N
N

N

HAL

open science

Divalent Thulium Crown Ether Complexes with
Field-Induced Slow Magnetic Relaxation
Mathieu Xemard, Marie Cordier, Florian Molton, Carole Duboc, Boris Le

Guennic, Olivier Maury, Olivier Cador, Grégory Nocton

» To cite this version:

Mathieu Xemard, Marie Cordier, Florian Molton, Carole Duboc, Boris Le Guennic, et al.. Divalent
Thulium Crown Ether Complexes with Field-Induced Slow Magnetic Relaxation. Inorganic Chemistry,

2019, 58 (4), pp.2872-2880. 10.1021/acs.inorgchem.8b03551 . hal-02024309

HAL Id: hal-02024309
https://hal.science/hal-02024309
Submitted on 13 May 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02024309
https://hal.archives-ouvertes.fr

Divalent Thulium Crown-ether Complexes with Field-Induced Slow
Magnetic Relaxation

Mathieu Xémard,* Marie Cordier,* Florian Molton,? Carole Duboc,? Boris Le Guennic,® Olivier Maury,”
Olivier Cador® and Grégory Nocton.*

1 LCM, CNRS, Ecole polytechnique, Université Paris-Saclay, Route de Saclay, 91128 Palaiseau, France
Z2Univ Grenoble Alpes, CNRS UMR 5250, DCM, F-38000 Grenoble, France.
®Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) - UMR 6226, 35000 Rennes, France

*Univ Lyon, ENS Lyon, CNRS, Université Claude Bernard Lyon 1, UMR 5182, Laboratoire de Chimie, 69342 Lyon
(France)

ABSTRACT: The tailoring of the coordination chemistry around f-element centers is a crucial step for the development of com-
pounds with slow magnetic relaxation, including single-molecule magnets (SMMs), which have great potential in molecular
spintronics and for future quantum computing devices. Lanthanide ions are particularly interesting since the predominant electro-
static model of their bonding allows rationalizing their coordination symmetry. However, to the best of our knowledge, the redox
properties of the lanthanides are not taken into account for the design of SMMs and therefore all SMMs reported to date contain
lanthanide ions in their trivalent oxidation state. In this article, divalent lanthanide compounds presenting field induced slow mag-
netic relaxation are reported. The rational design and the synthesis of two Tm'" complexes with the 18-Crown-6 ligand are presented
along with their emission and EPR properties, which help to probe the desired nature of the ground state, i.e. maximizing the anisot-
ropy. The observed magnetic properties demonstrate their slow magnetic relaxation behavior in a moderate external magnetic field.

INTRODUCTION.

Rare earth metal ions possess important intrinsic spectro-
scopic properties because of the filling of the f-shell orbitals,
which are associated with a large orbital moment and relativ-
istic effects."® As a consequence, the spin orbit coupling con-
stant is high, the coupling of the spin to the orbital angular
momentum is very strong compared to the magnitude of the
crystal field splitting, and a description of the properties in
terms of the quantum number J is appropriate.*®. This property
has been particularly used in the development of optical de-
vices,”® in which the emission wavelength is influenced not by
the ligand set but mostly by the metal ion, which dictates the
fingerprint energy of the spectrum.® Another advantage of this
unquenched orbital moment is found in the large magnetiza-
tion reported for several lanthanide ions such as Dy"', Tb"' or
Er'".>™ This explains the great motivation for the use of lan-
thanide ions in the preparation of magnetic materials, in par-
ticular for Single-Molecule Magnets (SMMs): in less than a
decade, the data concerning 4f"® and also 5f'%* SMMs
have dramatically increased.

In 2011, Rinehart and Long published a qualitative electro-
static model that highlights how the anisotropy of each ele-
ment is influenced by the filling of f-orbitals.” In this work,
the authors rationalized which crystal field state (m; state)
would be lowest — or highest in energy, depending upon the
geometry around the lanthanide ion. An oblate metal-ion was
predicted to need a strong axial coordination, while a prolate
one would need a strong equatorial coordination to maximize
the m; microstate.>?® This important step enabled a more

rational approach for the design of potential lanthanide
SMMs,™ * and new records have been recently broken with
organometallic dysprosium complexes behaving as a magnet
up to 80 K,'® #*® above the liquid nitrogen temperature, con-
vincing the chemistry community that solid applications are
feasible.*"

However, if uranium compounds behave as SMMs in sever-
al oxidation states, +I11 and +V,*3* lanthanide ions are only
represented by their most common trivalent state* ** ** and, to
the best of our knowledge, no divalent lanthanide compound
has been yet reported to exhibit a slow magnetic relaxation.
This is unfortunate since the effective magnetic moments of
divalent lanthanides can be extremely high,* implying that
such complexes are promising candidates. Additionally, if
divalent and trivalent states can coexist in the same environ-
ment, a possible redox switch based on their slow magnetic
relaxation properties could be anticipated. Such interesting
properties have been described for systems with redox-active
ligands and transition metal ions®° but not based on the
oxidation states of the lanthanide ion yet because of the miss-
ing link.

If the coordination chemistry of the “classical” Eu", Yb"
and Sm" complexes is currently most known,**! these com-
pounds are not good candidates for the design of SMMs: Eu"
with half-filled f orbitals is isotropic, Yb" with closed-shell f**
orbitals is diamagnetic and Sm" has a J = 0 ground state.***
Thus, only the “non-classical” divalent lanthanides (all the
others) can be promising candidates. One reason that can
explain why none of these “non-classical” divalent lanthanide



complexes have been reported yet as SMMs can be found in
their intricate syntheses* that usually necessitate bulky ligands
to stabilize them: the symmetry and the coordination sphere
around the metal center are barely rationalized since the pri-
mary aim is the stability.** **® Consequently, we focused our
attention on Tm" complexes that exhibit a 4f** electronic con-
figuration and remain relatively accessible from a synthetic
point of view.** *"*° Only several groups, including ours, have
tried to rationalize their synthetic approaches in combination
with their spectroscopic properties. For example, Mills and co-
workers described a bulky linear silylamide derivative of
divalent thulium having a m;=1/2 ground state.>* In parallel,
we have reported the luminescence and EPR properties on two
simple precursors of divalent thulium, Tml,(dme); and
Tm(OTF),(dme),.*® Our conclusion was that the low-symmetry
around the metal center imposes admixtures of the different m;
states, preventing any slow magnetic relaxation for these com-
plexes.” In addition, the presence of solvent molecules bonded
to the Tm" center prevents the fine-control of their coordina-
tion sphere and complicates their spectroscopic analyses. In
this context, we have focused on specific oxygen-based mac-
rocycle ligand to impose the geometry and crystal field to the
targetgd complexes, specifically by using crown-ether lig-
ands.

The strategy used in this work is based on a rational ligand
design approach to target divalent thulium complexes with
large anisotropy by maximizing their ground crystal-field
state. After the successful synthesis and characterization of
such unprecedented compounds, we describe here two original
divalent lanthanide complexes with slow magnetic relaxation.
Such a report will open a new scope of studies devoted to
manipulating the coordination and/or organometallic chemis-
try around divalent lanthanides, which offer additional coordi-
nation opportunities with respect to their trivalent congeners.

RESULTS AND DISCUSSION.

Synthesis and Solid-State Structure. The most successful
strategy to stabilize a divalent thulium center consists in the
use of bulky ligands including substituted trispyrazolylborate
(Tp"),*** cyclopentadienyl (Cp’) ligands™ *° and bulky silyl-
amide ligands.***' However, these ligands are usually induc-
ing strong axial ligand field, which is the opposite effect of
what a prolate metal center requires to maximize the m; con-
figuration as confirmed by the m; = 1/2 ground state found in
the linear Tm{N(Si'Pr;),}, reported by Mills and co-workers.**
Based on calculations predicting a m;=7/2 ground state, the
same authors reported a trigonal-planar Tm{N(Si'‘BuMe,),};
cationic complex.™® However, this complex is EPR silent and
displays no out-of-phase ac signal, which was tentatively
rationalized by quantum tunneling of the magnetization due to
the hyperfine coupling with **Tm.*

On the other hand, the synthesis of halide precursors of di-
valent thulium is known since the end of the 1990°s*" and their
symmetry, in which two iodide anions are trans to each other,
seems perfectly adapted to induce both small axial and strong-
er equatorial ligand field. However, their extreme sensitivity
toward water and oxygen prevented spectroscopic analysis
until recently.®®

The main issue comes from the solvent molecules used to
stabilize the Tm" coordination sphere in the equatorial plane:
if a Tml,(thf), can be prepared in thf solution at room tem-
perature,” the dark green powders obtained from crystalliza-

tion at -35°C are very sensitive to de-solvation processes. In
dme, the story is different since stable crystals of Tml,(dme);
can be obtained**® and characterized by multiple solid-state
spectroscopies. However, the presence of two different hap-
ticities for the dme ligand breaks the equatorial symmetry and
the spin-orbit ground state has a dominant admixture of
m,=5/2 and m,=3/2."®

In order to avoid these issues, we thought that pseudo-planar
chelate ligands with oxygen donor such as crown-ether ligands
would be good candidates. Their chemistry with trivalent
lanthanides is relatively well-known with examples of crown-
ether ligands of different sizes.”” *" The 12-c-4 is too small to
chelate even the smallest lanthanides in their equatorial
plane,*® whereas ytterbium fits well in 15-c-5 and 18-c-6 with
examples of linear complexes showing a strong coordination
in the equatorial plane.”®®* Additionally, recent examples of
crown ether complexes were shown to exhibit SMM behav-
ior.>® However, to the best of our knowledge, there is no ex-
ample of crown-ether complexes of thulium.

The first synthetic attempts made with the 18-c-6 ligand
consisted in mixing it into thf and dme solutions of Tml,(S),
(S = thf or dme) at room temperature. This leads immediately
to intractable dark powders, insoluble in any of the common
organic solvents used in this particular chemistry. Therefore, a
cold (-35°C) toluene solution of 18-c-6 was diffused into a
cold (-35°C) thf solution of Tml,(thf), (Scheme 1) leading to
large dark crystals of Tml,(18-c-6) (1) in good yield (69 %).
These crystals were suitable for X-ray diffraction and Figure 2
shows an ORTEP of 1.

Scheme 1. Synthetic procedure for the formation of 1-3. x =
1.18 as determined by X-ray crystallography (See Sl).
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Crystals of 1 are insoluble in non-polar solvents (benzene,
toluene, thf, dme, diethyether, methylcyclohexane). In pyri-
dine, their color fades to pale brown when dissolving at low
temperature, indicating that 1 is slowly oxidized into Tm"'
species.®® All attempts to crystallize this oxidized species
failed. In solid-state, crystals of 1 are stable in the dark at -
35°C but their color fades slowly when they are exposed either
to room temperature or to light. Therefore, special care must
be taken to conserve them and to investigate their spectroscop-
ic properties. Thus, all data, including X-ray diffraction data,
were reproduced multiple times on different batches. The light
sensitivity of 1 was further studied at low temperature by
emission spectroscopy (vide infra).

Because the iodide ligands could be at the origin of such re-
activity, they were removed and replaced with borohydride
ligands, BH,, as they were already used successfully with
divalent thulium complexes.®* Borohydrides possess several
advantages, such as a small ligand field and a usual tridentate
coordination mode via the hydrogen atoms, fully compatible
with an axial coordination mode. The Tm(BH,),(dme), com-
plex was synthesized following the procedure of Nief.* A
toluene solution of 18-c-6 was then used for the diffusion
process as for the synthesis of 1; this synthesis only led to



intractable materials due to the fast decomposition of the
product. Therefore, in the aim of replacing only one iodide
ligand, a single equivalent of potassium borohydride was
added to a dme solution of Tml,(dme)s. After few hours at
rom temperature, the resulting brown solution was evaporated,
extracted in thf, filtered off and was allowed to cool at -35°C
while a 18-c-6 cold toluene solution was layered on the top.
This procedure yielded X-ray suitable deep red — and highly
sensitive crystals, of TmI(BH,)(18-c-6) (2) in moderate yield
(47 %) in three days. The in situ addition of 1 equivalent of
KBH;, in cold dme before layering a 18-c-6 cold toluene solu-
tion also yielded to the title complex but in a lower yield (Fig-
ure 1).

Crystallization attempts of the intermediate Tml(BH,),.
«(dme), (1<x<2) compound in dme at low temperature result
to the formation of dark brown-green crystals that were identi-
fied as Tml,(BH,),x(dme), (3) with x=1.18 based on crystal-
lographic data. Elemental analyses were not obtained for these
compounds due to their high thermal and/or light sensitivity.
Figure 1 and Figures S9-S11 show ORTEPs of 1-3, while
main metric parameters and crystals information are gathered
in the supporting information.

Figure 1. Solid-state structures of 1 (left) and 2 (right). Thermal
ellipsoids plot are at 50 % level. Disordered atoms in 1 and hy-
drogen atoms have been removed for clarity. Carbon atoms are in
grey, oxygen atoms in red, thulium atoms in green, iodine atoms
in purple and boron atom in pink.

Complex 1 crystallizes in the monoclinic 12/m space group,
while 2 does in the trigonal R-3 space group. As a conse-
guence of these space group symmetries, the iodine atom and
the BH, anion in 2 are crystallographically disordered, while
in 1, both iodine atoms are crystallographically identical fea-
turing a I-Tm-I angle of 180° imposed by the special position
of the Tm atom. A position disorder is also present on the 18-
c-6 ligand in 1. In 1, the Tm-O distances range between
2.637(3) A and 2.659(3) A for an average distance of 2.65(1)
A, while in 2, the Tm-O distance is 2.670(4) A. These distanc-
es are dictated by the crown-ether chelate, since in Tml,(dme);
the Tm-O distances are much shorter (between 2.46(1) A and
2.55(1) A).*" Since there is no available data on thulium
crown-ether complexes in the literature, the only possible

comparison is with ytterbium derivatives featuring similar
ionic radius: in Yb(NPh,),(18-c-6),” the Yb"-O bond lengths
range between 2.507(3) A and 2.658(3) A (with a short aver-
age value of 2.594 A), whereas in Yb(SCN);(18-c-6),%" the
Yb"'-O lengths are much shorter (2.476(5) A to 2.507(5) A).

The Tm-1 distance is 3.1171(3) A in 1 and 2.988(3) A in 2.
This difference between 1 and 2 is attributed to the crystallo-
graphic disorder with BH, in 2. The Tm-I distances in 1 and 2
are shorter than those observed in Tml,(dme); (3.13(2) A and
3.183(2) A),**® consistently with a weaker bonding in the
equatorial plane. The Tm-B distance is 2.650(4) A, while the
Tm-H(BH,) distance is 2.4(1) A. These distances are agreea-
ble with the Tm-B distances observed by Nief in
Tm(BH,),(dme), that range between 2.632(4) A and 2.656(5)
A and the Tm-H distances of the coordinated hydrogen atoms
of the BH, group found between 2.37(5) A and 2.49(5) A.%
Moreover, similar Tm-B (2.655 A) and Tm-H(BH,) (between
2459 A and 2551 A) distances are observed on the
Tp’Tm(BH,) complex.® In the Tm" complex Cp™,Tm(BH.,),
the Tm-H(BH,) distances are much shorter (2.14 A) but the
Tm-B distance remains similar (2.631 A).% In this particular
case, the steric influence of the bulky Cp™ ligands®®** can
explain this long Tm-B distance. Indeed, a homoleptic
Tm(BH,)” complex was reported with shorter Tm-B distances
(2.457 A).%°

Another consequence of the symmetry is the small deviation
of the oxygen atoms from the equatorial plane: the maximal
deviation is 0.249 A and 0.073 A in 1 and 2, respectively. The
deviation angle between the I-Tm-I axis and the orthogonal
direction to the equatorial plan is low: 1.5° in 1 and 0° in 2.
Therefore 1 and 2 represent promising examples of typically
axial symmetry divalent thulium complexes, in which the
equatorial ligand field is dominant, a prerequisite for maximiz-
ing the ground state m; value. Spectroscopic properties (next
paragraph) will provide more quantitative information on this
matter.

Emission spectroscopy and EPR spectroscopy. Emissive
properties of lanthanide ions have led to many applications for
bio-imaging, sensing, fluoro-immunoassay or lighting devices
in material science, but mostly with trivalent emissive lantha-
nide complexes.” In the present work, the observation of an
emission spectrum should allow the quantification of the crys-
tal field splitting of the ground state and to establish cross-
correlation with magnetic and theoretical studies.® ®"*® How-
ever, the luminescence of divalent lanthanide complexes rep-
resents an under-explored area, with the exception of Eu" and
to a lesser extend, Yb" derivatives, whose emission arising
from parity allowed intra-configurational 5d-4f transitions was
extensively studied.®® We have recently reported the first
emission spectra of molecular divalent thulium ions, viz.
Tm(OTf),(dme), and Tml,(dme),,*® that exhibit a characteris-
tic f-f transition profile, thus evidencing an f* electronic struc-
ture, similar to that of Yb"'. This configuration gives two spin-
orbit states: the ground °Fy, and the excited °Fs, states, each
of them being split by the ligand field, leading to multiple m;
states. In non-cubic symmetry, m; is comprised between +1/2
and +7/2 for the ground state (£1/2, £3/2, +5/2, and £7/2, i.e. 4
crystal-field states) and between +1/2 and +5/2 for the excited
state (+1/2, +3/2, and +5/2, i.e. 3 crystal-field states).””"* The
emission spectrum of 1 was recorded at low temperature in
solid-state. At 10 K and 77 K, even if the signal is weak, a
spectrum could be recorded (Figure 2). The low intensity of



the emission spectrum can be explained by a rapid photo-
bleaching under irradiation conditions. The photobleaching
kinetics was studied and a linear decrease over time of the
emission signal is observed (Figure S1), suggesting a possible
light induced electron-transfer. The sample integrity can be
easily checked after irradiation and indicates the decomposi-
tion of the dark purple crystals to a white powder. Our at-
tempts to identify the final product have failed and further
work is in progress in this direction. In contrast, the emission
spectrum of 2 is more easily recorded since no photobleaching
impacts the measurements.
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Figure 2. top) Solid state excitation (dashed lines; 1130 nm for 1,
1150 nm for 2) and emission (bold lines) spectra of 1 (blue) and 2
(red) at 77 K. Bottom) Detail of the solid state emission spectrum
recorded in the NIR with a higher resolution for 1 (blue) and 2
(red) at 77 K under a 520 nm excitation wavelength.

Upon excitation between 400-600 nm, 1 and 2 present two
different emission responses located respectively in the red
and NIR spectral range. The higher energy emission centered
at 750 nm for 1 and 740 nm for 2 can be assigned to intercon-
figurational 5d-4f transitions. These transitions were previous-
ly reported in solid-state thulium compounds’®™ and recently
by Mills and coworkers® but not by us in Tm(OTf),(dme),
and Tml,(dme),.?” They are due to the relative proximity be-
tween the 5d and 4f orbitals in the divalent thulium complexes
and their energies are more volatile because of the propensity
of the d-orbitals energy to vary with the ligand field. Regard-
ing the NIR emission, it is structured and is assigned to intra-

configurational 2Fy,—»2F,, transitions. The energy of the tran-
sition is in good agreement with a divalent thulium center and
is shifted compared to Yb"' because of the different spin-orbit
coupling constant. Detail of the fine structure of these transi-
tions is described in Figure 2. In the case of 1, three transitions
are observed at 8834 cm™ (1132 nm), 8741 cm™ (1144 nm)
and 8518 cm™ (1174 nm) instead of the 4 expected in this
symmetry but the transition at 1174 nm is clearly broader. For
2 a better resolution is obtained and five transitions with ener-
gies of 8909 cm™ (1123 nm), 8824 cm™ (1133 nm), 8739 cm™
(1144 nm), 8649 cm™ (1156 nm) and 8561 cm™ (1168 nm) are
observed. On the spectrum recorded at 10 K, the highest ener-
gy band is not present (Figure S2), evidencing the hot band
character of this feature, i.e. a transition from an excited crys-
tal field state of the emissive °Fs, spin-orbit state.® Conse-
quently, the spectrum of 2 displays the expected four transi-
tions. The crystal field splitting of the ground state can thus be
unambiguously established in the case of 2 giving the follow-
ing m, states (0, 85, 190, 263 cm™, Figure S3). Important
conclusions can be drawn from the analysis of this spectrum:
(i) the overall crystal field splitting is rather small (263 cm™)
and (ii) the ground m; state is close to the first excited one (85
cm™). Overall, the NIR emission spectra of 1 and 2 possess
similar shapes, indicating a similar coordination environment.
The effect of the replacement of an iodide ligand by a borohy-
dride group leads only to a relatively modest decrease of the
crystal field splitting (316 cm™ vs 263 cm™).

Emission spectra of the 4f manifold are very efficient to
quantify the overall crystal field splitting. However, it does not
lead to the real nature of the low-lying m; states. Fortunately,
in f** configurations, it is possible to take advantage of low
temperature EPR spectroscopy to probe the nature of the
ground state. X-band EPR spectra recorded at 5 K for 1 and 2
are shown in Figure 3. Measurements were recorded on small
crystals because of the very reactive nature of the complexes
upon grinding. Therefore alignment of the crystals with the
field can be observed during the experiments. This effect has
been prevented by a manual shaking of the samples before
each experiment, allowing a clear identification of the EPR
features (Figure S4). However crystallites signs are still pre-
sent in the spectra.

The spectrum of 1 indicates the presence of an axial sym-
metry with g, of 7.6 and g.,of 1.43 (Table S1, I and Il on
Figure 3, top). The anisotropy is large, Ag (g,-9+)=6.17, and is
close to the predicted value for a pure m;=+7/2 ground state
(Ag=8)."° The spectrum of 2 was analyzed with a slight rhom-
bic symmetry that could be induced by the heteroleptic coor-
dination environment of Tm. However, this must be taken
cautiously because of the crystallographic disorder of I" and
BH,. The spectrum was fitted with a g, value of 7.00 (I, Fig-
ure 3, bottom), while g, and g5 are 1.78 and 1.39 (Il and IlII,
Figure 3, bottom), respectively. The anisotropy value, Ag (g;—
gs) is 5.61, i.e. within the same range than that of 1 in good
agreement with a similar m;=%7/2 contribution in the ground
state and comparable coordination environments. The EPR
spectra of both 1 and 2 are also markedly different and more
isotropic than those recorded on other Tm" molecular com-
pounds.48' 50-51

These spectroscopic data validate the predictions made on
the role of equatorial coordination geometry in f** configura-
tions: playing with the coordination geometry allows obtaining
a maximized anisotropy in 1 and 2. In order to ascertain these



predictions, we measured the magnetization behavior of these
compounds.
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Figure 3. EPR spectra (X-Band) recorded in the solid state (pow-
der) at 5 K for 1 (top) and for 2 (bottom) (experimental, blue and
simulated spectrum, red).

Magnetic Characterization. Temperature dependent mag-
netic data were recorded in the solid-state (Figure 4). Room
temperature y T values are very similar for both 1 and 2 (2.35
vs. 2.34 cm®.K.mol ™, respectively) with lower values than that
expected for a °F;;, ground state (2.57 cm®.K.mol™)? but in the
range of the observed yuT values recorded for Yb"' complex-
es. ymT decreases on cooling according to the thermal depopu-
lation of crystal-field states. However, a notable difference
between both compounds is observed below 50 K: at 2 K, 1.68
cm®.K.mol™ is reached for 1 and 1.17 cm®.K.mol™ for 2. These
values are lower than the ones estimated from EPR spectros-
copy for 1 (1.93 cm®.K.mol™) and 2 (1.69 cm®.K.mol™). At 2
K, the magnetization saturates at very different values: 2.01
Np for 1 and 1.5 N for 2.

N
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Figure 4. Static yuT and magnetization curves at 2 K (inset)
measured on 1 (full dots) and on 2 (empty dots).

None of the two compounds show out-of-phase (yu’’) ac
signal whatever the frequency (v) and the temperature in the
absence of an external dc field, but a strong clear signal
emerges under moderate dc fields (Figures S5 and S6). The
optimum field at which the relaxation is the slowest (the max-
imum on the y\’” vs. v curves is at the lowest frequency) is
estimated at 600 and 800 Oe for 1 and 2, respectively. At these
fields, the relaxation times can be extracted at various temper-
ature with an extended Debye model (Figure 5 and Tables S2-
$3).”* The thermal variations of the relaxation time for 1 and 2
are plotted on Figure S7. In the high temperature range, the
thermal behavior can be modeled with an Arrhenius law (Fig-
ure S7) with activation energies of 35 and 16 K for 1 and 2,
and 1,=1.3x10" s and 2.2x10° s, respectively. These barriers
are in the range measured for Yb"' complexes and are typical
of f* compounds, in good agreement with Tm" centers.®
However, the two quantities do not match with the barriers
heights estimated from luminescence and, furthermore, the
Arrhenius law is verified only in the high temperature range.
Thus, the thermal behaviors of the relaxation times were rein-
vestigated in the framework of a Raman-+direct process’ (v
'=CxT"+AH"T). The two curves are perfectly reproduced with
C=0.13 (n=6.73), A=3.55x10"" Oe™.s.K™ for 1 and C=0.13
(n=5.69), A=4.44x10"° Oe™s.K" for 1 (Figure S7). This
suggests that the relaxation does not occur through the first
excited state but that under-the-barrier processes take place.

This point is crucial since it means that the slow relaxation
is hampered via one or much probably multiple source(s). In
their article on the trigonal-planar Tm{N(Si'BuMe,),}; com-
plex, a molecule with a calculated m,=7/2 ground-state, Mills
and co-authors tentatively justified the absence of slow relaxa-
tion by quantum tunneling arising from the hyperfine coupling
with ***Tm (1 = %, 100 % abundance).”® The hypothesis could
not be confirmed with EPR since the spectrum was silent. On
the contrary, in the present work and in our previous report,*
the EPR broad lines were fitted using hyperfine coupling-
constants below 2000 MHz, but the value of A, can be sig-
nificantly larger in other complexes.” Therefore, it is plausible
that the strong variation of the hyperfine coupling constants is
an important factor that would explain the under-the-barrier
relaxation processes observed in Tm'" complexes. However,
due to the small number of complete data on divalent Tm
complexes, a quantitative rationalization of the phenomenon
seems premature at this stage.
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Figure 5: Frequency dependences of the in-phase (top) and out-
of-phase (bottom) components of the magnetic susceptibility of 1
(left) and 2 (right) measured under a 600 Oe field for 1 and 800
Oe field for 2; the temperature is varying from 2 K to 5.5 K.

Computational studies. The nature and energy splitting of
the crystal-field states in 1 and 2 as well as the magnetic prop-
erties were also investigated by wavefunction-based calcula-
tions (see Experimental section and Supporting Information
for details). Unlike Tm(OTf),(dme), and Tml,(dme)s, which
ground and first excited spin-orbit states were exhibiting m;
admixures,”® the higher symmetry of 1 and 2 and the equatori-
al coordination of the strong oxygen donors allow the ground
crystal-field state wavefunction to be closer to a pure configu-
ration with a [£7/2> contribution of 90 % in 1 at the SA-
CASSCF level (Table S4). This is well illustrated by the cal-
culated magnetization curve at 2 K and yuT in the low-
temperature region (Figure S8). Additionally, the nature of the
ground state fits well with the EPR data and the g tensor is
well reproduced albeit a slight deviation from the axial sym-
metry (g«=1.47; 9,~1.86; g,=6.80). The excited states exhibit
more spin admixtures of the different m; values and the overall
small crystal field splitting is reproduced as well as the small
energy gap between the ground state and the first excited state
(93 cm™ from emission spectra and 104 cm™ from theory). As
stated previously for Tm" complexes,”® and in some cases for
Yb"" systems,”®"” MS-CASPT2 treatment does not improve
the description of the system with worst agreement with the
experimental findings. SA-CASSCF approach was thus pref-
erentially used in the case of 2. The first calculations carried
out with the crystallographic atomic positions drastically un-
derestimate the overall splitting (166 cm™ vs. 263 cm™ from
luminescence). More importantly, the ground and first excited
states are found almost pure with 0.90|£1/2> and 0.99|+3/2>,
respectively, far from the expected mainly |+7/2> ground state
as evidenced by EPR and magnetometry. This strong discrep-
ancy can find an explanation in a short Tm-1 distance induced
by the crystallographic disorder (vide supra). New calculations
were thus carried out by progressively elongating the Tm-I
distance (Table S5). While still qualitative, the computational
description clearly evidences the modification of the wave-
function low-lying states. For a Tm-I distance of 3.4 A, this
model displays a ground state mainly composed of |[£7/2>
components and a g anisotropy in line with the experimental

findings. While MS-CASPT2 treatment improves the overall
energy splitting (245 cm™), it is at the expense of the axiality
of the ground state. These computational studies demonstrate
that the influence of the geometric parameters on the electron-
ic structure and therefore on the magnetic properties can be
very subtle in lanthanide chemistry, reinforcing the need for
high symmetry complexes to target the desired properties: the
design of an appropriate ligand is the key.

CONCLUSIONS.

This work reports the slow magnetic relaxation behavior of
divalent lanthanide complexes. The synthesis and x-ray
crystal structure of two complexes of divalent thulium
halide and borohydride with the popular 18-c-6 ligand are
herein reported along with their emission and EPR spectra
to probe the electronic nature of the ground state. These
studies evidenced that the nature of the ground state is
highly anisotropic for both complexes, due to their axial
symmetry and the presence of strong donors in the equato-
rial plane. The magnetic moment of 1 and 2 relaxes slowly
under a weak applied magnetic field at low temperature.

The subtle design of the coordination geometry around the
divalent lanthanide ion allowed maximizing the crystal
ground state values, i.e. the anisotropy, leading to the field-
induced slow relaxation behavior. This strategy is rare for
low-valent lanthanide complexes with high reduction prop-
erties because of their extreme reactivity that usually ham-
pers the control of their coordination chemistry. This work
shows how an adapted experimental protocol allows subtle
coordination chemistry and can lead to the desired physical
properties. This study will open new orientations in coordi-
nation and/or organometallic chemistry of lanthanide com-
pounds since their divalent oxidation state — and the origi-
nal geometries associated with them,” can now be consid-
ered as valid for the design of compounds with slow mag-
netic relaxation.

EXPERIMENTAL SECTION.

General considerations. All reactions were performed using
standard Schlenk-line techniques or in an argon filled glovebox
(MBraun). All glassware was dried at 140°C for at least 12 h prior to
use. thf, dme and toluene were dried over sodium, degassed and
transferred under reduced pressure in a cold flask. Tml, was
purchased from Sigma Aldrich and used without further purification.
18-c-6 and KBH,4 were sublimed before use.

Syntheses. 1. Tml;(18-c-6). A deep green solution of Tml, (45.3
mg, 107 pmol, 1 eq.) in THF was cooled to -35°C before being
layered with clean THF. A solution of 18-c-6 (28.3 mg, 107 pumol, 1
eq.) in toluene was then let to diffuse slowly at -35°C in the Tm
solution. The compound was obtained as big dark indigo needles
(50.4 mg, 73.4 pmol, 69 %).

2. TmI(BH,)(18-c-6). A brown solution of Tml(BH4)(dme)s (32.1
mg, 55.2 mmol, 1 eq.) in THF was cooled to -35°C before being
layered with clean THF. A solution of 18-c-6 (14.6 mg, 55.2 umol, 1
eq.) in toluene was then let to diffuse slowly at -35°C in the Tm
solution. The compound was obtained as highly sensitive small red
blocks (15.1 mg, 26.1 pmol, 47%).

X-ray crystal structures. Single crystals were mounted on a
Kapton loop using a Paratone N oil. An APEX Il CCD BRUKER
detector and a graphite Mo-Ka monochromator were used for the data
acquisition. All measurements were done at 150 K and a refinement



method was used for solving the structure. Additional data for
structure resolution is given in the supporting information.

Luminescence studies. Emission and absorption spectra of
compounds 1 and 2 were measured on crushed crystals (powder) in
sealed quartz tube. The luminescence spectra were measured using a
Horiba-Jobin Yvon Fluorolog-3® spectrofluorimeter, equipped with a
three slit double grating excitation and emission monochromator with
dispersions of 2.1 nm/mm (1200 grooves/mm). The steady-state
luminescence was excited by unpolarized light from a 450 W xenon
CW lamp and detected at an angle of 90° by a red-sensitive
Hamamatsu R928 photomultiplier tube. Spectra were reference
corrected for both the excitation source light intensity variation (lamp
and grating) and the emission spectral response (detector and grating).
Near infrared spectra were recorded at an angle of 90° using a liquid
nitrogen cooled, solid indium/gallium/arsenic detector (850-1600
nm). Two different samples for both Tml,(18-c-6) and TmI(BH,)(18-
c-6) were measured leading to the same spectra once normalized.

EPR and magnetism. Powder EPR spectra were recorded with a
Bruker EMX, equipped with an ER-4192 ST Bruker or ER-5106
QTW Bruker cavity for X- or Q-band, respectively. An Oxford
Instruments ESR-900 continuous-flow helium cryostat was used for
low temperature experiments. Samples were prepared under inert
atmosphere in sealed quartz tubes. The X-band EPR spectra were
measured on two independent samples, coming from different
synthesis, leading to identical results. The obtained spectra were fitted
using the Easyspin toolbox.” The dc and ac magnetic susceptibility
measurements were performed on solid polycrystalline samples with a
Quantum Design MPMS-XL SQUID magnetometer. An applied
magnetic field of 2 kOe is used in the temperature range 2-20 K, and
10 kOe for temperatures above 20 K, for the ymT vs. T curves. To
avoid reorientation and sample degradation the microcrystals are
trapped and slightly pressed between quartz wool in a sealed quartz
tube. Furthermore, we voluntary degrade the sample after all the
measurements have been performed to correct the data from Tm'"
content and to verify that Tm"' does not produce out-of-phase ac
signal.

Computations. Wavefunction-based calculations were carried
out on the Tm'"-based complexes 1 and 2 by using the SA-
CASSCF/PT2/SI-SO approach (see Sl for details).
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Supporting Information

Additional information concerning luminescence properties, EPR,
magnetism, theoretical studies and X-ray diffraction are given in
the supporting information. The crystal structures have been
deposited in the CCDC with numbers 1847987-1847989 for 1-3,
respectively. The Supporting Information is available free of
charge on the ACS Publications website.
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