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Ytterbium centered isotopic enrichment leads to zero-field Single Mol-
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ABSTRACT An unprecedented combination of isotopic enrichment
and magnetic dilution approaches for a prolate ytterbium(III) based
complex was performed. It results in the appearance of both first obser-
vations of nuclear spin effect on Quantum Tunneling of the Magnetiza-
tion and slow magnetic relaxation for an ytterbium complex under zero

applied field.

A tremendous work has been performed in the last two dec-
ades to improve the properties of Single-Molecule Magnets (SMMs).!
Since the pioneering work of Ishikawa et al.>, who reported the first mon-
onuclear lanthanide-based SMM, the blocking temperatures of such na-
nomagnets never stop to increase reaching recently liquid nitrogen tem-
perature.’ The recent developments stand on the disposition of nega-
tively charged ligands around lanthanide ions depending on their prolate
or oblate character (along an axis for oblate and in a plane for prolate)!*
to stabilize the largest M; components (axial anisotropy). The demon-
stration in the oblate case (Dy™) is spectacular® but less obvious in the
prolate case. There are some examples of SMMs of Yb™ in the literature*
but in most cases, the slow relaxation of the magnetic moment is visible
only under an applied constant field. Kis[Yb(B2-Siw1,030).]xH,O,
published by M. A. AIDamen et al.*, is the only member that shows the
beginning of a slowing down of the relaxation of the magnetic moment
in zero applied magnetic field. One should mention that in this latter
case the ground state is characterized by the Kramers doublet Mj=15/2
of the *F7/» multiplet ground state, and so, that it is not necessary to sta-
bilize the highest M state to promote SMM behavior. The main reason
that hinders slow relaxation of the magnetization in Yb™-based com-
plexes (beside the stabilization of large M states) is probably the domi-
nation of the Quantum Tunneling of the Magnetization (QTM) at low
temperature, that is due for Kramers ions, to the perturbation of the elec-
tronic magnetic moment by local magnetic field. Dipolar interactions
(intermolecular) on one side and hyperfine interactions (intramolecu-
lar) on the other side can be responsible of such local field. Magnetic
dilution decreases intermolecular dipolar interaction and slows down re-
laxation® and isotopic enrichment at lanthanide site diminishes if =07
or increases if [#07* hyperfine interactions that slows down or acceler-
ates, respectively, the relaxation.

Some of us reported investigations on [Dy(tta)s(L)]-CsHua (tta=2-
thenoyltrifluoroacetonate and L=4,5-bis(propylthio)-tetrathiafulva-
lene-2-(2-pyridyl) benzimidazole methyl-2-pyridine)® in which the re-
laxation time has been multiplied by ten thousand at 2 K in cancelling
the effect of hyperfine coupling and dipolar interactions®2. In this case,
the natural Dysprosium derivative is clearly a SMM in zero field and in

condensed phase while its natural Ytterbium analogue is not.'* We then
adopted such magnetic dilution strategy on its Yb™ analogue to produce
SMM behavior in zero-applied magnetic field allowing the first isotopic

enrichment investigation for a prolate Yb™ based-system.

Figure 1. Molecular structure of Yb. Hydrogen atoms and n-hexane
molecule of crystallization are omitted for clarity. Color code: carbon,
grey; nitrogen, blue; oxygen, red; fluoride, green; sulphur, yellow and yt-
terbium, dark green

We briefly remind the main characteristics of [ Yb(tta)s(L)]-CsHi4 (here
after called Yb) in the following lines. Yb crystallizes in the triclinic space
group P1 (N°2).1° Yb consists in one [Yb(tta)s(L)] complex in which
Yb™ N»Os coordination polyhedron adopts a distorted-square-an-
tiprism symmetry (Table S1, Figure 1). Three tta” anions and L provide
six oxygen and two nitrogen atoms, respectively. MS-CASPT?2 calcula-
tions showed that the Kramers ground state is constituted by
509 +7/2>+30% | +5/2>+20% | +3/2> with g, = 6.02 and is separated
from the first excited state by ~240 cm™ (Table S5).!° Zero-field ac sus-
ceptibility measurements show that there is no out-of-phase signal at fre-
quencies as high as 10 kHz down to 2 K. The diluted compounds,
*Yb@Y, are  synthetized following an  initial  ratio
Yb(tta)s2H20:Y(tta)s-2H20 of 0.05:0.95." These are isomorphous to
Yb, as demonstrated by single crystal XRD unit cell determination (Ta-
ble S2) and powder XRD (Figure S1), with the last being an insight of
the purity of the sample. For the natural analogue, the ICP-OES analysis
results in a ratio Yb:Y=0.06:0.94. Natural ytterbium is constituted of var-
ious isotopes. Amongst them, the nuclear spin free "#Yb (1=0,32%) and



the nuclear spin active '*Yb (I=5/2, 16%) isotopes have been used in
order to synthetize the isotopically enriched diluted compounds
7'Yb@Y ("*Ybo.Yos(tta)s(L)-CeHus) and 3Yb@Y
(173Yboo7Yoss(tta)s(L)-CsHus) with the doping ratios obtained by ICP-
OES. Magnetization curves at 2 K of the three diluted materials (Figure
S2) have been compared to the one of Yb to estimate the dilution ratio
Yb:Y=0.05:0.95 for Yb@Y, 0.05/0.95 for '*Yb@Y and 0.11:0.89 for
4Yb@Y. It is worth to notice that g, extracted from EPR spectrum of
74*Yb@Y (g. = 6.1, Figure S3) is in agreement with MS-CASPT?2 calcu-
lations.

Yb@Y behaves as a zero-field SMM with the emergence of a frequency
dependent out-of-phase, yv”, ac signal below 6 K (Figure 2b and S4),
with a relaxation centered at ~5S00 Hz at 2 K. This shows that the SMM
intrinsically exists in the condensed phase but that it is hindered by the
weak dipolar intermolecular interactions. Isotopically enriched diluted
samples with and without nuclear spin ('”*Yb@Y and "*Yb@Y respec-
tively) relax at very different frequencies at 2 K (5000 and 120 Hz) while
they almost collapse on the natural product when the temperature rises
(Figures 2 and S4). The average relaxation times can be estimated from
the maximum on the yn” vs. frequency curves for the three diluted sam-
ples and they are plotted on Figure 3. In the absence of external dc field,
one should consider only Orbach, Raman and QTM relaxation pro-
cesses with the latter, if present, coming from the hyperfine coupling.
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The expected n value for Kramers ions should be 9,*! but the presence of
both acoustic and optical phonons could lead to lower values comprised
between 2 and 7'* and in some cases even lower."? The relaxation time
of 3Yb@Y is faster than "*Yb@Y in the full studied temperature range
(Figure 3). Such isotopic effect follows the trend already observed for
isotopically enriched Dy-systems,*"*# reinforcing the fact that slow re-
laxation is enhanced by suppression of dipolar (dilution) and hyperfine
(isotopic enrichment) interactions for both oblate (Dy™")¢***# and pro-
late (Yb™) electronic distribution. One should consider however that
they tend to merge with the temperature. At first, the only difference be-
tween 173 and 174 derivatives resides in the nuclear spin that is involved
in QTM process for "*Yb@Y and not for "*Yb@Y. The natural product
Yb@Y falls in between the two pure isotopes whatever the temperature
that matches the fact that the natural product is a mixture of various iso-
topes with and without nuclear spin. We mention however that the last
spin active isotope (7'Yb, I=1/2, 14%) has not been investigated but is
as abundant as !7*Yb. Then, the thermal variation of the relaxation time
is simultaneously fitted for the three diluted samples with Orbach (A
and %) and Raman (C and 1) shared parameters while different QTM
(B1) appears in "*Yb@Y and Yb@Y. The best-fitted curves are repre-
sented on Figure 3 with A=33+3 K, n=7+4x10%s, C=220£54 K" 57,
n=1.6+03 and 7Tqm=3.237+0.05x10° s for '*Yb@Y and
Tqrm=3.30£0.17x10* s for Yb@Y. One should mention two points : 1)
fitting with Raman+QTM processes does not lead to convincing results
(Figure SS) so Orbach contribution is included to account for the high
temperature behavior 2) Raman exponent is very low and bottleneck
might be invoked, however relaxation time should be longer in con-
densed phase that is not the case. At this stage, it is clear that Orbach
parameters are isotopically independent. At the lowest studied temper-
atures, the Raman process (dashed purple line on Figure 3) dominates
the relaxation mechanism in "7*Yb@Y (full red line on Figure 3) whereas

for "3Yb@Y (full blue line on Figure 3) the relaxation is governed by the
QTM (dashed blue line on Figure 3).
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Figure 2. Frequency dependences of yn” of *Yb@Y, Yb@Y and
3Yb@Y in zero external field in the 2-6 K temperature range.

Interestingly, even if Yb is not a zero-field SMM (Figure S6), an out-of-
phase signal emerges at 2 K when a moderate external field of a few hun-
dreds of Oe is applied (Figure S7). The relaxation speed (position of the
maximum) does not significantly change with the applied magnetic field
value but the amplitude of the relaxation does. This is monitored
through the extended Debye model (SI, Table S3). The amount of mag-
netic moment that is involved in the relaxation grows (Table S3) with
the magnetic field to reach almost 100% at 3 kOe, which means that all
the isotopologues relax at the same frequency at such field. The relaxa-
tion time does not vary in a great extent but is slowest at 1 kOe (Table
S3). At such optimum field, the thermal variation of the relaxation time
is determined between 2 and 4 K (Figures S8 to S11 and Table S4) and
almost superimpose to the zero-field data of "*Yb@Y (Figure S12).
This can be viewed as the effect of moderate external magnetic field that
overtake the effects of both internal field and hyperfine coupling. One
might see the in-field (~1 kOe or more) relaxation behavior in mononu-
clear complexes as a picture of the zero-field relaxation in diluted and
isotopically enriched (with nuclear spin silent isotopes) derivative.

We have demonstrated the feasibility to generate a slow relaxation of the
magnetic moment in zero external constant field in a system with prolate
Yb™ from magnetic dilution. Indeed, the separation of mononuclear



Yb™-based complexes in a solid matrix minimize the intermolecular in-
teractions of dipolar and/ or exchange origin that pull the relaxation time
into a commonly accessible time window. This behavior can be further
ameliorated with nuclear spin silent Yb™ isotope. In the present system,
the combination of the two strategies slows down the relaxation time by
a factor of at least 1000. In addition, the use of nuclear spin active iso-
topes has the opposite effect: it accelerates the relaxation processes in
zero-field. We demonstrated that our strategy of enhancement of the
magnetic performances of oblate Dy"-based SMM can be extended to
prolate Yb™ molecular systems. Indeed, this study constitutes the first
investigation of the role of the hyperfine interaction on magnetization
dynamics in zero field®® of Yb™-based SMMs. It evidences relaxation
speeds of the order of one hundred time faster with nuclear spin active
than with nuclear spin silent isotopes. Someone could ask if the global
framework is applicable to other Yb™-based system and is the nature of
the Kramers doublet ground state essential to promote SMMs behaviors
in Yb™ complexes.

2.5 e ———r .

log(t)/s

T/K

Figure 3. Temperature dependence of the relaxation times of the Yb@Y
(black full circles) and its isotopologues 7*Yb@Y (red full circles) and
173Yb@Y (blue full circles) in zero magnetic field and for the 2-6 K tem-
perature range. Full lines correspond to the best fitted parameters (see
text). Blue and black dashed lines represent the QTM contributions,
green dashed line the Orbach contribution and the purple dashed line
the Raman contribution to the magnetic relaxation processes.
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Notes

# Isotopically enriched *Yb(tta);-2H,O (x=173 and 174) were synthe-
tized by adding 2-thenoyltrifluoroacetone (224 mg, 1.010 mmol) to 180
mL of distilled water. The mixture was stirred at 60 °C and adjusted to
pH 6-6.5 by dropwise of NHsOH at 25%. Simultaneously, around 0.126
mmol of *Yb,O;3 (49.7 mg for x=173 and 50 mg for x=174) was dissolved
in 130 pL of concentrated HCI (37%). After 30 min of stirring at S0 °C,
the resulting solution containing *YbCl-6H2O (0.20S mmol) was di-
luted with 1 mL of water before being added to the former. The pH of
the solution was adjusted to 7-7.5 during the stirring leading to a white
precipitate of Yb(tta);:2H,O which was filtered."*  Yields
173Yb(tta)s-2H20: 127.4 mg (58%); 17*Yb(tta)s-2H20: 123.5 mg (56%).

Synthesis of [Yb(tta)s(L)]-CsHis. L (244 mg, 0.04 mmol)'s and
Yb(tta)s2H20 (34.9 mg, 0.04 mmol) were first dissolved separately in
8 mL of CH:Cl, each, and then mixed and stirred during 15 min. Slow
diffusion of #-hexane in the mother solution at room temperature in the
dark led to red single crystals of Yb.

Synthesis of diluted samples *Ybo.osYo.s(tta)s(L)-CsHus: L (42.0 mg,
0.07 mmol) was dissolved in 15 mL of CH.CL: and a mixture of
“Yb(tta)»2H:0 (3 mg, 0.0035 mmol) and Y(tta)s:2H,0 (51.8 mg,
0.0665 mmol) in 10 mL of CH>Cl> was mixed and stirred during 15 min.
For crystallization, n-hexane was layered gently to the mother solution.
Red prismatic single crystals were obtained after two weeks of diffusion
and then slow evaporation at room temperature. Yields: Yb@Y: 54.2 mg
(54%); "*Yb@Y: 72.2 mg (72%); *Yb@Y: 70.9 mg (71%).
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Isotopic enrichment and magnetic dilution are combined to generate an unprecedented zero-field sin-
gle-molecule magnet behavior in an Ytterbium based complex.
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