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Luminescence and Single-Molecule Magnet Properties in
Ideal Symmetry Compounds: Example of a Near-Planar
Tricoordinate Ytterbium(lll) Amide

Nimisha Jain,®™ Félix Houard,® Rémi Marchal,” Marie Cordier,” Boris Le Guennic,?
Yan Suffren,® Yann Sarazin,*® and Kevin Bernot*®

This work is dedicated to the memory of Pr. Miguel Julve, passionate teacher, researcher and mentor

We are reporting on the use of a low-coordinate Yb" amide
with near-ideal planar trigonal [Yb{N(SiMe;),};] (1) and on a
bipyramidal trigonal derivative [Yb{N(SiMe,H),};-(thf),] (2) that
constitute quintessential cases to investigate luminescent and
magnetic properties otherwise usually blurred on less sym-
metrical compounds. These compounds represent the first
experimental objects that allow for the confirmation of the
recent conjecture about best-performing SMM built on the
archetypal prolate lanthanide ion. We have performed a
combined theoretical, luminescent, and magnetic study on
these molecules. For 1, a spectacular split of the *F,, ground

Introduction

Lanthanide-based single-molecule magnets (4~SMMs)!" are a
promising class of magnetic molecules, because of their unique
magnetic properties and potential applications in high-density
magnetic data storage, quantum computing, and spintronics,
among other areas. These molecules exhibit slow magnetic
relaxation and magnetic memory of molecular origin and are
built around lanthanide ions, which are characterized by their
very large magnetic moments and magnetic anisotropy,
coordinated by organic ligands.

Proper optimization of the coordination geometry and the
resulting electrostatic environment around a given 4f ion allows
for the harnessing of its magnetic anisotropy by stabilizing its
most anisotropic M, states. 4f ions can be categorized, depend-
ing of the preferential shape of their free-ion electron density,
as oblate (Ce", Pr", Nd", Tb", Dy", Ho") or prolate (Sm", Er", Tm",
Yb").” As magnetic bistability is favored with Kramer ions (half-
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state of 1312 cm™' is measured by low-temperature near-infra-
red luminescence as well as the calculated pure wavefunction
composition of the low-lying Kramers doublets, making this
complex a textbook example of a prolate SMM. These results
are corroborated by comparison with 2, that exhibits as
expected a 50% decrease of the ground state splitting
compared to 1. Yet, we show that these remarkable features are
insufficient to promote SMM behavior, and Orbach relaxation is
unlikely to occur even on such an ideal low-coordinate SMM
without control of spin-phonon coupling.

integer J), Dy" (J=15/2) and Yb" (J=7/2) are the most popular
ions to build respectively oblate-based or prolate-based SMMs.
Other ions and oxidation states are far less studied™ with the
exception of Tb" in highly symmetric environments such as Tb-
phthalocyanine derivatives,” as well as divalent Tm"™ and Eu"."

The direct consequence of these magnetic anisotropy
considerations is that best SMM performances are achieved
when oblate ions are involved in an axial coordination
geometry, whereas prolate ions require an equatorial
environment.” These environments are best optimized in low-
coordinate 4f molecules®™ with, for example, a Dy" (i.e. oblate
ion) bis-coordinated in an axial way™ or a Yb" (i.e. prolate ion)
tris-coordinated in an equatorial way."”

Huge efforts have been paid toward the optimization of the
coordination environment of Dy"-SMM toward axiality, resulting
in spectacular magnetic hysteresis in the liquid N, region.""
Very recently, a long-theorized,"? almost perfectly linear two-
coordinate Dy"-SMM has finally been obtained.*” Unfortu-
nately, the optimal geometry of the molecule is counter-
balanced by its low stiffness, which favors under-barrier
magnetic relaxation. In comparison with Dy", few studies have
been conducted on the geometric optimization of low-
coordinate Yb"-SMM."¥ This mostly results from the fact that
low-coordinate equatorial 4f molecules are particularly tedious
to design, owing to the difficulty in guaranteeing steric
hindrance out of the coordination plane of the Yb" ion.

The energy level scheme of 4f' ions results from the
influence of interelectronic repulsion (producing **'L levels)
and spin-orbit coupling (*'L)) where S and L are the spin and
orbital total angular momentum quantum numbers respec-
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tively, and J the total angular momentum can take values as
|L=S| <J<|L+S].The ligand field further lifts the degeneracy
and each split level is then characterized by an azimuthal
projection of J and identified by a M, number. For odd
electronic configurations such as Dy" and Yb", each M, level
remains doubly degenerate forming a Kramer doublet (KD).
These KD can be split only by the application of a magnetic
field (Zeeman effect). Accordingly, beyond magnetic properties,
the ligand field has, by definition, an impact on the lumines-
cence properties of 4 f-based molecules™ made of luminescent
ions (all 4" ions but La", Gd" and Lu"). Thus, it is relatively easy
to characterize the splitting of the M, levels of 4f-SMMs by
emission spectroscopy to validate theoretical calculations,"
and to compare them with the specific parameters extracted
from the examination of their magnetic relaxation."® This
strategy is especially efficient with SMMs, whose magnetic
relaxation is governed by several regimes (Orbach, Raman,
Quantum Tunneling of the Magnetization (QTM), direct)!"”
depending on the temperature region, and where unique and
robust sets of fitting parameters are difficult to find. Indeed,
Orbach parameters are directly accessible from the M, level
splitting observed by luminescence."® This is a useful approach
to decouple the quality of splitting from the quality of magnetic
relaxation, which can be hence very different.

Yb"-SMMs exhibit rather weak SMM behavior mainly
because most of them were simply obtained by the substitution
of their parent Dy"-SMMs with no particular optimization of the
molecular geometry and electrostatic surroundings. Because
Dy" and Yb" have opposite electrostatic environment requisites,
the latter behave badly. SMM and their characteristic relaxation
time are fitted as 7' =7 'prect+ 7 'Raman T T omach+T amm =
ATH™ 4+ CT" + 7, 'exp(—Ue/ks T) + 7' qrm (€Q.1). Three main fea-
tures emerge from the available data about Yb"-SMM:' i) all
molecules require an external static field to display magnetic
relaxation; ii) when identified, Orbach-like relaxation is always
observed on a narrow temperature range and followed by
Raman-like relaxation at lower temperature; and iii) U energy
barrier values for magnetic relaxation via Orbach process are
rather small, at best U4=547K (38 cm™") as observed on
[Yb(trensal)].'" It is worth noting that for this last example, the
authors unambiguously show that considering such U value is
suspicious and incompatible with their spectroscopic observa-
tions of M, splitting.

In 2021, Ruiz and coworkers''™ revealed an inspiring study
on model Yb" molecules and showed how M, splitting evolves
with the coordinating geometry, as performed in 2015 on Dy"-
SMMs.*? As expected, the highest splitting was observed for
equatorial-like coordination and ideally for a trigonal planar
environment made of monodentate anionic ligand. In this case,
tris-coordinated Yb" exhibited pure M,=7/2 as the ground state
with very high anisotropy (close to g, max=8 ;) and total M,
splitting above 1,600 cm™" with ground state and first excited
state separated by ca. 1,000cm™". It is worth noting that
additional coordination of two apical neutral ligands that
provide a trigonal bipyramidal environment preserved the high
g, but halved the M, splitting. However, the authors stated that

[10]
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“there are no complexes with the same charge distribution that
the synthetic targets predicted by our calculations.

In the present study, we set out to produce such complexes
with a tris(@amide) [Yb{N(SiMe;),};] (1) as a model of the trigonal
planar environment expected to be the more efficient for Yb"-
SMM. This complex is the Yb" analogue of the already reported
equatorially coordinated Dy" and Er" complexes [Ln{N(SiMe;),};]
theoretically?" and experimentally.”?? We further report on the
solvated tris(amide) [Yb{N(SiMe,H),};- (thf),] (2) and tris(siloxide)
[Yb{OSi(SiMe,);};- (thf),] (3) for comparison as models of the
trigonal bipyramidal environment in N;O, and O; coordination,
respectively.

Results and Discussion
Chemical Design and Crystal Structures

The known™' tris(amide) [Yb{N(SiMe;),};] (1) was isolated as
lemon-yellow single-crystals in 57 % yield upon the stoichiomet-
ric reaction of YbCl; and [LiN(SiMe;),] in thf. Its identity was
corroborated by SC-XRD analysis, and its purity was confirmed
by NMR spectroscopy; the complex is devoid of coordinated
solvent. In contrast, the five-coordinate [Yb{N(SiMe,H).};- (thf),]
(2),*” obtained through aminolysis of 1 with HN(SiMe,H), in thf,
contains two metal-bound thf molecules. It crystallized in 48%
yield as colorless prisms suitable for SC-XRD crystallography.
The presence of coordinated solvent molecules in 2 is the
outcome of the decrease of steric bulk of the amides around
the metal ion in comparison with those in 1. Note that in our
hands, the reported salt metathesis procedure® between YbCl,
and [LiN(SiMe,H),] did not allow for the crystallization of 2;
instead, we were only able to isolate colorless, block-shaped
crystals of the ate complex [Yb{N(SiHMe,),}I"[Li(thf),]* (7) in
45% yield (vs Yb). The '"H NMR spectrum in thf-dg at 298 K of
this paramagnetic salt features diagnostic resonances at &,y
63.9 (SiH) and —3.7 (CH,) ppm, while the "Li spectrum exhibits a
single, very sharp resonance at 3,; —0.26 ppm. In our endeavors
to obtain soluble, stable compounds amenable to magnetic
and luminescent investigations, we also prepared the
tris(siloxide) [Yb{OSi(SiMes);};- (thf),] (3), by reaction of 1 with
the bulky silanol (Me,Si);SiOH in thf. This known complex™®' was
isolated in 58% yield as rod-shaped single crystals upon
recrystallization from a concentrated thf solution. For compara-
tive purposes and to give ourselves a potentially useful NMR
handle, the congeneric yttrium complexes [Y{N(SiMe;).};] (4), [Y
{N(SiMe,H),}; - (thf),] (5) and [Y{OSi(SiMe,);}; - (thf),] (6) were also
prepared following similar synthetic protocols and isolated as
crystalline materials in 58, 53 and 48% yield, respectively. The
synthetic details and characterization for compounds 1-6 (Fig-
ure1) and 7 are available in the Supporting Information
(Figures S1-S21); note that the yields reported herein are for
crystalline materials, and are therefore not optimized. Com-
pound 1 (and 4), where the Yb" ion rests in an all-nitrogen
environment, is the direct equivalent of the erbium complex [Er
{N(SiMe,).};], reported in 2014 to be the first equatorially
coordinated mononuclear Er-based SMM.”? By contrast, in
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Figure 1. Schematic representation of compounds 1-6.

complex 3, the metal is surrounded by five oxygen-based
ligands. Complex 2 features a N;O, combination of nitrogen-
based monoanionic amides and oxygen-based Lewis bases.

The molecular solid-state structures of complexes 1-3, 6,
and 7 were established by single-crystal X-ray diffraction
crystallography (see Figures 2, 3, and figures S15-517 for the
structures of 3, 6, and 7). Although the structures of the Yb"
complexes 1 and 2 have already been reported,'***~2% they are
introduced here in the context of SMM studies along with a
discussion of pertinent metric parameters and structural
features. The structure of complex 1 was solved in the trigonal
P-3 space group. It adopts a slightly pyramidalized trigonal
planar arrangement, where the Yb" ion sits 0.556(1) A above
the plane delineated by the three nitrogen atoms resulting in
G, symmetry (Figure 2).

The interatomic Yb1—N1 distances of 2.180(7) A is typically
within the range for Yb"-amides. The presence of Yb--H—C
agostic interactions is indicated by the short Yb1—C5 interatom-
ic distances, 2.888(8) A. It is confirmed by the relatively acute
Yb1-N1-Si1 angle of 106.6(3)°, much narrower than the other
Yb1-N1-Si2 angle of 129.5(4)°, and by the near-perfect
coplanarity of the Yb1, N1, Si1, and C5 atoms that feature a very
small Yb1-N1-Si1—C5 torsion angle of 3.9(5)°. Accordingly, the
Si2—C5 interatomic distance to the carbon atom involved in the
agostic interaction (1.887(8) A) is a little stretched compared to
the other two Si2—C bonds (both 1.864(10) A). These three
agostic contacts are likely to induce the observed pyramidaliza-
tion of the complex.”” Note that data set for 1 was recorded
herein at a lower temperature (150 K) than in the seminal report

Figure 2. Representation of the molecular solid-state structure of [Yb
{N(SiMe,),};] (1). H atoms are omitted for clarity. Selected bond lengths (A)
and angles (°): Yb1—C5=2.888(8), Yb1—N1=2.180(7), Si2—C4 =1.864(10),
Si2—C5=1.887(8), Si2—C6 = 1.864(10); N1-Yb1-N1"=113.51(14),
Yb1-N1-Si2 =129.5(4), Yb1-N1-Si1 = 106.6(3). Symmetry operations used to
generate equivalent N' and N” atoms: [1-y, x-y+ 1, +2] and [y-x, 1-x, +2],
respectively.
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(298 K),* which overall results in a marginally improved
refinement (final R,=5.35 vs 5.72%) and, more noticeably, a
contracted volume (V=1906.1(2) vs 1980(1) A%.

Complex 2 crystallizes as a distorted trigonal bipyramid
(tbp, 15,,=0.65) where the three nitrogen atoms occupy the
equatorial positions and the oxygens take the apical sites
(Figure 3). The metal ion sits in the plane delineated by the
three nitrogen atoms (Zgyy,n=359.98(7)°), although the
N2—Yb1-N3 angle (141.42(7)°) is much wider than the other
two (108.77(7)° and 109.79(7)°). The similarity and the relatively
large values of all Yb1-N—Si; angles, in the range 111.00(9)°-
121.18(9)°, militates against the presence of significant Yb---H-Si
agostic interactions.””

The complex overall displays pseudo D, symmetry,
although the 01-Yb1-02 angle of 158.82(5)° deviates substan-
tially from the ideal linearity expected for tbp geometry. The
reason for this distortion is unclear, albeit simple packing effects
cannot be ruled out.

Molecular geometries for 1 and 2 were confirmed by
Continuous Shape Measurements (CShM)®® (Table S1) on the
calculated structure (vide infra). The solvated compound 2
shows symmetric trigonal bipyramidal coordination environ-
ment (Dj;, site symmetry) with remarkably low CShM values. For
1, the coordination is best described as a pyramidal geometry
(G5, site symmetry) because of the agostic interactions that tilt
the Yb" ion out of the mean plane delineated by the three
nitrogen atoms (see Figure 2).

Theoretical Approach

In order to confirm that the target molecules possess the
expected energetic scheme, CASSCF/RASSI-SO calculations
were performed on both complexes 1 and 2 (See SI for
computational details). Calculations were also carried out on 3

Figure 3. Representation of the molecular solid-state structure of [Yb
{N(SiMe,H),};- (thf),] (2). Except for those on silicon, atoms H atoms are
omitted for clarity. Selected bond lengths (A) and angles (°):
Yb1-N1=2.1838(17), Yb1-N2=2.2349(17), Yb1-N3 =2.2328(18),
Yb1-01=2.3532(13), Yb1-02=2.3570(14), N1-Si1=1.7045(17),
N1-Si2=1.7051(19), N2—-Si3 =1.7029(18), N2—Si4 = 1.7040(19),
N3—Si5=1.695(2), N3-Si6 =1.7071(19); N1-Yb1-N2=108.77(7),
N1-Yb1-N3=109.79(7), N2-Yb1-N3 =141.42(7), N1-Yb1-01=99.61(6),
N1-Yb1-02=101.49(6), N2-Yb1-O1=288.65(5), N2—Yb1-02 = 86.40(6),
N3—Yb1-01=283.83(5), N3—Yb1-02=87.26(6), O1-Yb1-02 = 158.82(5)
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for comparative purposes (Table S2 and Figures S22-523). All
atomic positions extracted from crystallographic outputs were
optimized. Although this allowed us to obtain reliable molec-
ular conformation for compound 2 bearing apical disordered
thf molecules, the treatment was found unrealistic for 1, since it
induces a pronounced displacement of the Yb" ion toward the
center of the N3 plane defined by the three nitrogen ligands.
Including dispersion corrections did not change the picture.
Accordingly, for 1, only the positions of the hydrogen atoms
were optimized.

Pseudospin Hamiltonian tensors and wavefunction compo-
sition for the various multiplets obtained for compounds 1 and
2 are gathered in Table S2. On all derivatives, the ground state
(KD1) shows high g, values, very close to g, max =8 L, together
with an almost pure M,=|7/2>.

On the trigonal bipyramidal compound, 2, a total energy
splitting of 681 cm™" is found together with a KD1-KD2
separation of 360 cm™'. The wavefunction composition shows a
very strong transverse component on KD2, that almost fully
loses its magnetic anisotropy (Figure 4) and induces strong
QTM as expected."™ On the contrary, the tris-coordinated
trigonal compound 1 shows remarkably pure wavefunction
compositions of the excited states M,= |5/2>, |3/2>, and |1/
2> for KD2 to KD4 (Figure 4 and Table S2) with a spectacular
KD1-KD2 separation of 691 cm™ and very high total energy
splitting of 1312 cm™". The energy splitting is a little lower than
predicted"™ because of the slightly out-of-plane position of the
Yb". When agostic interactions are canceled by full optimization
of the atomic positions, the Yb" lies back in the N3 plane and

o

KD1-KD2 rises to 958 cm™' providing an overall splitting of
1729 cm™'; yet, as stated above, this treatment is not represen-
tative of the real geometry of the molecule. This is also
reminiscent of the previous theoretical study on trigonal-planar
Dy" (oblate) and Er" (prolate) derivatives where a similar
influence of out-of-plane shift of the lanthanide has been
observed.®"

The magnetic anisotropies of 1 and 2 are depicted in
Figure 5. They both show a very axial anisotropy of KD1,
oriented perpendicular to the N3 plane. However, on 2 this
axiality is lost on KD2. On the contrary 1 shows almost perfect
axial anisotropy for KD1, KD2 and KD3 with g,> gy~ gy~0 L,
while the opposite is seen on the highest KD4 with M,=|1/2>
(gz~1<<gy=2gy). This makes 1 a textbook example of a prolate
SMM with almost ideal M, splitting, magnetic tensor orientation
and magnetic relaxation pathways, as very little QTM is
evidenced on each KD.

Luminescence Investigations

In order to experimentally confirm the energy scheme obtained
by ab initio calculation, we investigated the emission spectra of
all compounds (see Figures S24-5S34). Such a correlation
between theoretical outcomes and luminescent properties is a
convenient way to experimentally access lanthanide energetic
schemes. This is particularly easy on Yb"-SMM, which shows a
line-shaped emission in the near-infrared (NIR) region made of
four bands corresponding to the *F5,—?F,,, transition that split

1400
1514 wp4: 99.9 [£1/2> KD4:566.2 |+ 1/2> +36.1 [+ 1/2>
ol KD3: 53.5 |+ 3/2 > + 285 [+ 5/2 > + 16.6 |+ 1/2 >
1200 g 01080 :
0005 KD3:100.0 |+ 3/2 > KD2:64.0 [+5/2>+26.9 [+ 1/2>+9.0 [+3/2>
— esssonsesesesersess __ KD1:981 Ii 7/2>
=~ 1000 i
| 1,316:_:' " 0.096
é -
~ i 0.080 KD2:99.9 |+5/2> 0.417
O 600 :
—_
(0} i
o= 1.0137
L 400 i
i =" 0.089
200
: 0.085 &
0 Sl A R A A o
-4 -3 -2 -1 0 1 2 3 4 -4 -3-2-1 0 1 2 3 4
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Figure 4. Energies (in cm™"), wavefunction composition and projected , (in pg) values along the ground magnetic axis for the 4 lowest Kramers doublets of 1
(left) and 2 (right). The values of the magnetic (i. e., isotropic Zeeman) transition moments between the states are given for comparison. The values in red
correspond to quantum tunnelling of the magnetization (for the ground state) and thermally-assisted quantum tunnelling of the magnetization (for the
excited states) mechanisms of the magnetization relaxation, whereas blue and green values correspond to Orbach mechanisms.
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Figure 5. Representation of the calculated magnetic anisotropy tensors for the four lowest Kramers doublets of 1 (left) and 2 (right). Ellipsoids were generated

as cube files using home-made aniso_to_cube tool®? (the shape of the KD3 magnetic anisotropy tensor for 1 is so thin that it is almost a line with the same

direction as KD1 and KD2).

into four sub-levels with M,=7/2, 5/2, 3/2 and 1/2.5* The solid-
state NIR emission spectra of 1 and 2 (Figure6) differ
substantially from what is usually observed with common Yb"

molecules.®” The low symmetry of the Yb" and its very high
energy splitting induces a very large spanning of the character-
istic four peaks. As a matter of example, in the spectrum of 1
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Figure 6. Solid-state excitation spectra at 4 K (purple spectrum) and 300 K (red spectrum) recorded at A.,,=1054.5 nm or 1064 nm, respectively, and emission
spectra (A, =375 nm) measured between 4 and 300 K of 1 (left). Solid-state excitation spectra at 4 K (purple spectrum) and 300 K (red spectrum) recorded at
hem = 1066 Nm or 1053 nm, respectively, and emission spectra (., =320 nm) measured between 4 K and 300 K of 2 (right). Black dots indicate the peaks used
for the determination of the KD splitting.
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recorded at 4K, peaks are observed at 975.5 nm (M,=7/2),
1054.5 nm (M,=5/2), 1107 nm (M,=3/2) and 1138 nm (M,=1/
2), corresponding to an M, energy splitting of ca. 1500 cm™.
More intriguing is the relative ratio between these four peaks,
with the first one at 975.5 nm unusually small compared to the
second, major one at 1054.5 nm. Additionally, this latter peak
shows a unique structuration with five sub-speaks lying in the
envelope of what would be the main peak if registered with a
lower resolution; we are not aware of any other such example
for molecular compounds. These last two prominent features
are exacerbated for complex 1, but have been observed on all
compounds, including the Y-doped derivative [Ybg;,Yqss{N-
(SiMe;)-}s]1 (aka 17, a mixture of 1 and 4 with Yb:Y=12:88 mol-
%; see Figures S18-S21), thus effectively ruling out a simple
quenching effect between the emissive centers. As the temper-
ature is raised, some of the peaks slightly shift and their
structuration is lost. This phenomenon is under investigation,
and will be the topic of a dedicated forthcoming publication.

The position of the peaks can be compared with the
theoretical energy splitting considering the peak at lower
energy as the zero-line (Figure7 and TableS3). For all
compounds, a good match is observed between the exper-
imental and the theoretical calculations of the KD1-KD2
separation. This value can be compared with parameters
extracted from the magnetic slow relaxation analysis (see
hereafter).

Magnetic Investigation

Static magnetic measurements of compounds 1-3 (Figures S35-
S71, and Tables S4-516) show yuT 00k Values close to the ones
expected at room temperature for an isolated Yb" ion,
2.57 emu.K.mol™' (J=7/2, g=8/7). As expected, as the temper-
ature is lowered, yuT shows a monotonous decrease as the M,
levels are depopulated, in line with theoretical predictions
(Figures S35-538). No significant magnetic hysteresis were
observed down to 1.8 K (Figures $39-546), except on 1’ where a

very slight opening is visible. From the dynamic point-of-view, a
slow magnetic relaxation was observed for all compounds only
upon application of an optimal dc field estimated at 1700 Oe
for 1 and 2 and 1900 Oe for 1’ (Figures S47-549).

However, in line with theoretical findings, the magnetic
behavior of 1 and 2 are strikingly different (Figures S50-S57).
With 2, a very common dynamic magnetic behavior is observed
with the temperature dependence of the magnetic relaxation
observed on a narrow temperature range (1.8-4 K), but with the
advantage that Argand plots evidence a small distribution (a) of
the relaxation rates and a very high relaxing fraction (1-xy')/:
of almost 100% (Figure 8). Regarding 1, very low a values and
high relaxing fraction are also observed but with slow magnetic
relaxation observed up to 9K, one of the highest values
reported for any Yb"-SMM.

In order to investigate the influence of neighboring
molecules on the magnetic behavior of 1, its yttrium diluted
[Yby;,YssIN(SiMe;),};]1 adduct (1°) has been measured too. The
magnetic measurement for 1’ shows a temperature depend-
ence of its magnetic relaxation similar to that seen for its non-
diluted parent 1 (Figures S58-5S63).

Temperature dependence of the relaxation rates (1) of all
compounds has been tentatively fitted by eq. 1. As frequently
seen on compounds that do not show clear Orbach or QTM
regimes, this approach is tedious and seems senseless. Indeed,
different sets of equally robust solutions were obtained
considering various combinations of relaxation pathways (Fig-
ure 9). This includes Orbach-like relaxation with small Uz values
in line with those of previously reported Yb"-SMM. However, in
our case, we benefit from the very high energy splitting
calculated (Table S2) and observed (Figure 6) to rule out such
solutions. By Arrhenius fit of In(t) vs 1/T, the following values
were obtained: C=0.2040.035s'K™, n=5.1240.08, topy=
0.03+0.01s (1), C=0.03+0.01s'K™", n=6.0440.05, Tou=
0.264+0.01s (1), C=0.06+0.01s'K™, n=9.2340.07, Tomm=
0.02+0.01 s (2) (see Table S13). For all compounds, Raman-like
and QTM relaxation operate, the latter being reduced for 1’ in
comparison with 1 because of magnetic dilution. Considering

Exp. Theo. Exp. Theo.
T/g 8800 99.0|%1/2> KD4
o2, 100.0|+3/2> e 56.2 |+ 1/2>+36.1|+3/2>
o 9200 535|+3/2>+285|+52>+16.6|+1/2>
o 99.4 | +5/2 > -
£ — —
S 9600+ 9600 - _
C 64.0|+5/2>+269|+£1/2>+9.0|+3/2>
) S—
& 10000+ 10000+
= 99.3|+7/2> KD1 — 98.1 |+ 7/2 > N
Intensity Intensity

Figure 7. Solid-state emission spectra (A.,. =375 nm) measured at 4 K for 1 (left) and 2 (right) and comparison with the ground state splitting extracted from

calculations from lowest (KD1) to highest (KD4).
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Figure 8. Dynamic magnetic measurements performed on solid samples of 1 (top line) and 2 (bottom line) under Hy.= 1700 Oe. (Left column) Temperature
dependence of out-of-phase susceptibility y," measured from 0.1 Hz (blue) to 1000 Hz (red). (Right column) Argand plot normalized over the isothermal
susceptibility (y;) with coloured lines that represent the best fits as calculated with an extended Debye model. The black line is the simulated Argand plot for
an ideal single relaxation process with no distribution of the relaxation times (o =0) and an adiabatic susceptibility, x,, equal to 0.
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Figure 9. Temperature dependence of the relaxation times of 1, 1, and 2
obtained with optimal H,, field of 1700 Oe (1 and 2) and 1900 Oe (1') and
best fits considering Raman and QTM relaxation as lines (see text).

direct relaxation does not provide any improvement. (Figur-
es S72-575)

Consequently, one is led to wonder whether the values of
U reported to date in the literature for Yb"-SMM that match
small theoretical KD1-KD2 splittings are not simple artefacts,
and it is plausible that Orbach relaxation actually did not
operate with most of the reported Yb"-SMM.
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Discussion

Theoretical and luminescent investigations clearly demonstrate
that compounds 1 and 2 possess the predicted high M,
splitting."® In particular, the almost ideal trigonal planar
environment of 1 provides an astonishingly large separation of
the Yb" emission peaks. Similarly, the predicted effect of the
switch from trigonal planar to trigonal bipyramidal by capping
neutral molecules is actually observed, and it induces the
expected halving of the total splitting from 1 to 2.

However, the resulting magnetic behavior does not benefit
from this strong splitting, and SMM relaxation is seen at modest
temperatures on the close-to-perfect trigonal planar derivatives
1 and 1'. In other words, despite their optimal geometry and
charge localization, the reported compounds are mild SMMs
showing mainly Raman-like relaxation, and they do not exhibit
significant magnetic hysteresis. This is reminiscent of similar
findings on low-coordinate Dy"-SMM that were theorized to
have extremely large energy splitting, but behaved well below
expectations® and where the influence of spin-phonon
coupling was suspected.

For most Yb"-SMMs, the absence of slow relaxation in zero
field is simply attributed to the large transverse component of
the ground or first excited KDs, as recently observed for
example on chiral Yb"-SMM,*” bis-coordinated Yb"-SMM™ or
double-bridged Yb",-SMM®® that depict magnetic relaxation up

© 2024 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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to temperatures similar as those observed for 1. However, in 1,
the almost pure composition of the wavefunction of the various
KDs rules out this hypothesis as a cause for mild SMM behavior.

It is very likely that the discrepancy between ab initio
calculations and magnetic observation is linked to the way the
molecules exchange energy with their surroundings.®?” Indeed,
phonon-driven magnetic relaxation (Orbach and Raman) is
affected by vibrational modes of the surrounding molecules,
either via spin-lattice relaxation®® or vibronic coupling.? This is
particularly true on 1, which is expected to depict a large
variety of vibration modes because the ligands are small and
not rigid. Recent studies on Kramers SMM have shown that
spin-phonon coupling can be operative and influence QTM
even when no vibrational excitation can be expected.”” Indeed,
vibronic coupling”” has been recently calculated® and meas-
ured by FIRMS™ on the [Yb(trensal)] SMM® and [Er{N-
(SiMe;,),}:1,%% showing that motion modes in the first coordina-
tion sphere are those that are the most coupled with the
electronic states. Finally, it is worth noting that the O5 trigonal
bipyramidal derivative, 3, features decent SMM behavior
(Figures S64-S71), suggesting that a trigonal planar O3 coordi-
nation environment, if accessible, could lead to enhanced Yb"-
SMM properties.

Conclusions

The present work is the first experimental investigation of
optimal SMM based on lanthanide prolate ions, by applying a
combined synthetic, magnetic, optical and theoretical ap-
proach. Our findings corraborate the theoretical prediction
made on purely theroretical objects,"” but also highlight that
further molecular engineering is required to reach high
magnetic perfomance with such molecules.

Indeed, many Yb"-SMMs have been reported to date, few
improvements in their magnetic behavior have been observed,
in contrast with Dy"-SMMs. This is mainly due to the difficulty in
controlling the first coordination sphere in Yb" complexes, as
exclusively equatorial coordination for low-coordinate lantha-
nides is not easily accessible. Such a geometry has been
predicted on hypothetical compounds to induce the greatest
possible splitting for Yb", with little QTM pollution."” To test
the theoretical predictions, we have synthesized an almost
planar trigonal compound 1 that matches the predicted ideal
trivalent geometry, and its bipyramidal trigonal congener 2. The
seminal theoretical calculations are hence now confirmed by
these real molecules, which also corroborate the severe
influence of capping ligands on the splitting and purity of the
composition of the wavefunction of the Kramers doublets.

Low-temperature NIR emission experimentally confirms the
’F,,, ground state splitting and shows remarkably sophisticated
and extended emission spectra. Magneto-luminescent correla-
tions have been established, showing that Orbach relaxation is
unlikely to drive the behavior of these Yb"-SMMs. This is also
probably true of the previously reported Yb"-SMM, whose small
Kramers doublets splitting fortuitously match the high-temper-
ature trend of Raman-like relaxation.

ChemistryEurope 2024, 202400062 (8 of 10)

In spite of optimal molecular engineering, the magnetic
behavior of Yb"-SMM does not improve as much as predictions
suggested, even if relaxation is observed up to 9 K. This could
be due to the high flexibility of the coordinating ligands,
inducing strong vibronic coupling that proved detrimental to
the magnetic relaxation as shown before on Dy"-SMMs; as
illustrated herein, Yb"-SMM makes no exception. We are
currently exploring this line of investigation. Future works
should focus on the design of rigid, and probably polydentate,
equatorial ligands in order to stabilize trigonal planar geo-
metries and provide Yb"-SMM able to operate in the absence of
an external field.

Supporting Information

The authors have cited additional references within the
Supporting Information**” that contains all additional data
supporting this article including structural, theoretical, magnetic
and luminescence investigations. Deposition Number(s) https://
www.ccdc.cam.uk/services?id=doi:anie.202408133, 2348421 (for
1), 2348422 (for 2),2348423 (for 3), 2348424 (for 6), 2348425 (for
7) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre.
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When ideal is not enough: investiga-
tion of the very large ground state
splitting of planar tris-coordinated
Yb" ion and its consequence on lumi-
nescent and single-molecule magnet
properties. We demonstrate that spe-
cifically designed textbook examples
of prolate SMMs show the expected
very large ground state splittings but
that this latter is not enough to
induce efficient SMM behavior.
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