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Abstract: A one-dimensional compound has been constructed through a Yb'! ion and bridging
redox-active deprotonated 4,5-bis(carboxylic)-4’,5'-methyldithiotetrathiafulvene. This polymer
displays slow magnetic relaxation due to the planar magnetic anisotropy of the Yb'!!, which has been
experimentally determined.
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1. Introduction

Since more than a decade, lanthanide ions are intensively used for the conception of single
molecule magnets (SMM) [1]. These ions can be classified in two categories depending on the electron
density distribution varying between planar (oblate) to axial (prolate) [2]. This is demonstrated
by the numerous examples of Dy-based SMM [3] and, to a lesser extent, Yb-based SMM [4].
This SMM behavior is observed when the lanthanide ion is adequately coordinated to well-chosen
ligands inducing specific ligand field and symmetry. In this way, the best candidates for each

category are the oblate Dy!

ion when the ligand charge distribution is axial and the prolate
Yb™ ion when this distribution is planar. Moreover lanthanide emission properties were recently
exploited in this respect as a probe of the ligand field splitting in SMM [4-12]. The versatility
of ligand chemistry allows adding one or more physical properties to the SMM behavior [13,14].
As well-known examples, tetrathiafulvalene (TTF) derivatives may display redox activity and electronic
conductivity [15]. We previously demonstrated that the TTF-based ligands could play both the role
of organic chromophore to sensitize the lanthanide luminescence, and of structural agent to favor
the appearance of SMM behavior through magnetic isolation [12]. The TTF core was functionalized
by several coordination groups [16,17] and, herein, we focus our attention on TTF-carboxylates
and, specifically, on the 4,5—bis(carboxylic)—4’ 5 -methyldithiotetrathiafulvene (HL). To date, various
3d/4d/5d coordination compounds were built up from TTF-carboxylate ligands [18-25]. Nevertheless,
examples with 4f elements are very rare and only concern zero-dimensionnal complexes [26,27].
In this communication, we report the first TTF-based lanthanide coordination polymer. The synthesis,
single crystal X-ray structures, magnetic and optical properties of {[Yb(L)(H,O)3(DMEF)]- (HL)- (H,O)},
(DMEF = dimethylformamide) are discussed.
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2. Results and discussion

The {[Yb(L)(H20)3(DMEF)]- (HL)- (H20)}n (hereafter called Yb) polymer was obtained from the
reaction of the Yb(hfac);- 2H,O (hfac: hexafluoroacetylacetonate) metallic precursor and the disodium
salt of L (Na;L) in Dimethylformamide (DMF). It is worth noticing that, in the final Yb compound, no
hfac™ anion is found. The polymer cannot be obtained from either nitrate or halogenate salts of Yb'Il.
Yb crystallizes in the P-1 (No. 2) triclinic space group (Table S1). Each Yb!!! ion is surrounded by eight
oxygen atoms coming from four carboxylate groups (O1, O2 and O4, O5), three water molecules (O3,
06, O7) and one DMF molecule (O8) (Figure 1).

Figure 1. (a) Ortep view of the asymmetric unit of Yb. Thermal ellipsoids are drawn at 30% probability.

Hydrogen atoms and water molecules of crystallization are omitted for clarity; and (b) representation
of the one-dimensional structure running along the b axis.

The coordination polyhedron of the Yb'! can be described as a distorted square antiprism.
The distortion is visualized by continuous shape measures performed with SHAPE 2.1 (0.454, Dy,
symmetry) [28]. The two carboxylic functions of the TTF-based ligands which are linked to the
metal remain fully deprotonated (L27) and bridge the metal ions in a py(M1, 1) mode. The formed
one-dimensional cationic complex runs along the b axis (Figure 1b). The electroneutrality of the
edifice is guaranteed by non-coordinated mono-protonated ligands (HL™) (drawn in green on the
Figure Sla). In other words, the fully-deprotonated ligands L2~ play the role of bridges to form
the mono-dimensional structure while the mono-deprotonated ligands HL™ play the role of anion
to guarantee the neutrality of the crystal structure. An organic network is formed along the a axis
through S: - - S short contacts (S2---57 = 3.691 A and S3---S7 = 3.646 A) between the coordinated
L2~ and uncoordinated HL™ anions (Figure 2). Short S---S contacts (S11---S11 = 3.462 A and
S12---512 = 3.689 A) are identified between the HL™ counter ions (Figure S1b). The water molecule of
crystallization (O13W) generates a H-bond network that involves one oxygen atom of the coordinated
carboxylate (O5, do13w-05 = 2.951 A), one oxygen atom of one non-coordinated carboxylic function
(012, do1sw-o12 = 2.709 A) and, finally, two coordinated water molecules (O3, do13w-03 = 2.746 A and
07, doraw-o7 = 2.748 A).

The photophysical properties of HoL (Figures S2a, S3 and Tables S2 and S3) and Na,L (Figure S4
and Table S3) were investigated by absorption spectroscopy in CH3OH solution and solid-state
(KBr pellet). In the case of H,L, the results are rationalized by DFT and TD-DFT calculations (see
computational details; Figures S2b and S5, Table S2) [29]. For both protonated and deprotonated
ligands, the lowest-energy absorption band is attributed to intra-ligand charge transfer (ILCT) and
identified as HOMO — LUMO type excitation. At higher energy, the absorption bands mainly come
from intra-donor (TTF) excitations (ID). Basically, the absorption spectrum of Yb in solid-state can be
described as the addition of the absorption spectra of Na;L and H,L (Figure S6). No emission of the
Yb!!! ion was detected under irradiation on the ILCT band due to the presence of water molecules
coordinated to the metal ion that are known to quench the luminescence [30].
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The reversibility of the oxidation potentials and the redox-activity of Yb have been checked
by cyclic voltametry. The cyclic voltamogram shows two mono-electronic oxidations at about
0.50 V and 0.85 V corresponding to the formation of a radical cation and a dication TTF fragment,
respectively (Figure S7). No significant differences of oxidation potential values are detected between
the coordinated L2~ and free HL™ species.

Figure 2. Packing along the a direction of the TTF moieties. The van der Waals surface of the TTF cores
of the coordinated and non-coordinated TTFs are represented while coordination polyhedra of Yb!!
are also shown (in green).

xmT vs. T (with xp the molar magnetic susceptibility and T the temperature in Kelvin) decreases
monotonically on cooling from 2.40 cm3- K- mol~! at room temperature down to 0.99 cm?- K- mol~!
at 2 K due to the thermal population of crystal field levels within the ground state multiplet 2F;/,
(Figure S8). Concomitantly, the M vs. H curve saturates around 1.5 Nf3 at 2 K (Figure S8). It must
be mentioned that no interaction between Yb!!! can be detected down to 2 K. Rotating single-crystal
magnetometry performed at 2 K allows the determination of magnetic axes. A platelet-shaped
single-crystal is rotated in a field of 1 kOe in three perpendicular planes (Figure S9) of the crystal
reference frame (XYZ) and the magnetization recorded as a function of the angle (0) between the
magnetic field and the initial position. The molar magnetic susceptibility was fitted with:
xuT = % = chosze + xﬁﬁsinze + 2X o p 8inBcOsO @
where « and 3 are the directions X, Y, and Z, and 6 is the angle between H and «. After simultaneous
least-square fitting of the three curves on Figure 3 the susceptibility tensor in the crystal frame (XYZ) is:

1418 0320 —0.203
xuT =] 0320 1223 —0.173 |[em® K- -mol™! )
—0.203 —0.173 0.270

The principal values and direction of the susceptibility tensor in the XYZ crystal frame are then
given by:

0.602 ~0.132 0.787
XuoT | —0798 | =0986, x, T | —0.127 |=0220, x,.,T | 0589 |=170cm® -K-mol™? (3)
0.022 ~0.983 ~0.182
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Figure 3. Angular dependence of /T of a single crystal rotated in three perpendicular planes with
H =10 kOe at 2 K. Best fitted curves are in full lines.

In the effective spin %2 approximation the principal g-values are gx = 3.24, ¢y = 1.53, and g, = 4.25.
Clearly, the anisotropy is more planar than axial. This is in contradiction with what has been observed
in 8-coordinated Yb!! complexes in which g, is much larger than the two other components [31].
This is probably due to the peculiar environment around the Yb™! ion. The orientation of the g-tensor
with respect to the molecular axes is represented on Figure 4. g, almost coincides with the four-fold
axis of the square antiprism while gx and gy reside in the perpendicular plane. We tentatively tried
to reproduce these static magnetic properties using the ab initio CASSCF/PT2/SI-SO approach (see
computational details). Unfortunately, all tentative efforts failed to properly reproduce the magnetic
susceptibility and magnetization curves (Figure S8). This underlines the difficulties already observed
in the literature to efficiently model both the wavefunction and the energy of the low-lying multiplets
of Yb'! based SMM. Indeed, whereas for Dyl complexes it is admitted that a CASSCF/SI-SO approach
correctly describes the magnetic behavior, for Yb! molecules, examples exist where a CASSCF/SI-50
is sufficient [6]; however, adding dynamical correlation through a PT2 treatment is mandatory in
some other cases [31]. Ultimately, the present Yb complex joined the Yb(Murex); complex in the
list of complexes for which the ab initio procedure dramatically failed [32,33]. At this stage, no clear
explanation exists even if one may tentatively and non-exhaustively cite (i) the number of 4f electrons;
(ii) the importance of dynamical correlation; and (iii) the propensity of having Yb!! /Yb! mixing in the
ground-state wave function. In the present case, one may also ascribe the encountered computational
difficulty to (i) the model used to describe the 1D chain, and (ii) the problem related to the influence
of the water molecule [11]. However, several different models (not described here) have been tested
to take into account the 1-D architecture and the presence of water molecules, but with no clear
improvements in the calculated results compared to the experiment. Works are still in progress to
elucidate this observed peculiar behavior and, more generally, the way Yb-based SMM have to be
computationally described.

As expected from single-crystal rotating magnetometry, no slow relaxation of the magnetization
can be detected in the absence of an external field at any temperature. This is in line with previous
reports on Yb!l-based complexes [32]. At 2 K the relaxation is slowest at the optimum field equal
to 1 kOe. The frequency dependences of the in-phase and out-of-phasesuc component of the AC
susceptibility are represented on Figure 5 between 1.8 and 6 K. The temperature dependence of the
relaxation time extracted (extended Debye model, ESI, Table 54) from the frequency scan at fixed
temperatures is represented on Figure 5. Different relaxation processes may operate: (1) Orbach;
(2) Raman; (3) direct and quantum tunneling. The first two are thermally-dependent and the
last one is temperature-independent. Clearly the relaxation is thermally-activated. However, the
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experimental data can only be reproduced with two Arrhenius profiles which correspond to two Orbach
processes (tl=m1! exp(—A1/T) + 7! exp(—Ay/T)) above and below 3 K with T = 3.3(9) x 1077 s,
A =28(1)K, 1 =2.0(2) x 10~*s,and A, =3.2(3) K (Figure 5). Deviation from a single Arrhenius law
is commonly observed in Yb!!l-based SMMs [5,7,9] but had never been quantitatively analyzed.

Figure 4. Principal magnetic axes (¢x: blue, gy: green, g,: red) of Yb.
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Figure 5. Frequency dependences of the in-phase (xum’) and out-of-phase (xp'’) components of the
ac susceptibility measured between 1.8 and 6 K in an external DC field of 1 kOe. Insert: temperature

dependence of the relaxation time with the best-fitted curve (see text).
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In summary, we have synthesized a mono-dimensional coordination polymer of Yb™! thanks to
the redox-active deprotonated 4,5-bis(carboxylic)-4’,5'-methyldithiotetrathiafulvene bridges. To date,
Yb is the unique example of Yb!!!-based coordination polymer that displays slow magnetic relaxation.
Yb highlights the important role played by the carboxylate functions in generating a mono-dimensional
coordination polymer. The resulting organization of the ligands around the Yb'! ion induces SMM
behavior with unusual planar magnetic anisotropy. The presence of the tetrathiafulvalene core
guaranties the redox activity of the polymer as well as the opening of new possibilities of multi-property
coordination complexes.

3. Materials and Methods

3.1. Synthesis. General Procedures, and Materials

The precursor Yb(hfac)s-2H,O (hfac™ = 1,1,1,5,5,5-hexafluoroacetylacetonate anion) and the
ligand NazL were synthesized following previously reported methods [34,35]. All other reagents were
commercially available and used without further purification.

3.2. Synthesis of Complex {[Yb(L)(H,0)3(DMF)]- (HL)- (H,0)},, (Yb)

0.115 mmol of Yb(hfac)s-2H;O (97 mg) and 0.115 mmol of Na,L were dissolved in 15 mL of
DME. After 15 min of stirring, the solution was put in a test tube and then water was layered at room
temperature in the dark. After two weeks of slow diffusion, red-brown single crystals which are
suitable for X-ray studies are obtained. Yield 20 mg (16%) based on the metallic precursor. Anal. Caled
(O/o) for C23H22N1013512Yb12 C25.63, H 2.04, N 1.30; found: C 26.69, H2.12, N 1.27.

3.3. Crystallography

A single crystal of {[Yb(L)(H20)3(DMF)]- (HL)- (H,O)}, was mounted on a APEXII Bruker-AXS
diffractometer for data collection (MoK radiation source, A = 0.71073 A) at the Centre de
Diffractométrie (CDFIX), Université de Rennes 1, France. The structure was solved by direct methods
using the SIR-97 program and refined with a full matrix least-squares method on F? using the
SHELXL-97 program [36,37]. Crystallographic data are summarized in Table S1. Complete crystal
structure results as a CIF file including bond lengths, angles, and atomic coordinates are included as
Supporting Information. The CCDC number is 1471405 for compound Yb.

3.4. Physical Measurements

The elementary analyses of the compound were performed at the Centre Régional de Mesures
Physiques de 1'Ouest, Rennes. Cyclic voltametry was carried out in CH,Cl, solution, containing
0.1 M N(C4Ho)4PFg as the supporting electrolyte. Voltamograms were recorded at 100 mV-s~! at
a platinum disk electrode. The potentials were measured versus a saturated calomel electrode (SCE).
Absorption spectra were recorded on a Varian Cary 5000 UV-Visible-NIR spectrometer equipped
with an integration sphere. The DC magnetic susceptibility measurements were performed on solid
polycrystalline sample with a Quantum Design MPMS-XL SQUID magnetometer between 2 and 300 K
in an applied magnetic field of 0.2 T for temperatures in the range 2-20 K and 1 T for temperatures
between 20 and 300 K. These measurements were all corrected for the diamagnetic contribution as
calculated with Pascal’s constants. Single crystal magnetization measurements have been performed
on an oriented single crystal (using X-ray diffraction) with the same Quantum Design MPMS-XL
SQUID magnetometer equipped with a rotator which allows the crystal to rotate within a plane.
Magnetization has been recorded at 2 K within a field of 10 kOe.

3.5. Computational Details

DFT geometry optimizations and TD-DFT excitation energy calculations of the ligand H,L
were carried out with the Gaussian 09 (revision A.02) package [38] employing the PBEO hybrid
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functional [39,40]. The “Stuttgart/Dresden” basis sets and effective core potentials were used to
describe the yttrium atom [41], whereas all other atoms were described with the SVP basis sets [42].
The first 50 monoelectronic excitations were calculated. In all steps, a modeling of bulk solvent effects
(solvent = dichloromethane) was included through the Polarizable Continuum Model (PCM) [43],
using a linear-response non-equilibrium approach for the TD-DFT step [44,45]. Molecular orbitals
were sketched using the Gabedit graphical interface [46].

Wavefunction-based calculations were carried out on a model structure of the Yb!-based
coordination polymer Yb (see below) by using the SA-CASSCE/PT2/SI-SO approach, as implemented
in the MOLCAS quantum chemistry package (versions 7.8) [47]. In this approach, the relativistic effects
are treated in two steps on the basis of the Douglas-Kroll Hamiltonian. First, the scalar terms were
included in the basis-set generation and were used to determine the spin-free wavefunctions and
energies in the complete active space self-consistent field (CASSCF) method [48]. Next, spin-orbit
coupling was added within the restricted-active-space-state-interaction (RASSI-SO) method, which
uses the spin-free wavefunctions as basis states [49,50]. The resulting wavefunctions and energies
were corrected with dynamical correlation using the complete active space second-order perturbation
(CASPT2) method and are then used to compute the magnetic properties and g-tensors of the lowest
states from the energy spectrum by using the pseudo-spin S = 1/2 formalism in the SINGLE-ANISO
routine [51,52]. Cholesky decomposition of the bielectronic integrals was employed to save disk space
and speed up the calculations [53]. The computational model consisted of three Yb(DMF)(L)(HO)3
units (Figure S10). The atomic positions were extracted from the X-ray crystal structures. The
S2(C2)(SCH3), moieties of the TTF-derived ligands were replaced by hydrogen atoms, as well as
the two CHj3 groups coordinated to the N atom of the DMF ligands. The active space of the self
consistent field (CASSCF) method consisted of the thirteen 4f electrons of the Yb'! ion spanning the
seven 4f orbitals, i.e., CAS(13,7)SCF. State-averaged CASSCF calculations were performed for all of the
doublet states (seven roots). All atoms were described by ANO-RCC basis sets [54-56]. The following
contractions were used: [8s7p4d3f2g] for the central Yb atom; [6s5p3d] for the two neighboring Yb
atoms which were replaced by Yb atoms; [4s3p2d] for the O atoms directly coordinated to Yb atom;
[3s2p1d] for the C and O atoms bridging the Yb atom to the Y atoms; [4s3p] for the S atoms; [3s2p] for
the remaining C, N, and O atoms and [2s] for the H atoms.

Supplementary Materials: The following are available online at www.mdpi.com/2312-7481/2/2/26/s1,
Figure S1: (a) Crystal packing of Yb highlighting the interactions with the HL™ counter anions through the
S ... Sshort contacts; (b) Representation of the S ... S short contacts between the HL™ mono-anions; Figure S2:
(a) Experimental UV-visible absorption spectra in CH,Cl, solution of HoL (C = 4 x 1075 mol-L1) (open
gray circles). Respective Gaussian decompositions (dashed lines) and best fit (full black line) (R = 0.99957);
(b) Theoretical absorption spectra of compounds H,L (black line). The sticks represent the mean contributions of
the absorption spectra; Figure S3: Experimental solid-state UV-visible absorption spectrum (open circles) for HpL
at room temperature with respective Gaussian decompositions (dashed coloured lines) and best fit (full black
line) R = 0.99814; Figure S4: Experimental solid-state UV-visible absorption spectrum (open circles) for Na,L at
room temperature with respective Gaussian decompositions (dashed coloured lines) and best fit (full black line)
R =0.99893; Figure S5: MO diagram of H,L. Energy levels of the centered TTF donor and carboxylic acceptor
are represented in orange and blue color, respectively; Figure S6: Experimental solid-state UV-visible absorption
spectrum (open circles) for Yb at room temperature with respective Gaussian decompositions (dashed coloured
lines) and best fit (full black line) R = 0.99875; Figure S7: Cyclic voltametry of Yb in CH,Cl, at a scan rate of
100 mV.s—1.The potentials were measured versus a saturated calomel electrode (SCE); glassy carbon as the working
electrode; Pt wire as the counter electrodes; Figure S8: Temperature dependence of x)T for Yb. Inset: magnetic
field dependence of the magnetization for Yb recorded at 2 K. Full red lines correspond to the ab initio simulated
curves; Figure S9: Oriented single crystal of Yb with the XYZ crystal reference frame; Figure S10: Model used in
the CASSCF/PT2/SI-SO calculations. Oxygen atoms are in red, nitrogen in blue, carbon in grey, sulphur in yellow
and hydrogen in white. Table S1: X-ray crystallographic data for Yb; Table S2: TD-DFT calculated excitation
energies and main compositions of the low-lying electronic transitions for H,L. In addition, the charge transfers
and the pure intramolecular transitions are reported. ID and H, L represent the intramolecular TTF (Donor) and
the HOMO, the LUMO, respectively. ILCT corresponds to Intra-Ligand Charge Transfer. The theoretical values
are evaluated at the PCM(CH3OH)-PBE0/SVP level of approximation; Table S3: Solid-state absorption data for
ligands H,L, NayL, and the coordination complex Yb; Table S4: Best fitted parameters (X, xs, T and «) with the
extended Debye model Yb at 1 kOe in the temperature range 1.8-5 K.
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Abbreviations

The following abbreviations are used in this manuscript:

SMM Single Molecule Magnet

TTF TetraThiaFulvalene

DMF DiMethylFormamide

Hfac 1,1,1,5,5,5-hexafluoroacetylacetonate

DFT Density Functional Theory

TD-DFT Time Dependent Density Functional Theory
ILCT Intra-Ligand Charge Transfer

HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital

Intra Donor

PCM Polarizable Continuum Model
CASSCF Complete Active Space Self-Consistent Field
RASSI-SO  Restricted Active Space State Interaction—Spin-Orbit
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