the magnetic dilution in the solid-state doping the
diamagnetic Y(lll) analogue with 4 % of 5. The diluted sample
[Yo.06'4Dyo.04(tta)s(L?)] (*6*5@Y) presented a magnetic relaxation
10 time slower than the condensed analogue at 3.5 K (Figure 6).
In conclusion the following trend was observed 1(5) < t(5solution) <
1(*45@Y).

Hyperfine Interactions: Isotopic Enrichments

In the previous section, the SMM performances were
enhanced removing the dipolar interaction. . Up to now, the best
SMMs are obtained through organometallic approaches because
the QTM is reduced by the strong axiality of the crystal field of the
Dy(lll) ion3%8 and the magnetic dilution could be applied to
enhance their magnetic performances. Nevertheless and as
already said in this review, the degeneracy of the ground state
cannot be removed in absence of magnetic field because of the
Kramer’'s theorem, but, the combination of different Stevens
operators acting in low symmetry can lead to the mixing of the |3,
=+ 15/2 > and |J, = + 13/2 > components.®! Then these two
components can be mixed through the transverse part because
of the coupling between electrons and nucleus giving rise to a
guantum tunneling of the magnetization.®2% In other words, the
performances of the SMM could be enhanced removing the
hyperfine coupling (Hni = Anild where Ay is the coupling constant,
| and J are the nuclear spin and electronic angular moment).
Consequently a complementary strategy to the control of the
crystal field by chemical design consists in the substitution of the
natural isotope of the metal center with a pure metal isotope with
a nuclear spin (I = 0) and without nuclear spin (I = 0).57% In the
case of Dysprosium, the natural element is mainly composed of
four stable isotopes i.e. 11Dy (I = 5/2, 18.9%), 162Dy (I = 0, 25.5%),
163Dy (I = 5/2, 24.9%) and %Dy (I = 0, 28.2%).1% In 2015, the
isotopic enrichment of 5 with both 11Dy (1615) and 64Dy (1%45) was
realized.®® The frequency dependence of y\” clearly showed that
1645 relaxed slower (vmax = 20 Hz at 2 K) than 615 (vyax = 100 Hz
at 2 K). Relaxation times for both isotopologues were extracted
and their temperature dependences follow a modified Arrhenius
law (Figure 7a). While the thermally dependent regime (Orbach)
is not affected by the isotopic enrichment, the thermally
independent regime (QTM) is strongly modified since %45 relaxed
much slower (full red circles) than 65 (full blue circles) because
of the difference of nuclear spin values. In other words, the
difference of relaxation times between the two isotopologues is
the direct observation of the metal-centered hyperfine coupling. In
a second step, the isotopic enrichment was combined with the
magnetic dilution to suppress the effect of the dipolar interaction
which could (partially) cancel the isotopic effect and to enhance
the SMM performances. Thus %5 and %15 were dispersed in an
isomorphous diamagnetic matrix of Y(lll) leading to the diluted
samples [Y0.97*62Dyo 03(tta)s(L?)] (**15@Y) and
[Yo.06'%*Dyo.0s(tta)s(L?)] (***5@Y). These two diluted samples
relaxed slower than their condensed analogues due to the
suppression of the dipolar interaction as already observed for the

natural element. 1815@Y relaxed faster than %*5@Y as observed
for the condensed samples.
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Figure 7. (a) Thermal variation of the magnetic relaxation time t of the four
isotopologues 161-1645 (green) (full circles) and diluted samples 161-1645@Y (open
circles) in a zero magnetic field from 2 to 15 K with blue, orange, green and red
colors are attributed to the 161, 162, 163 and 164 isotopes respectively. Full
lines are guides to the eye only. (b) Normalized magnetic hysteresis loops at
0.48 K and at a sweep rate of 16 Oe s for 1625@Y (orange line) and 635@Y
(green line). The inset is a zoomed view of the origin. (c) Correlation time
extracted from muon spectroscopy (full symbols) and relaxation time of
magnetization obtained from ac susceptibility (empty symbols) as a function of
temperature for 1615 (blue) and 1645 (red). Data are reported on a log-scale.
Adapted from refs [96,99].



But now the difference of relaxation time of the
magnetization at 2 K between ¢5@Y (open blue circles) and
B45@Y (open red circles) is greater because in absence of dipolar
interaction, the isotopic enrichment effect could be fully observed.
Applying an external magnetic field for $*5@Y did not change the
thermal dependence of the relaxation time leading to the
conclusion than combining both isotopic enrichment and
magnetic dilution suppressed the QTM for ¥45@Y. In a third step,
the two other stable isotopes (*62Dy and %Dy) were studied. As
expected %25 (orange circles) and *25@Y (open orange circles)
(Figure 7a) behaved like their analogues involving the ®4Dy
isotope because | = 0 for these two isotopes. The magnetic-dipole
(A) and electric-quadrupole (B) hyperfine coupling were
determined equal to A = 0.0054 cm™ and 0.0039 cm?, and B =
0.0385 cm™ and 0.0364 cm for 63Dy and %'Dy respectively.®
Thus one could notice that the hyperfine coupling constants for
the two 1Dy and 16Dy are not equal even if the nuclear spin is
identical (I = 5/2) for both isotopes. Consequently QTM should be
affected by this difference of hyperfine coupling constants. This is
exactly what it was observed for the condensed %35 (full green
circles) and %15 (full blue circles) (Figure 7a).°®l The effect of the
hyperfine coupling constants was even better highlighted once
the dipolar interaction were removed for %35@Y (open green
circles) and ®15@Y (open blue circles) (Figure 7a). The
consequences of the different relaxation time of the magnetization
between the spin-free and | = 5/2 isotopes could be observed
measuring the hysteresis loop at 0.5 K (Figure 7b). As an example,
hysteresis loops for 1625@Y (orange line) and *35@Y (green line)
are depicted on Figure 7b. Both displayed classical butterfly
shaped hysteresis loop for mononuclear Dy(lll) SMME7-981  put
625@Y highlighted remnant magnetization while *35@Y did not
(inset of Figure 7b). This study gave a clear indication that it is
possible to drive the QTM through the hyperfine coupling for
Ln(lll) based mononuclear SMMs!73 since it was possible to
isolate an unique chemical object displaying memory effect or not.
Such result is of great interest since QTM is an obstacle for the
development of high density data storage applications but is a
fundamental parameter in Quantum Information Processing field
(Qudits).l2

The isotopic effect was also recently probed by Muon Spin
Spectroscopy (uSR) with an increase of a factor 2 between the
magnetic relaxation time of %15 and %45 in the low temperature
range (QTM regime) (Figure 7c¢).°® The discrepancies on the
magnetic relaxation times and isotopic effect magnitude between
uSR and magnetometry were explained by the local probe
character of the former spectroscopy which makes it sensible to
all types of fluctuation which affect the life time of the spin states.
This last remark focuses the interest of such technique to study
molecular spin systems as quantum gates for quantum
information.[100-102]

Isotopic enrichment started then to be performed to more
complex systems such as dinuclear compounds. The isotopic
enrichment of the [Dy(hfac)s(PyNO)]. (PyNO = pyridine-N-
oxide)" in nuclear spin free and | = 5/2 Dysprosium isotopes led
to almost no significant change in the magnetic behavior while for
the [(Dy(tmhd)s)2(bpym)] (tmd = tris(tetramethylheptanedionate
and bpym = bipyrimidine) significant changes in the magnetic

behavior were observed.[® The difference of isotopic enrichment
effect between the two systems might be attributed to the
difference of intramolecular magnetic interaction magnitude
and/or the difference of spin-phonon coupling and thus
modulating the direct relaxation process.

Oxidation states of a tetrathiafulvalene-based
Single-Molecule Magnet

The high popularity of the tetrathiafulvalene-based ligands
comes from their ability to behave as reversible, strong electron-
donating species. Thus one way to reach multifunctional materials
is to combine the electronic conductivity with other physical
properties.[1°21%% |n this context, playing with the redox activity of
TTF-based lanthanide SMMs seems very promising but until now
the isolated species involved the TTF core in its neutral oxidation
state and the examples of lanthanide coordination complexes
involving the TTF core in its radical cation oxidation state are very
rare.l*06.1071 Only few examples related the effect of the oxidation
of the TTF core on the physical properties.[1°81% Very recently,
some of us studied the different oxidation states of the redox-
active dysprosium SMM 5 by spectro-electrochemistry and
computational approaches.['* The effect of the oxidation of L2
was studied on the structural, optical and magnetic properties.
The optimized molecular structures were determined by DFT
calculations revealing that oxidation led to an increase of the
central C=C bond length and a disappearance of the boat
conformation of the TTF fragment (Figure 8a) due to the increase
of the aromaticity character from neutral to radical cation to
dicationic oxidation state.
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Figure 8. (a) Experimental X-ray structure of 5 and optimized structures for the
different oxidation states 5opt, 5*opt and 5%*gpt. Color code: carbon: turquoise,
nitrogen: blue, oxygen: red, Sulphur: yellow, fluoride: brown and hydrogen:
white. (b) Experimental absorption spectra for 5 (red curve), 5** (blue curve) and
52* (green curve), (c) theoretical absorption spectra for 5Sept (red curve), 5*opt
(blue curve) and 5% ot (green curve), the bars represent the mean contribution
of the absorption spectra. Adapted from ref [110].



The decrease of the electron density on the TTF core slightly
affected the coordination sphere of the Dy(lll) center with Dy-N
and Dy-O distances respectively lengthened and shortened after
oxidation. The effect of the oxidation on the optical properties was
drastic with a full change of the absorption spectra in the visible
range (Figure 8b). The electronic transitions responsible for the
red, blue and green colors of the respective 5, 5** and 5%*
complexes were identified by TD-DFT calculations (Figure 8c).
For 5, The transition centered at 21000 cm™ is due to the ILCT
HOMO — LUMO from the TTF to bzip fragments excitations. After
the first single-electron oxidation, the electronic excitation
spectrum of 5** highlighted two set of transitions at 12500 cm
attributed to Intra-Donor (ID) HOMO-33 — LUMOP and at 22300
cm? and 24500 cm? due to ILCT HOMOa — LUMOa from the
TTF** to bzip fragments. Finally, after the second single-electron
oxidation, the electronic excitation spectrum of 5%* in the visible
range is composed of several transitions ranging from 13000 cm*
! to 15000 cm™ and mainly attributed to ILCT HOMO-5/-6 —
LUMO from tta- to TTF?* excitations. It is worth to notice that such
latter excitations are possible because after two single electron
oxidation the dicationic TTF?* specie is not any more a good
electron donor but can be seen as an electron acceptor compared
to the tta” anion.

In a molecular point of view, the oxidation of the TTF
fragment did not significantly affect the magnetic properties. In the
three oxidation states, the energy splitting of the ®His» ground
state, Ising character and the orientation of the anisotropy axis
remain almost identical. Such preliminary results demonstrated
the possibility to oxidize the TTF fragment without deterioration of
the SMM behavior and thus are promising to the aim of designing
conducting SMMs.

Paramagnetic Tetrathiafulvalene-based
Ligand

A very challenging synthetic route is the design of TTF core
functionalized with stable organic radical (S = ¥%2) able to realize
coordination reaction with metal centers. Such strategy is
promising because the organic radical plays the magnetic relay
between the n mobile electrons and the paramagnetic metal. In
addition, SMMs involving lanthanide coordinated to organic
radicals have highlighted promising magnetic properties with high
blocking temperature due to the positive effect of the magnetic
interaction between the 4f electrons and the organic radicals.™**-
1171 Due to the very high difficulty level of this kind of chemistry,
only few researchers succeeded to combine TTF core with stable
organic radical and no example of coordination with metal centers
were reported.['’8-1271 A new TTF-Nitronyl Nitroxide (NIT) 2-{1-
[methylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazoline)]-
4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine triad (L3) (Scheme 1) was successfully designed by
alkylating the molecular skeleton L! with the 4-bromo-
methylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)
radical*?8-13% in DMF at room temperature in presence of K,CO3
as the base. The X-ray structure confirmed the expected dyad
with the molecular platform alkylated with the nitronyl nitroxide

(Figure 9a).31 The crystal packing revealed the dimerization of
the NIT radical as well as head-to-tail dimers of the TTF platforms.

The electrochemical properties shown three reversible
mono-electronic oxidation waves at 0.51 V, 0.84 V and 0.93 V
(Figure 9b). The first and third ones were attributed to the
formation of the radical cation and dicationic forms of the TTF core
while the second one is attributed to the formation of the
oxoammonium cation form of the NIT arm. Interestingly cyclic
voltammetry attested the possibility to oxidize the TTF core in its
radical cation oxidation state maintaining the integrity of the NIT
radical.
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Figure 9. (a) X-ray structure of L3. Color code: carbon: grey, nitrogen: blue,
oxygen: red and Sulfur: yellow. (b) Cyclic voltamogram of L3 in CH>Cl» at a scan
rate of 100 mV s. The potentials were measured versus a saturated calomel
electrode (SCE) with Pt wires as working and counter electrodes. (c) Spin
density distribution with Mulliken analysis spin population (spin cut off 0.0005 e
bohr?). (d) Solution luminescence spectra of L3 in CHzCl, (C = 1.9 x 10° M) at
77 K (hex = 27027 cm (370 nm) in the intra-NIT excitation for the black curve
and Lex = 23810 cm* (420 nm) in the Intra-Ligand Charge Transfer for the red
curve). Adapted from ref [131].

The integrity of the organic radical (S = %) and its
localization in L® was confirmed by calculating the total spin
density distribution (Figure 9c). The Single-Occupied Molecular
orbital (SOMO) is mainly localized on the 1-oxyl-3-oxide-
imidazoline unit as expected. This result is in agreement with the
room temperature EPR of L% which is characteristic of a single
electron spin with g = 2.00716 coupled to two equivalent *N
nuclear spins (ay = 7.44 G).[%2

Finally the photo-physical properties of the L2 triad were
studied. Especially in an emission point of view, its spectrum is
composed of several contributions attributed for the high-energy
part (18000 — 15000 cm?) to the phosphorescence of the
molecular TTF skeleton®! while the low-energy part (12000 —
15000 cm) was attributed to the emission of the NIT arm. The
ratio of the two emissions could be modulated depending on the
nature of the irradiated absorption band i.e. irradiation at high
energy (27027 cm?) in the intra-NIT HOMO-1, — LUMO,, and



HOMO-13 — LUMOg transitions favors the emission of the NIT
arm while an irradiation at lower energy (23810 cm™) in the ILCT
(from TTF to bzip) favors the phosphorescence of the molecular
TTF platform. The observation of the multi-emission for L3 is
possible because of the weak internal conversion between the
excited singlet states on both NIT radical and molecular TTF-
based skeleton.'®3 L3 is one of the rare examples of triad
involving a stable organic radical and to the best of our knowledge
the unique example of triad involving a TTF donor and two
different acceptors, whose one is a NIT fragment, suitable for
coordination reaction and possible design of multifunctional
systems. The coordination reactions of L2 with several lanthanide
precursors are under progress in our laboratory but no results
were published yet on them.

Auto-assembly of Single-Molecule Magnet

This section is dedicated to the design of polynuclear
systems able to display multi-SMM behavior. To reach this aim,
the alkylated arm must be suitable for the coordination with metal
precursors. The first ligand of this section was design by alkylation
of the molecular TTF-based skeleton L* with the 4-(bromomethyl)-
4’-methyl-2,2’-bipyridine*3¥ in DMF at 70 °C in presence of K,CO3
as the base. The resulting ligand 2-{1-[4,4-dimethyl-2,2’-
bipyridyl]-4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-
benzimidazol-2-yl}pyridine (L*) was reacted with 2 equivalents of
Dy(hfac)s-2H,O precursors leading to the formation of the
[(Dy2(hfac)s(L*)]-CH2Cl, (6) compound.t3!

Figure 10. X-ray structure of [(Dyz(hfac)s(L4)]-CH2Cl. (6). Ligand L* is
represented in ball and sticks and the Dy(hfac)s fragment is represented in
capped sticks. Color code: carbon: grey, nitrogen: blue, oxygen: red, Sulfur:
yellow, fluoride: light green and dysprosium: light blue. Adapted from ref [135].

The X-ray structure confirmed the coordination of the
Dy(hfac); moieties to both bipyridine and imidazole-2-pyridine
coordination sites (Figure 10). The symmetry of the coordination
sphere is close to D4 for both Dy(lll) centers. Since the two
coordination sites are similar and the arrangement of the
coordinated ligands led to the same ideal D4g Symmetry around
the Dy(lll), the dynamical magnetic properties could not be
distinguished for each lanthanide and it was considered that the
two Dy(lll) ions relaxed at the same rate. Indeed, the ac
measurement under 800 Oe applied magnetic field displayed a
single Gaussian response (Figure 11a) but it was in agreement
with the magnetic contribution for two Dy(lll) ions. The thermal
variation of the relaxation time of the magnetization followed an
Orbach regime at the highest temperature (above 6 K, red line on
Figure 11b) (1o = 3.7(1) x 107 s and A = 39.6(2) cm™) but can be
fitted with only a Raman process t = C x T" with C = 4.8(6) x 103
and n = 6.26(7). The value of n is close to the expected value for
Kramer's ions.'3¢137 The magnetic relaxation in 6 was slow
enough to observe a magnetic bistability for a non-zero magnetic
field (Figure 11c). The predominance of the Raman process was
confirmed by the calculated energy barrier of 90 cm™ which is
twice the experimental value, an indication that under-barrier
mechanisms, such as Raman process, are operating in the
magnetic relaxation.
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Figure 11. (a) Frequency dependence of yw” between 2 and 10 K for 6. (b)
Temperature dependence of the relaxation time measured in an applied
magnetic field of 800 Oe with best fitted curves (in red for Orbach, in blue for
Raman) in the temperature range of 2.5-10 K. (c) Magnetic hysteresis loop of 6
at 0.47 K. (d) Representation of the theoretical orientations of the main
component of the ground state anisotropy tensor for the two Dy(lll) centers in 6.
Adapted from ref [135].

Ab initio calculations confirmed that the two Dy(lll) centers
are magnetically similar since the ground state were
characterized by the magnetic anisotropy tensor g, = 19.24 and
0: = 19.34 while gy and gy are negligible. The easy axis for each
metal center is oriented perpendicular to the plane formed by the
two nitrogen atoms of the coordination site i.e. along the most



charged direction in agreement with the Oblate character of the
dysprosium (Figure 11d).

The ligand L* proposed two similar coordination sites
leading to a dinuclear system which displayed SMM behavior but
without magnetic distinction between the two metal centers. Thus
the next step consisted in the disymmetrisation of the two
coordination sites. The ligands 2-(1-(2,6-di(pyrazol-1-yl)-4-
methylpyridyl)-4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-
benzimidazol-2-yl)-pyridine (L%) and 2-(1-(4’-[4-(methylphenyl)]-
2,2:6’,2"-terpyridyl)-4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-
1H-benzimidazol-2-yl)-pyridine (L®) (Scheme 1) were obtained by
alkylation of Lt with the 2,6-di(pyrazol-1-yl)-4-
(bromomethyl)pyridinel*381391  and  4’-[4-(bromomethyl)phenyl]-
2,2:6’,2"-terpyridine*® using similar procedure than for L*. Once
they reacted with two equivalents of Dy(hfac)s-2H,O precursors,
dinuclear complexes were obtained and isolated as single
Crystals with the formula [Dyz(hfaC)e(LS)]‘(CH20|2)2~C6H14 (7)[141]
and [Dyz(hfaC)e(Le)]~C6H14 (8)[142] (Figure 12)

Figure 12. X-ray structures of (a) [Dyz(hfac)s(L®)]-(CH2Cl2)2-CeH14 (7) and (b)
[Dy2(hfac)s(L®)]-CsH14 (8). Ligands L® and L® are represented in ball and sticks
and the Dy(hfac)s fragment is represented in capped sticks. Color code: carbon:
grey, nitrogen: blue, oxygen: red, Sulfur: yellow, fluoride: light green and
dysprosium: light blue. Adapted from refs [141,142].

The two structures confirmed that the two bis- and tris-
chelating coordination sites are occupied by the Dy(hfac)s
moieties with distinct coordination sphere symmetry. The eight
coordinated Dy(lll) ions adopted a D4g N206 surrounding in 7 and
8 while the nine coordinated Dy(lll) ions adopted a Dz, N30O6
surrounding in 7 and a Cs N30O6 surrounding in 8. The
modification of symmetry around the metal center led to subtle
changes in the dynamic magnetic properties between the two
dinuclear complexes but also between the two metal centers
within the same complex. The dynamic magnetic properties of 7
revealed the appearance of an out-of-phase contribution of the
magnetic susceptibility at high frequency but without maximum
due to the efficiency of the QTM. Thus an optimal applied
magnetic field of 1500 Oe is applied leading to a frequency
dependence of the magnetic susceptibility with two contributions
indication of a multi-relaxation mode (Figure 13a). Taking into
account the particularity of the system 7, such magnetic behavior
was associated to the presence of two crystallographically
different dysprosium ions.43147 From the previous magnetic
investigation on the compounds 2 and 6, the low frequency set of
data was attributed to the eight coordinated Dy(lll) ion in Dag
symmetry and consequently the high frequency set of data was
attributed to the nine coordinated Dy(lll) ion in D3, symmetry.
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Figure 13. (a) Frequency dependence of ym” between 2 and 14 K for of 7 in an
applied field of 1500 Oe. (b) Temperature dependency of the magnetic
relaxation times (t) at 1500 Oe for 7 in the temperature range of 2-12 K. Squares
and open circles correspond to the data for the Dy(lll) in eight and nine
coordination number respectively. Red lines are the best-fit curves with modified
Arrhenius law. Adapted from ref [141].

An extended Debye model was used to extract the relaxation time
of the two dysprosium sites where Xt and xs are the low- and high-



frequency limits of susceptibility, respectively, 1; terms are the
relaxation times and a; terms the distributions of the relaxation
time for the Dsg Dy(lll) and Ca Dy(lll) sites, and B is the
percentage of the susceptibility relaxing at 11. The Arrhenius law
was drawn for each Dy sites (Figure 13b) and can be fitted by a
combination of Orbach and remaining QTM with the following
characteristic dynamic parameters A = 18(0.9) K, 1 =
2.15(40)x10° s and tr; = 1.17(9)x10°3 s for the D4g Dy(l1l) ion and
A=5(3) K, 10 =1.8(6)x10° s and tr; = 0.14(2) s for the Dz Dy(lll)

ion.
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The discrimination between the two lanthanide centers is also
possible by looking at the emission properties for the Yb(lII)
analogue.'®! In fact the NIR emission spectrum of the Yb(lll)
analogue has been found to be the combination of two emission
spectra of previously studied compounds in which the Yb(lll) ion
adopted only a Dsg N206 environment®™ or only a Dz, N306
environment.[*3¥ Nevertheless the two Yb(lll) ions gave the same
2Fs/, excited state life time of 11.9 ps.

The second dinuclear [Dy(hfac)s(L%)]-CsH14 complex (8) behaved
as an SMM with a very similar frequency dependence of the
magnetic susceptibility than for 7. The high and low frequency
sets of data were respectively attributed to the C4 N30O6 (green
plots on Figure 14a) and Dsy N20O6 (blue plots on Figure 14a)
dysprosium centres. Ab initio calculations indicated a strong
uniaxial magnetic anisotropy (g, = 19.61 and 19.68) as well as the
same orientation of the anisotropy axis for both metal ions. The
molecular electrostatic potential around each Dy(lll) ions was
plotted using the home-made CAMMEL software (Calculated
Molecular Multipolar Electrostatics) (Figure 14b). Such plots
highlighted the preponderant contribution of the hfac™ anions
compared to the nitrogen in the crystal field!**?! leading to similar
energy splitting and calculated energy barriers for both Dy(lll) ions
(207 cm® and 178 cm). At this point the ab initio calculations
underlined similar magnetic properties in terms of magnetic

anisotropy and ground state nature while the experience showed
significant difference of magnetic relaxation time. The
explanations were given by the fit of the Arrhenius law (Figure
14a).
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Figure 14. (a) Temperature dependence of the magnetic relaxation times (t) at
3000 Oe for 8 in the temperature range of 2-10 K (blue disks) and 2-5 K (green
disks) for Dy(lll) in eight and nine coordination number respectively. Blue and
green lines are the best fitted curves with parameters given in the text. (b)
Orientation of the computed ground state g-tensor main component (gz) and
projection of the molecular electrostatic potential on the eight coordinated Dy(l1l)
(left, blue line) and nine coordinated Dy(lll) (right, green line) centers. Adapted
from ref. [142].

While the magnetization of the D4y Dy(lll) ion mainly
relaxed through a Raman process, the one for the C4, Dy(lll) ion
mainly relaxed through a Direct process. Consequently the Cay
Dy(lll) relaxed faster than the D44 Dy(lll) ion even if ground state
nature and magnetic anisotropy are similar for both dysprosium
centers.

In 2011, some of us used the tetrathiafulvalene-3-pyridine-
N-oxide ligand (L) to design a dinuclear compound of formula
[Dy(tta)s(L)]2-0.5CHCl, (9) (Figure 15a).4° The pyridine-3-oxide
allowed the bridging of the two Dy(lll) centres leading to a
significant magnetic interaction of J = -2.30 cm™ and g = 19.2
(simulation performed at low temperature regime in a Ising pattern
with an effective spin S = % and an anisotropic g tensor).[0 9
behaved as an SMM with a magnetic relaxation through an
Orbach process (1o = 5.48(4) x 107 s and A = 87(1) K) above 10
K. Magnetization loops at 0.48 K revealed a double butterfly-like
hysteresis with a small coercive field associated to the presence
of antiferromagnetic interaction and QTM at the single-ion level
(Figure 15b). The hysteresis loop narrowed at 1600 Oe because
the level crossing between the first excited and ground states of
the dimer which opens a new tunnel of the magnetization in
accelerating the relaxation process.'5:1571 By using the Ising
approximation with the following equation Herossing = -J/2gB and the



previously determined parameters, the theoretical value of the
Hcrossing should be 1300 Oe which is in agreement with the
observed value.

10l

Figure 15. (a) X-ray structure of the dinuclear complex [Dy(tta)s(L)]2-0.5CH2Cl2
(9). Color code: carbon: grey, nitrogen: blue, oxygen: red, Sulfur: yellow,
fluoride: light green and dysprosium: light blue. (b) Magnetic hysteresis loop at
0.48 K and a sweep rate of 16 Oe s for 9. Ligand L is represented in ball and
sticks and the Dy(tta)s fragment is represented in capped sticks. Adapted from
ref. [149].

At this point of the review, the readers have seen that the
mononuclear [Dy(tta)s(L?)]-CeHi4 complex (5) displayed a
butterfly-like hysteresis without remnant magnetization but quite
strong coercitive field for non-zero applied field while the dinuclear
[Dy(tta)s(L)]2-0.5CH,CI, complex (9) presented a double butterfly-
like hysteresis with a remnant field but small coercive field under
an applied field. The obvious question was then can we combine
the advantages of 5 and 9 in an unique system to observe an
hysteresis loop with both remnant magnetization and an coercive
field? To reach such objective, the 2-{1-methylpyridine-N-oxide-
4,5-[4,5-bis(propylthio)tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine ligand (L7) (Scheme 1) was designed. It combined the
two required coordination sites i.e. the bischelating benzimidazol-
2-pyridine and pyridine-4-oxide fragments. As predicted the
association of L7 with two equivalents of Dy(tta)s-2H,O precursor
led to the rational design of the tetranuclear
[Dya(tta)1o(L7)2]-(CeH1a)a complex (10) (Figure 16).1%81 The
tetranuclear complex 10 is composed of two external Dy(lll) ions
linked to the bischelating coordination site of the common
molecular skeleton. Then the two external mononuclear
fragments are bridged by a dinuclear specie formed by two
Dy(tta); units linked through two 4-pyridine-N-oxide bridges

(Figure 16). In other words, 10 can be structurally seen like two
mononuclear complexes 5 bridge by a dinuclear complex 9
demonstrated the success of the chemical approach.

Figure 16. X-ray structure of the tetranuclear [Dya(tta)i2(L7)2]-(CeH14)a complex
(10). Ligand L7 is represented in ball and sticks and the Dy(tta)s fragment is
represented in capped sticks. Color code: carbon: grey, nitrogen: blue, oxygen:
red, Sulfur: yellow, fluoride: light green and dysprosium: light blue. Adapted from
ref. [158].
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Figure 17. (a) Temperature and frequency dependence of the out-of-phase
component of the ac susceptibility measured in zero applied magnetic field for
10. (b) Temperature dependence of the slow (black disks) and fast (black
squares) regimes of 10 measured in zero applied magnetic field. The thermal
variation of the logarithm of the relaxation times for isolated 9 (grey disks) and
5 (grey squares) are represented for comparison. Adapted from ref. [158].



The ac magnetic measurements revealed SMM behavior
with the out-of-phase component of the susceptibility which could
be split in two set of data (Figure 17a). A slow regime highlighted
a continuous thermally dependent behavior while the fast regime
was almost thermally independent until 7 K. The slow regime was
associated to the magnetic relaxation of the two central Dy(lll)
ions with a partial quenching of the QTM due to the
antiferromagnetic interactions while the fast regime was
associated to the two external Dy(lll) ions. An extended Debye
model was used to extract the magnetic relaxation time and
represented the Arrhenius law for the two regimes (Figure 17b).
Thus one can conclude that the slow and fast regimes coincided
with the separated mononuclear 5 and dinuclear 9 respectively.
Unfortunately the hysteresis loop was only slightly opened at 0.48
K without remnant magnetization. In fact the relaxation times for
10 are slightly shorter than those in isolated moieties. The effect
of potential dipolar interaction cannot be rule out in the resulting
faster magnetic relaxation times.

Chiral Single-Molecule Magnet

To close this review, a last example in which the property of
chirality appeared is described. The aim is to study the effect of
chirality on the SMM behaviour. To do so, some of us recently
demonstrated that the magnetic behavior can be drastically
modulated between the racemic form and a pure enantiomer of a
dysprosium complex.'>® To go one step further, both highly
optically active and redox active fragments were combined in a
unique organic ligand where the former one was an [6]helicene!*6%
while the latter was the tetrathiafulvalene-based common
molecular skeleton. These two fragments were previously
assembled*®Y but without opening the route of possible
coordination  reaction. The resulting ligand 2-{1-[2-
methyl[6]helicene]-4,5-[4,5-bis(propylthio)tetrathiafulvalenyl]-1H-
benzimidazol-2-yl}pyridine (L8 gave the expected mononuclear
[Dy(hfac)s(L®)]-0.5CH,Cl, (11) (Figure 18a).'%2 The X-ray
structure of 11 revealed the alkylation of the TTF molecular
skeleton with the 2-methyl[6]helicene arm as well as the
coordination of the Dy(hfac)s unit to the imidazole-2-pyridine
fragment. The ac measurements highlighted a field-induced SMM
(H = 1000 Oe) with a magnetic relaxation through a Raman
process (1 = CT"with C = 2.4(4) x 10?2 and n = 5.5). Thanks to the
triclinic P-1 space group of crystallization for 11, the g tensor can
be experimentally determined by measuring the magnetization of
an oriented single crystal (Figure 18b). The experimental Ising
value of g, = 19.6 was confirmed by ab initio calculations (g; =
19.09) and the composition of the ground state consists in 88 %
| +15/2> and 10 % | +11/2> components. The first excited state
was found 75 K above the ground state which is much smaller
than the experimental energy barrier considering a pure Orbach
process (21.1 K) and then confirming the magnetic relaxation
through the under-barrier (Figure 18c) such as QTM (H = 0 Oe)
and Raman processes. 11 is an unprecedented example of chiral
redox-active lanthanide SMM and paves the way for the design of
switchable-multi-property SMMs.
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Figure 18. (a) X-ray structure of [Dy(hfac)s(L8)]-0.5CH2Cl> (11). Ligand L8 is
represented in ball and sticks and the Dy(hfac)s fragment is represented in
capped sticks. Color code: carbon: grey, nitrogen: blue, oxygen: red, Sulfur:
yellow, fluoride: light green and dysprosium: light blue. (b) Representation of the
theoretical main anisotropy axis (green arrow). (c) Computed magnetization
blocking barriers. The numbers provided are the mean absolute values for the
corresponding matrix elements of the magnetic transition dipole moment.
Adapted from Ref. [162].

Conclusions and Outlook

The TTF-based lanthanide complexes are not competitive in
terms of blocking temperature but they are one of the most
explored systems for multi-properties coordination compounds
thanks to the redox-activity of the TTF-based ligands and the dual
magnetic and optical properties of the lanthanide ions.
Nevertheless, as demonstrated in this paper, starting from a
common molecular TTF-based skeleton (the 2-(4,5-
bis(propylthio)tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine
(LY), a library of TTF-based ligands could be obtained by
alkylation of it with different chelating arms. Using all the usual
experimental and computational approaches developed in
molecular magnetism research field, the role of the
supramolecular interaction in the switching of the SMM behavior



could be studied and more information about the role of the
symmetry and electronic distribution of the coordination sphere
around the lanthanide ion could be obtained doing simple
molecular engineering i.e. replacing the hfac™ with tta- anions. One
breakthrough was reached in 2015 when the role of the hyperfine
interaction on the quantum tunneling of the magnetization was
demonstrated on isotopically pure SMM. This result was then
deepened in 2019 with the highlighting of the role of both nuclear
spin value on the Raman process and the hyperfine constant
values on the magnetic relaxation. Muon spin relaxation (uSR)
was used to detect the slowing down of the zero-field magnetic
relaxation as shown by SQUID magnetometry but uSR is
sensitive to all fluctuation modes modulating the spin state lifetime
and could be a helpful technique to probe the dynamics of
molecules on a surface in the objective of designing quantum
gates. The alkylation of L with specific chelating arms allowed
the rational design of polynuclear systems with multi-SMM
behavior as well as the rational assembly of SMMs. The different
magnetic relaxation rates have been attributed to each different
magnetic centers thanks to the identification of the magnetic
relaxation processes operating for these centers in function of the
symmetry and electronic distribution of their coordination sphere.
Finally, paramagnetic and chiral alkylating arms have been
grafting on the molecular skeleton.

The molecular magnetism field is now moving in two main
directions with the design of high blocking temperature linear
organometallic SMM and the spintronics/Qubits. The first route
takes its source from the understanding of the previously studied
SMMs of the literature and then how the magnetic anisotropy can
be optimized while for the second direction lanthanide isotopes
could play an important role since they can modulate both QTM
and quantum coherence time. With these evolution in mind, TTF-
based ligands can still play an import role with the design of
coordination complexes which display magnetic interaction, spin
crossover, circularly polarized luminescence and redox switching
of both magnetic and optical behavior and grafting of such
complexes on surface thank to the extended n system and
thioalkyl groups!*3l. These perspectives are under investigation in
our laboratory.
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FULL PAPER

A library of TTF-based ligands was
elaborated from a common molecular
skeleton by its alkylation by chelating,
paramagnetic and chiral arms. Using
such library of ligands, lanthanide
complexes were designed allowing to
understand the effect of
supramolecular interaction, electronic
distribution and hyperfine coupling on
the SMM behavior. Multi-SMM
behavior as well as auto-assembly of
SMM were rationally obtained.
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