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Abstract

The reaction between the 2-(1-(4’-[4-(methylphenyl]-2,2:6°,2°’-terpyridyl)-4,5-(4,5-
bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine (L) and 2
equivalents of Dy(hfac)s;-2H,O (hfac” = 1,1,1,5,5,5-hexafluoroacetyacetonate) metallic
precursors leads to the formation of a dinuclear complex of formula
[Dy2(hfac)s(L)]-CsH14 (Dy2). The X-ray structure on single crystal reveals the occupation
of the two benzoimidazolylpyridine (bzip) and terpyridyl (terpy) coordination sites with
a Dy(l11) ion. The two Dsg and Cg4, Dy(l1l) ions highlighted slow magnetic relaxation
under an applied magnetic field. Even if the two lanthanide centers have similar
magnetic anisotropy, they displayed different relaxation times of their magnetization
which could be explained by the distinct nature of the magnetic relaxation processes.

These conclusions are supported by ab initio calculations.

Keywords: Dysprosium, Tetrathiafulvalene, Single-Molecule Magnet, magnetic relaxation

processes, ab initio Calculations



1. Introduction

Lanthanides are the most used metal ions in the design of Single-Molecule Magnets
(SMMs) since 15 years[1] because they combine most of the features requested for the
observation of slow magnetic relaxation i.e. high magnetic moment and strong magnetic
anisotropy.[2] Such magnetic behavior is at the origin of the interest of both chemistry and
physics communities because it opens the doors to several potential applications such as high-
density data storage,[3] spintronics,[4] quantum computing[5]... The former application
implies the observation of high blocking temperature of the systems, temperature at which the
magnetic bistability is observed, although it remained limited to very low temperature until
very recently.[6] Indeed, the higher level of comprehension of the lanthanide magnetic
properties through chemical and symmetry strategies, magneto-structural correlations as well
as computational approaches allowed the chemists to rationally design systems[7] to increase
the blocking temperature of SMMs close to liquid nitrogen temperature.[8] The blocking
temperature of one SMM is now above liquid-nitrogen temperature.[8c]

In our laboratory, the rational design of SMMs is successfully performed by the
association of lanthanide ions and redox-active tetrathiafulvalene (TTF)-based ligands.[9] The
judicious decoration of the TTF fragments allows the prediction of the architecture of the final
coordination compounds. Employing such strategy, mononuclear,[10] dinuclear [11] and
auto-assembly of SMM [12] were obtained.

In this article, a novel TTF-based ligand was proposed for which the TTF core is
functionalized by both bis-chelating benzoimidazolylpyridine (bzip) and tris-chelating
terpyridyl (terpy) coordination pockets. The resulting 2-(1-(4’-[4-(methylphenyl]-2,2:6°,2"’-
terpyridyl)-4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine
ligand (L) permits the coordination of two Dy(lll) ions in N2Og and N3Og environments
(Scheme 1). The resulting dinuclear system displays slow magnetic relaxation under an
applied magnetic field. A combined experimental and computational analysis led to
conclusions about the magnetic anisotropy and relaxation processes for each of the metal

centers, explaining the difference of magnetic relaxation times.

2. Experimental Section

2.1. Materials and instrumentations



The precursors Dy(hfac)s-2H,O (hfac™ = 1,1,1,5,5,5-hexafluoroacetylacetonate anion) was
synthesized following previously reported methods [13]. All other reagents were purchased

from Aldrich Co., Ltd. and used without further purification.
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Scheme 1. Synthetic reaction showing the molecular structure of the ligand L and labelling
scheme for assigning the *H NMR spectrum as well as the molecular structure of the dinuclear

complex Dys.
2.2. Synthesis of the ligand (L) and complex (Dy-)

2.2.1. 2-(1-(4 -[4-(methylphenyl]-2,2:6,2 " -terpyridyl)-4,5-(4,5-bis(propylthio)-
tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine (L).
2-(4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine™ (288
mg, 0.555 mmol) and K,CO3 (116 mg, 0.841 mmol, 1.5 eq) were added to 5 mL of DMF and
then stirred for 30 min under argon. A solution of 2 mL of DMF containing 178 mg of 4’-[4-
(bromomethyl)phenyl]-2,2":6°,2”-terpyridine[14] (0.443 mmol, 0.8 eq) was added and the
resulting mixture was heated at 50°C. After 2h of heating, additional K,CO3 (116 mg, 0.841
mmol, 1.5 eq) and 4’-[4-(bromomethyl)phenyl]-2,2":6°,2*’-terpyridine (89 mg, 0.4 mmol, 0.4
eq) were added. The mixture was stirred and heated overnight at 70°C. The resulting orange
solution was cooled down to room temperature leading to the precipitation of an orange
powder. The solid was filtered and washed with water (3x50 mL) then with cold methanol
and finally dried in air. The orange solid was purified by SiO, chromatography with ethyl

acetate, pure acetone and then acetone with few drops of acetic acid as eluents giving pure L



as yellow powder. Yield 247 mg (53 %). Anal. Calcd (%) for C44H3sNsSe: C 62.86, H 4.29, N
10.00; found: C 62.79, H 4.36 N, 9.91. *H NMR (CD-Cl,): & 8.69 (m, 3H, P), 8.65 (s, 2H, O),
8.63 (d, 2H, N), 7.62 (td, 1H, M), 8.42 (d, 1H, L), 7.87 (dd, 2H, K), 7.78 (d, 2H, J), 7.69 (s,
1H, 1), 7.37 (dd, 1H, H), 7.34 (dd, 2H, G), 7.31 (d, 2H, F), 7.28 (s, 1H, E), 6.21 (s, 2H, D),
2.81 (dt, 4H, C), 1.66 (tt, 4H, B), 1.00 (dd, 6H, A) ppm.

2.2.2. Complex (Dy>)

[Dy2(hfac)s(L)]-CsH14 (Dy2). 32.8 mg of Dy(hfac)s-2H,0O (0.04 mmol) were dissolved in 10
mL of CH,CI, and then added to a solution of 10 mL of CH,CI, containing 16.8 mg of L
(0.02 mmol). After 15 minutes of stirring, 25 mL of n-hexane were layered at room
temperature in the dark. Slow diffusion leads to dark red single crystals which are suitable for
X-ray studies. Yield 41 mg (83 %). Anal. Calcd (%) for CgoHssDy,F36Ng012Ss: C 38.48, H
2.24, N 3.37; found: C 38.40, H 2.29 N, 3.41. I.R. (KBFr): 2958 (w), 2928 (w), 2871 (w), 2851
(w), 1652 (s), 1579 (m), 1559 (m), 1533 (m), 1505 (m), 1465 (m), 1413 (m), 1255 (s), 1211
(s), 1145 (s), 1099 (w), 1058 (w), 977 (w), 800 (w), 660 (m) and 585 (w) cm™.

2.3. X-ray Crystallography.

Single crystals of L. and Dy, were mounted on a APEXIII D§ VENTURE Bruker-AXS
diffractometer for data collection (MoK, radiation source, A = 0.71073 A), from the Centre de
Diffractométrie (CDIEX), Université de Rennes 1, France. Structures were solved with a
direct method using the SHELXT program[15] and refined with a full matrix least-squares
method on F* using the SHELXL-14/7 program[16]. Crystallographic data are summarized in
Table 1. It is worth to notice that the R, refinement factor of 11.12% could be explain by the
thermal agitation of the “[-terpyDy(hfac);]” moiety. Complete crystal structure results as a
CIF file including bond lengths, angles, and atomic coordinates are deposited as Supporting

Information (CCDC 1897266 and 1897267 for L and Dy, respectively).

2.4. Physical Measurements.

The elementary analyses of the compounds were performed at the Centre Régional de
Mesures Physiques de 1’Ouest, Rennes. "H NMR was recorded on a Bruker Ascend 400
spectrometer. Chemical shifts are reported in parts per million referenced to TMS for *H
NMR. Cyclic voltammetry was carried out in CH,Cl, solution, containing 0.1 M N(C4Hg)4PFs
as supporting electrolyte. VVoltammograms were recorded at 100 mV.s™ at a platinum disk
electrode. The potentials were measured versus a saturated calomel electrode (SCE). The ac



and dc magnetic susceptibility measurements were performed on solid polycrystalline sample
with a Quantum Design MPMS-XL SQUID magnetometer between 2 and 300 K in applied
magnetic field of 0.02 T for temperatures of 2-20 K, 0.2 T for temperature of 20-80 K and 1T
for temperatures of 80-300 K. These measurements were all corrected for the diamagnetic

contribution as calculated with Pascal’s constants.

2.4. Computational details.

The atomic positions were extracted from the X-ray crystal structure, To save time and
disk space, the CF; groups from the hfac™ ligands and the thiopropyl moieties located on the
TTF fragment have been replaced by hydrogen atoms leading to the model Dy’ (Fig S1). [17]
The optimization of the hydrogen positions, all other atomic positions were kept frozen, has
been carried out on the Y(IIl) parent molecules by Density Functional Theory (DFT) as
implemented in the Gaussian 09 (revision D.01) package [18] using the PBEO hybrid
functional. [19][20] The « Stuttgart/Dresden » basis sets and effective core potentials were
used to describe the yttrium atom [21] while other atoms were described with the SVP basis
sets. [22] Wavefunction-based calculations were carried out on the optimized molecular
structure by using the SA-CASSCF/RASSI-SO approach, as implemented in the MOLCAS
quantum chemistry package (versions 8.0). [23] 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. [24] 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.
[25][26] The resulting spin-orbit wavefunctions and energies are used to compute the static
magnetic properties and g-tensors of the lowest states from the energy spectrum by using the
pseudospin s =1/, formalism in the SINGLE_ANISO routine. [27][28] The intramolecular
and intermolecular dipolar constants (Jx) are computed using the POLY_ANISO [28][29]
routine by building the interaction Hamiltonian on the basis of the ground state doublet of
both centers. The overall intermolecular interactions are taken into account by inclusion of a
phenomenological parameter (zJ), corresponding to a mean molecular field acting on the
magnetic centers, during the simulation of the static magnetic properties. Cholesky
decomposition of the bielectronic integrals was employed to save disk space and speed-up the
calculations. [30] The active space of the self-consistent field (CASSCF) method consisted of
the nine 4f electrons of the Dy"" ion spanning the seven 4f orbitals, i.e. CAS(9,7)SCF. State-



averaged CASSCF calculations were performed for all of the sextets (21 roots), all of the
quadruplets (224 roots), and 300 out of the 490 doublets (due to software limitations) of the
Dy(IIT) ion. 21 sextets, 128 quadruplets, and 107 doublets were mixed through spin—orbit
coupling in the RASSI-SO routine. All atoms were described by ANO-RCC basis sets [31-
33]. The following contractions were used: [8s7p4d3f2glh] for Dy atoms, [7s6p4d2f] for Y
atoms, [4s3p2d] for O and N atoms, [3s2p] for C atoms, [4s3p] for S atoms and [2s] for H
atoms.

To give more insights on the orientation of the anisotropy axes, the molecular electrostatic
potential is calculated from the ab-initio LOPROP charge analysis [34], using the home-made
CAMMEL code (CAlculated Molecular Multipolar ELectrostatics),[35] following:
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where g¢;,p;, Q; are respectively the charge, dipole and quadrupole moments of the i-th atom.
The total potential, and its components, are drawn on a sphere defined by the user around the
central lanthanide ion. For a clearer representation of the potential, the intensity can be
directly related to both the color (red = high potential and blue = low potential) and the height
of the irregularities.

3. Results and discussion

3.1. Crystal structures of L and Dy,

2-(1-(4 -[4-(methylphenyl]-2,2:6°,2 "-terpyridyl)-4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-
1H-benzimidazol-2-yl)-pyridine (L).

The ligand L crystallizes in the P2;/n monoclinic space group (Table 1). The
asymmetric unit is composed by only one molecule of L (Fig. 1). The neutrality of L is
confirmed by the central C9-C10 bond length of 1.325(7) A and the boat conformation of the
TTF core. The phenyl spacer and the terpy moiety form an angle of 23.5(1)°.



Fig. 1. X-ray structure of L with numbering of the heteroatoms.-All hydrogen atoms are

omitted for clarity.

The crystal packing reveals the formation of “head-to-tail” dimers of L through n-x
interactions between the terpy moieties along the ¢ axis (Fig 2a.). Along the a axis, regular
one-dimensional stacking of TTF fragments through S1.--S2 = 3.601 A, S3---S4 = 3.967 A and
S5.--S6 = 3.949 A contacts and one-dimensional n-r stacking of terpy moieties are identified
(Fig. 2b).
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Fig. 2. Crystal packing of L along the ¢ (a) and a (b) axes.

Table 1. X-ray crystallographic data for L and Dys.

Compounds (L) [Dy;,(hfac)s(L)]-CsHi4 (Dy2)
Formula CuaH35N6S6 C80H56Dy2F36N601285
M / g.mol™ 841.15 2494.7
Crystal system Monoclinic triclinic
Space group P2:/n (N°14) P-1 (N°2)
a=6.6369(8) A a=12.7624(15) A
Cell parameters b =32.290(4) A b =17.362(2) A
c=18516(2) A c=22.824(3) A
B=97.858(5) ° o =88.720(4) °

B=83.473(4) °
vy = 71.130(4) °

Volume / A° 3930.9(8) 4754.1(10)
Z 4 2
T/K 150 (2) 150(2)
20 range /° 5.84 <20 <54.95 5.90 <20 <54.97
Peatc/ g.cm™ 1.421 1.743
u/mm? 0.391 1.815
Number of reflections 23402 72434
Independent 8497 20658
reflections
Rint 0.0864 0.0872
Fo® > 26(Fo)* 5689 13602
Number of variables 505 864
R1, WR; 0.0967, 0.1830 0.1112, 0.3061

[Dyz(hfac)s(L)] CsH14 (Dy2). Compound Dy, crystallizes in the P-1 (N°2) triclinic space
group (Table 1). The asymmetric unit is composed of two Dy(hfac); moieties, one L ligand,
and one n-hexane molecule of crystallization (Fig. 3). The two bzip and terpy moieties of L
coordinated one Dy(hfac)s unit each. Thus, the Dyl ion is surrounded by six oxygen atoms
that belong to three hfac™ ligands and two nitrogen atoms coming from the bis-chelating
coordination site (bzip) of L. The averaged Dy1-O (2.327(8) A) and Dy1-N (2.513(10) A)
distances are in the same range than those already observed for a Dy(lll) ion in similar
environment. [10a] [10c] [11b] [11c] [36] A square antiprism coordination polyhedron (Dag
symmetry) is induced by the arrangement of the ligands around the Dyl (Table 2). The
distortion is visualized by continuous shape analysis performed with SHAPE 2.1. [37] The
Dy2 ion is surrounded by six oxygen atoms that belong to three hfac™ ligands and three

nitrogen atoms coming from the tris-chelating coordination site (terpy). Once again, the



averaged Dy2-O distance is slightly longer (2.372(18) A) than for Dy1-O while the averaged
Dy2-N distance (2.493(16) A) is shorter than for Dy1-N. Such variation could be assigned to

the difference of steric hindrance between the two coordination sites. The best symmetry

describing the coordination polyhedron around Dy2 is capped square antiprism (Cy4,) (Table

2). It is worth to notice that the tris-chelating coordination site 2,6-di(pyrazol-1-yl)-4-pyridine
(dpp) induced a D3, symmetry. [11b] [36]

Fig. 3. Molecular structure of the dinuclear complex [Dy-(hfac)s(L)]-CsH14 (Dy2). Hydrogen

atoms and crystallization solvent molecules are omitted for clarity.

Table 2. SHAPE analysis of the coordination polyhedra around each lanthanide center of Dys,.

Metal CShMsapr g CShMgrprg CShMrpp.g CShMrcrpr-9 CShMcsapr-9 CShMyerg
(square (biaugmente | (triangular | (spherical tricapped (spherical (Muffin)
antiprism d trigonal dodecahedro | trigonal prism Dz,) | capped square
Dyq) prism C,,) nD,q) antiprism C,,)
Dyl 0.521 1.845 1.812 / / /
Dy2 / / / 1.509 1.087 1.231

The central C=C bond distance of the TTF core is equal to 1.325(18) A confirming the

neutral form of Dy,. The two planes formed by the bzip and phenyl spacer are nearly

perpendicular. The angle between this same phenyl spacer and the plane formed by the terpy

moiety increases from 23.5(1)° to 35.2(4)° after coordination with the Dy(l1l) precursors. The

intramolecular Dy-Dy distance is found equal to 14.563 A which is much longer than the

shortest intermolecular Dy1-Dy1 distance (8.368 A). The crystal packing highlighted the

formation of isolated “head-to-tail” dimers of Dy, through =-m stacking of L (Fig. 4).

Consequently, no S---S contacts are identified in the crystal structure.
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Fig. 4. Crystal packing of Dy, highlighting the formation of dimers of L.

3.2. Electrochemical Properties.

The redox properties of L and the related complex Dy, are investigated by cyclic voltammetry

(Fig. 5) and the values of the oxidation potentials are listed in Table 3.

15 T T T T T T T
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Fig. 5. Cyclic voltammograms of L (black line) and [Dy,(hfac)s(L)]-CsHis (red line) in

CH.Cl, at a scan rate of 100 mV-s™. The potentials were measured vs. a saturated calomel

electrode (SCE) with Pt wires as working and counter electrodes.

Table 3. Oxidation potentials (V vs SCE, nBusNPFg, 0.1 M in CH,Cl, at 100 mV.s™) of L

and Dys.

Epnl/V E%p/V
OXEl RedEl OXE2 RedEZ
L 0.55 0.42 0.97 0.81
Dy, 0.61 0.45 1.00 0.85
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The cyclic voltammogram of L shows two one-electron oxidations at about 0.49 V and
0.89 V corresponding to the formation of a radical cation and a dication TTF fragment,
respectively (Fig. 5). [38] These oxidation potentials are the same to those found for the
functionalized TTF involving the molecular skeleton 4,5-bis(propylthio)-tetrathiafulvalenyl]-
1H-benzimidazol-2-yl}pyridine [37], demonstrating that the nature of the alkylating group has
no influence on the electrochemical properties, as expected. Upon coordination of the
lanthanide, the electrochemistry highlighted only weak effect of the electron attracting
Dy(hfac); fragments with a slight shift of the oxidation-reduction waves to higher potentials
(+0.04 V) (Table 3). The reversibility of the oxidation potentials ‘is preserved and the
electrochemical properties attest the redox-activity of L in the complex. These results suggest
that complex Dy, would be a suitable candidate for redox controlled magnetometric

measurements.

3.3. Magnetic Properties.
Static measurements.

The temperature dependence of the ymT product for compound Dy, is represented on
Fig. 6. The system exhibits a room temperature value of 27.83 cm® K mol™, close to the
expected value for two isolated Dy(111) ions with ground state multiplets ®His, with g; = 4/3
(i.e. 28.4 cm® K mol™). [39]

28 |
‘T_o 26 B — T T T T T T T ]
c 10
X 8t s
) 24 F %’- 6' —
- Z °7 ]
° = 4¢ -
22 2 1 -
= 0 P RN RPN BRI B
0O 10 20 30 40 50
20 - H / kOe T
N P B S S R

0 50 100 150 200 250 300
T/K

11



Fig. 6. Thermal dependence of ymT for Dy,. Inset: field variation of the magnetization
measured at 2 K. Full colored lines correspond to the simulated ab initio curves: green curves
correspond to isolated magnetic centers while red curves stand for the addition of

antiferromagnetic intermolecular interactions (zJ = -0.03 cm™).

Upon cooling, the thermal depopulation of the ligand field sublevels leads to a.monotonic
decrease of the ywT product which reaches the value of 21.82 cm® K mol™* at the lowest
temperature (2K). The field-dependence of the magnetization measured at 2 K is depicted in
inset of Fig. 6. At 5 T, the value of the magnetization reaches 10.32 ug which is far from the

expected saturated values of 20 ug for two Dy(ll1).

Dynamic measurements.

The out-of-phase component of the ac susceptibility (ym’’) for Dy, was measured
using immobilized crushed single crystals. Under zero applied magnetic field, an out-of-phase
signal was detected at the highest frequency at 2 K but no maximum could be observed. The
fast magnetic relaxation could be attributed to the quantum tunneling of the magnetization
(QTM) process and in order to cancel it, a field dependence of the magnetic susceptibility is
studied. The application of a magnetic field led to the appearance of an out-of-phase
component of the magnetic susceptibility. Nevertheless, two contributions are observed
whatever the value of the magnetic field (Figs. 7, S2 and S3) and the value of 3000 Oe is
selected (value at which the two relaxation contributions are both at the lowest frequency and
clearly identified). The frequencies maxima were manually selected to plot the temperature
dependence of the relaxation time (log(t) vs T for both high (red plots) and low frequency

(black plots) contributions (Fig. 8).

12
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Fig. 7. Frequency dependence of the out-of phase, ywm’’, component of the magnetic
susceptibility at 2 K at various external dc field (top). Frequency dependence of ym’” between
2 and 10 K for Dy, at 3000 Oe (bottom).

Based on our previous studies, the low and high frequency contributions can be attributed to
the Dy(Ill) ions in N,Og (Dyl) and N3O (Dy2) environments respectively. [11b] Indeed,
some of us have evidenced that the N,Og environment, [10] identical to the one of this work,
favor slow relaxation in zero external field while the slow relaxation in N3Og environment
only shows up in external field [11b].

Attempts to extract energy barriers from the Arrhenius plot led to very small values compared
to the calculated ones (see below) leading to the exclusion of the sole Orbach process. [40]
The thermal dependence of the Arrhenius law under an applied magnetic field can be fitted
taking into account both Raman and Direct processes (t* = CT" + AT). This does not mean
that Orbach process is not involved but that it is much slower than the Raman and Direct. The

best fits were obtained considering the following parameters: C = 0.14(3) sK™, n = 4.20(12)

13



and A = 3.0(5) Oe™s*K™ for Dy1 (where m is fixed to 4) and C = 3.87(3) s*K™, n = 4.34(55)
and A = 381(37) Oe™s K™ for Dy2 (where m is fixed to 4) (Fig. 8). Values of n close to 9 are
expected for Kramers ions but they can decrease down to 4 depending of the energies of the
ground state doublets.[41] From these fits, one could conclude that Dyl seems to relax mainly
through a Raman process while, for Dy2, the main magnetic relaxation process is a Direct
mechanism with a Raman contribution. Such process of relaxation for Dyl is in agreement
with what some of us already observed for a Dy(I11) in Dsg N2Og environment while the weak
contribution of the Direct process comes from the 3000 Oe applied magnetic field instead of

the optimal 1000 Oe for isolated Dy(l11) in such surrounding. [10c]

T I I

1k N

4l 1 1

108 6 4 3 2
T/K
Fig. 8. Temperature dependences of the relaxation times (z) at 3000 Oe for Dy, in the
temperature range 2-10 K for Dyl (black plots) and 2-5 K for Dy2 (red plots). Black and red

lines are the best fitted curves with parameters given in the text.

Ab initio calculations.

The experimental magnetic properties are rationalized by SA-CASSCF/RASSI-SO
calculations on a truncated version of Dys,, referred as Dy,’ (see computational details and Fig
S1). A calculation is performed for each Dy(lll) center present in the model dimer unit Dy,’,
namely Dyl and Dy2. Despite the strong differences in coordination sphere nature and
geometry between the two magnetic centers, the calculations show similar ground state
properties. In both cases, the ground state is characterized by a strongly uniaxial (Ising-type)
magnetic anisotropy, gz = 19.61 and 19.68 (with gx and gy close to zero) for Dyl and Dy?2
respectively, reflecting an almost pure M;=|x15/2> Stark sublevel (Tables S1 and S2). The

orientation of the computed easy axes tends to follow the most negatively charged O atoms
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from the hfac™ ligands, perpendicular to the plane containing the N atoms from the bis-
chelating and tris-chelating pockets of L (Fig. 9a) and leading to an angle of 64.6° between
the two magnetic axes. This is further supported by plotting the molecular electrostatic
potential around each Dy(lll) center, using the home-made software CAMMEL. This
representation highlights the larger distribution of the potential along the O atoms from the
hfac™ ligands (Fig. 9b, 9c). The decomposition of the total electrostatic potential into the
charge, dipole and quadrupole contributions emphasizes the major contribution of the
quadrupole term to the total potential, as already observed for Dy(Ill) systems (Figs. S4,
S5).[10c][35][42] The computation of the relaxation barriers for each non-equivalent center
tends to highlight a thermally-assisted QTM mechanism occurring through the third excited
state and leading to a calculated energy barrier of 207 cm™ for Dyl (Fig. S6). On the contrary,
the large coefficient between the ground and first excited state observed for Dy2 seems to
favor an Orbach process involving the first excited state with a barrier of 178 cm™ (Fig. S7).
At this point, the calculations underline the similar properties of both Dy(ll1) centers in terms
of magnetic anisotropy and ground state properties regardless the coordination sphere nature
and geometry. However, differences in the local environments of the lanthanide centers
induced strong variations of the ligand field leading to distinct relaxation mechanisms for both

centers.

4
o
(b) (c)
Y
FOE »"‘ L -0.83 -0.86
- - me
73 -1.08 -1.12
-1.33 -1.38
-1.59 -1.63
.-l.x4 .-|.xo
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Fig. 9. Orientations of the ground state g-tensor main component (g;) computed for Dy,’ (a)

and projection of the molecular potential on Dy1 (b, blue line) and Dy2 (c, green line) centers.

A first attempt to describe the static magnetic properties by considering non-
interacting magnetic centers lead to a good description of the high-temperature region of both
the ymT product and the field dependence of the magnetization but failed to reproduce the
decrease observed in the low-temperature range of the magnetic susceptibility (Fig. 6). Based
on the orientation of the ground state magnetic axes and the large Dyl-Dy2 distance,
intramolecular magnetic interactions were considered negligible @inwa = 0.002 cm™).
However, the presence of shorter Dy-Dy distances in the crystal tends to favor intermolecular
dipolar interactions. Moreover, the heterogeneous distribution of these distances, around Dyl
and Dy2, creates inequivalent magnetic environments (Fig. S8). These environments are
modeled by considering the first magnetic neighbors within a sphere with a radius of 12 A
around the central Dy1/Dy2 ions. Each asymmetric center exhibits two types of magnetic
interactions referred as Dyl-Dyl (Dy2-Dy2) and Dyl-Dy2 interactions. The computation
(within the § =1/, approximation) of the dipolar constants, Jx, corresponding to each
interacting pair (Fig. S8 and Table S3), attests the weakness of these interactions (102-107
cm™), which is mainly due to the large Dy-Dy distances observed in the crystal. The
calculated Jx values highlights the antiferromagnetic character (Jx < 0) of Dy1-Dyl and Dy2-
Dy2 interactions and the ferromagnetic character (Jx > 0) of Dy1-Dy2 interactions. Based on
these results, and in order to increase the description of the system and to fit the experimental
data, the effect of this magnetic environment was studied through the incorporation of a
phenomenological parameter (zJ) in the calculations. The best agreement with experimental
data was found for an effective antiferromagnetic field of zJ=-0.03 cm™ (Fig. 6), in agreement

with the values found for the local magnetic environments.

4. Conclusions

A novel TTF-based ligand (L) was designed with two available terpyridine (terpy) and
benzoimidazol-2-pyridine (bzip) coordination sites. This ligand allows the formation of a
dinuclear compound of formula [Dy,(hfac)s(L)]-CsH14 (Dy>) in which the Dy(l1l) are in Dgg
N2Og and C4y N3Og environments. Dy, behaves as a field-induced Single-Molecule Magnet
with two distinct magnetic relaxation times. The N,Og Dyl magnetization relaxes slower than
the one of the N3Og Dy2. Ab initio calculations highlighted similar ground states properties
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(almost pure M; = +15/2, g, ~ 20) for both Dy(lll) ions. However, the strong variation of the
ligand field between Dyl and Dy2, arising from the two different coordination spheres, results
in two distinct relaxation mechanisms. The computational results emphasize a complicated
relaxation mechanism in Dyl, involving several excited states and explaining the longer
relaxation time observed, when compared to Dy2 which tends to relax through the. first
excited state. The description of the local magnetic environment of each asymmetric Dy(l11)
ion highlighted weak intramolecular and intermolecular magnetic interactions occurring in the
crystal. The decomposition of these interactions revealed the presence of both
antiferromagnetic (between equivalent centers) and ferromagnetic (between non-equivalent
centers) contributions.

The ligand L is chemically suitable to build heterobimetallic complexes to incorporate
additional physical properties such as luminescence and Spin crossover, and the influence of

one of the metal center on the properties of the other one is in progress in our laboratory.
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Appendix A. Supplementary data: CCDC 1897266 and 1897267 contains the
supplementary crystallographic data for L and Dys,, respectively. Computational models (Fig.
S1), Frequency dependence of ¥’ for Dy, at 2 K between 0-3000 Oe (Fig. S2) and frequency
dependences of ym’ for Dy, in applied field (Fig. S3). Decomposition of the molecular
electrostatic potential into the charge, dipolar and quadrupolar components for each Dy(l1)
centers.in Dy, (Figs. S4 and S5). Magnetization blocking barrier for each Dy(lll) centers in
Dy, (Figs. S6 and S7). Representation of the magnetic environments around the two Dy(l1l)

centers in Dy, corresponding to the first magnetic neighbors (Fig. S8).
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T/K

The Dy2 dinuclear complex behaves as a multi-field-induced Single-Molecule Magnet in
which the two Ising Dy(l1) ions display distinct relaxation times of their magnetization due to
different magnetic relaxation processes.
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