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Lanthanide complexes Involving Multichelating TTF-based Ligands

S. Speed,® M. Feng,? G. Fernandez Garcia,* F. Pointillart,*? B. Lefeuvre,® F. Riobé,’ S. Golhen,? B. Le
Guennic,*? F. Totti,* Y. Guyot,? O. Cador,? 0. Maury,” and L. Ouahab?

The reaction between the 2-{TTF-fused-1H-benzimidazol-2-yl}pyridine alkylated either with the di-(pyrazol-1-yl)-4-pyridyl
(L) or dimethyl-2,2’-bipyridine (L?) moiety and 1 equiv. of Ln(hfac)s-2H,O (Ln"" = Dy" and Yb") leads to three dinuclear
complexes of formula [Ybz(hfac)s(L)]-2(CH2Cl2)-CsH1a (1) and [Lnz(hfac)s(L?)]-CHCl, (Ln™ = Yb" (2) and Dy" (3)). The X-ray
structures highlight square antiprism (Das symmetry) and spherical tricapped trigonal prism (Dsn) for the eight- and nine-
coordinated lanthanide ions, respectively. Irradiation of the lowest-energy HOMO — LUMO ILCT absorption band induced
a 2Fsj2 — 2F772 Yb-centered emission for 1 and 2. Both Yb" ions displayed similar emissions in 2 while two distinct emissions
were observed and attributed to the two Yb" ions in 1 depending on their coordination surroundings. Slow magnetic
relaxation is detected by dynamic magnetic measurements for 3 with a measured relaxation time 1o = 3.7(1.3) x 107 s and
an energy barrier A = 39.6(2) cm™. Taking into account the environment of both Dy" ions in 3, it was expected that both
metallic centers displayed similar dynamic magnetic behavior. The latter was rationalized by ab initio CASSCF/SI-SO

calculations.

Introduction

Lanthanide ions are of great importance in molecular
magnetism due to their magnetic and luminescence properties.
Indeed, most of them possess a strong anisotropy and a large
magnetic moment which make them good candidates for
obtaining single-molecule magnets (SMMs).1 Moreover, these
systems may have the ability to behave as quantum objects and
act as storage units leading to potential applications such as
high-density data storage devices, quantum computing or
spintronics.2 Lanthanide complexes are already known to
behave as SMMs with a large variety of organic ligands.3= In
such systems the ligand plays the key role of controlling the
adequate charge distribution around the lanthanide ion and so
the desired axial magnetic anisotropy (Ising anisotropy) is
achieved.® As mentioned above, lanthanides are also widely
studied because of their luminescence properties.
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This luminescence covers a wide spectroscopic range that goes
from the visible to the near-infrared region with characteristic
emission bands. These specific properties are used in OLEDs,”
time-resolved fluoro-immunoassays8, biosensors® and time-
resolved imaging.1® However, due to the Laporte-forbidden f-f
transitions,!! the emitting excited states are characterized by
both long lifetimes and very weak absorption coefficients which
lead to ineffective direct excitation processes in dilute solution.
To overcome this disadvantage, indirect sensitization processes,
via an organic chromophore, have been developed: i) triplet
excited-state sensitization, ii) induced triplet metal-ligand
charge transfer (MLCT) and iii) singlet excited-state with intra-
ligand charge transfer (ILCT).12 We concentrate our attention on
the ILCT process because the ligands we use preferentially, i.e.
tetrathiafulvalene (TTF) functionalized derivatives, are of push-
pull type.l3 Considerable efforts are devoted to better
understand and then predict the magnetic behaviour of
lanthanide-based complexes. To that end, magnetic and
luminescent coordination complexes involving lanthanides give
the possibility to establish efficient correlation between these
physical properties.!* In the past, it was demonstrated that TTF
ligands are able to sensitize lanthanides’ luminescence,12.15
generate SMMs?6 and that they can combine both properties to
give redox-active luminescent SMMs.17 A possible approach to
enhance such effects is to design novel compounds in which
more than one metal centre display slow magnetic relaxation
(multi-SMM behaviour). In order to achieve this, however, it is
necessary to develop new synthetic strategies to incorporate in
a bridging ligand different coordination sites. Moreover it is
possible to exploit different previous synthetized SMMs as
“building blocks”, to ensure the magnetic behaviour of each
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centre. Following this strategy, we recently used the ligand 2-
{1-[2,6-di(pyrazol-1-yl)-4-methylpyridyl]-4,5-[4,5-
bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine (L)17 (Scheme 1) which presents one bis-chelating
(bzip = benzimidazol-2-ylpyridyl) and one tris-chelating [dpp =
di-(pyrazol-1-yl)-4-pyridyl] coordination site.
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Scheme 1. Molecular structure of ligands L and L2

Herein, we present the crystal structure of the above-
mentioned ligand L. Subsequently, to induce changes in the
magnetic properties, we replace the tris-chelating moiety of L!
with a 4,4'-dimethyl-2,2'-bipyridine moiety (Mebpy) to give the
2-{1-[4,4’-dimethyl-2,2’-bipyridyl]-4,5-[4,5-bis(propylthio)-
tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine ligand (L2?)
(Scheme 1). The two dpp and Mebpy are grafted on the
4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-
benzimidazol-2-yl}pyridine molecular skeleton which has been
previously published by J. Wu and coll.?® Ligands L2 and L?! as
well as the resulting coordination complexes
[sz(hfac)5(L1)]-CH2CI2 (1) and [an(hfac)g(LZ)]-CeHM (Ln”' =Yb (2)
and Dy (3)) (hfac =1,1,1,5,5,5-hexafluoroacetylacetonate) were
characterized by X-ray diffraction, absorption spectroscopy and
cyclic voltammetry. The static and dynamic magnetic properties
of the complexes were also investigated. Finally, the
interpretation of both absorption and magnetic properties are
supported by TD-DFT and CASSCF/SI-SO calculations.

common

Experimental section

General Procedures and Materials.

The precursors Ln(hfac)s-:2H,0 (Ln"™ = Dy and Yb; hfac =
1,1,1,5,5,5-hexafluoroacetylacetonate anion) and the ligand 2-
{1-[2,6-di(pyrazol-1-yl)-4-methylpyridyl]-4,5-[4,5-
bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine (L) were synthesized following previously reported
methods.1920 Al other reagents were purchased from Aldrich
Co., Ltd. and used without further purification.

Crystallization of the ligand 2-{1-[2,6-di(pyrazol-1-yl)-4-
methylpyridyl]-4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-

1H-benzimidazol-2-yl}pyridine (L!). Yellow single crystals of L!
suitable for X-ray study were obtained by slow diffusion of n-
hexane in a concentrated CHCl; solution of L.

Synthesis of the ligand 2-{1-[4,4’-dimethyl-2,2’-bipyridyl]-4,5-
[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine (L?). 60 mg of 2-(4,5-(4,5-bis(propylthio)-
tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine1® (0.11
mmol) and 25 mg of K,CO3 (0.18 mmol, 1.5 equiv) were added
to 5 mL of DMF, and then the mixture was stirred for 30 min
under argon. A solution of 2 mL of DMF containing 37 mg of 4-
(Bromomethyl)-4'-methyl-2,2'-bipyridine?! (0.14 mmol, 1.25
equiv) was added, and the resulting mixture was heated at 70
°C. After the mixture had been heated for 2 h, additional K,COs
(25 mg, 0.18 mmol, 1.5 equiv) and 4-(Bromomethyl)-4'-methyl-
2,2'-bipyridine (15 mg, 0.06 mmol, 0.6 equiv) were added. The
mixture was stirred and heated overnight. The orange
precipitate was filtered, washed with water (3 x 50 mL), and
finally dried in air. Yield: 45 mg (59 %). Anal. Calcd (%) for
C34H31NsSe: C 58.17, H 4.45, N 9.98; found: C 58.05, H 4.41, N
9.99. 'H-NMR (CDCls): 8.53 (d, 2.3 Hz, 4H), 7.82 (s, 4H), 7.74 (s,
4H), 6.46 (s, 4H), 4.01 (s, 4H) and 2.38 (s, 6H). Yellow single
crystals of L2 suitable for X-ray study were obtained by slow
diffusion of n-hexane in a concentrated solution of L2 in CH,Cl,.
Synthesis of complexes 1-3.

[Yb2(hfac)s(L)]-2(CH2Cl2)-CsH1a (1). 33.2 mg of Yb(hfac)s-2H,O
(0.04 mmol) were dissolved in 10 mL of CH,Cl; and then added
to a solution of 10 mL of CH,Cl, containing 14.8 mg of L! (0.02
mmol). After 1 h of stirring, 40 mL of n-hexane were layered at
room temperature in the dark. Slow diffusion leads to red single
crystals which are suitable for X-ray studies. Yield 39 mg (75 %).
Anal. Calcd (%) for C7zH54C|4szF35N8012551 C 33.39, H 2.09, N
4.33; found: C33.51,H2.26 N, 4.39. I.R. (KBr): 2955, 2928, 2871,
2853, 1653, 1574, 1558, 1532, 1506, 1465, 1412, 1255, 1207,
1146, 1100, 1058, 975, 799, 661 and 587 cm™2.
[sz(hfac)s(Lz)]~CH2C|2 (2). 21 mg of Yb(hfaC)3'2Hzo (0025
mmol) were dissolved in 5 mL of CH,Cl, and then added to a
solution of 5 mL of CH,Cl, containing 10 mg of L2 (0.014 mmol).
After 1 h of stirring, 20 mL of n-hexane were layered at room
temperature in the dark. Slow diffusion leads to red single
crystals which are suitable for X-ray studies. Yield 20 mg (70 %).
Anal. Calcd (%) for C65H39C|2F36szN5012551 C 32.87, H 1.65, N
2.95; found: C32.99,H1.76 N, 2.94. |.R. (KBr): 2955, 2870, 2852,
1653, 1528, 1497, 1465, 1410, 1256, 1209, 1135, 1100, 1058,
976, 798, 660 and 587 cm™1.

[Dya(hfac)s(L2)]-CH,Cl> (3). 21 mg of Dy(hfac);-2H,0 (0.025
mmol) were dissolved in 5 mL of CH,Cl, and then added to a
solution of 5 mL of CH,Cl, containing 8 mg of L2 (0.011 mmol).
After 1 h of stirring, 20 mL of n-hexane were layered at room
temperature in the dark. Slow diffusion leads to red single
crystals which are suitable for X-ray studies. Yield 18 mg (70 %).
Anal. Calcd (%) for C65H39C|2F36DyzN5012552 C 33.16, H 1.67, N
2.97;found: C33.09,H1.72 N, 2.94. |.R. (KBr): 2956, 2872, 2852,
1654, 1528, 1497, 1464, 1409, 1255, 1209, 1135, 1100, 1057,
978, 799, 660 and 587 cm™.

Crystallography. Single crystals of L and L2; 1-3 were mounted
on a APEXII Bruker-AXS diffractometer for data collection (MoKq
radiation source, A = 0.71073 A), from the Centre de



Diffractométrie (CDIFX),
Structures were solved with a direct method using the SIR-97
program and refined with a full matrix least-squares method on
F2 using the SHELXL-97 program?2. Crystallographic data are
summarized in Table 1. Complete crystal structure results as a
CIF file including bond lengths, angles, and atomic coordinates
are deposited as Supporting Information (CCDC numbers:
1515791-1515795 for L1, L2, 2, 3 and 1 respectively).

Physical Measurements. The elemental analyses of the
compounds were performed at the Centre Régional de Mesures
Physiques de I’Ouest, Rennes. 'TH NMR was recorded on a
Bruker Ascend 400 spectrometer. Chemical shifts are reported
in parts per million referenced to TMS for 1H NMR. Cyclic
voltammetry was carried out in CH,Cl; solution, containing 0.1
M N(C4Hs)4PFs as supporting electrolyte. Voltammograms were
recorded at 100 mVs! 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 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
a 90° angle for diluted solution measurements and for solid
state measurement 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 infra-red spectra were recorded at a 90° angle
using a liquid nitrogen cooled, solid indium/gallium/arsenic
detector (850-1600 nm). The luminescence decay of ytterbium
complexes was determined using a home—made set—up. The
excitation of the Yb"' luminescence decays was performed with
an optical parametric oscillator from EKSPLA NT342, pumped
with a pulsed frequency tripled YAG:Nd laser. The pulse
duration was 6 ns at 10 Hz repetition rate. The detection was
performed by a R1767 Hamamatsu photomultiplier through a
Jobin—Yvon monochromator equipped with a 1 um blazed
grating. The signal was visualized and averaged with a Lecroy
digital oscilloscope LT342. The dc magnetic susceptibility
measurements were performed on solid polycrystalline
samples with a Quantum Design MPMS-XL SQUID
magnetometer between 2 and 300 K in applied magnetic field
of 0.2 T for temperatures of 2-20 K and 1T for temperatures of
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20-300 K. These measurements were all corrected for the
diamagnetic contribution as calculated with Pascal’s constants.
Computational Details. DFT geometry optimizations and TD-
DFT excitation energy calculations of the ligands L! and L2 and
the Y" analogues of the corresponding complexes were carried
out with the Gaussian 09 (revision A.02) package?3 employing
the PBEO hybrid functional.?* The “Stuttgart/Dresden” basis
sets and effective core potentials were used to describe the
yttrium atom,2> whereas all other atoms were described with
the SVP basis sets.26 The first 80 monoelectronic excitations

were calculated. In all steps, a modelling of bulk solvent effects
(solvent = dichloromethane) was included through the
Polarisable Continuum Model (PCM),?7 using a linear-response
non-equilibrium approach for the TD-DFT step.?® Molecular
orbitals were sketched using the Gabedit graphical interface.??
Wavefunction-based calculations were carried out for complex
3 by using the SA-CASSCF/RASSI-SO approach, as implemented
in the MOLCAS quantum chemistry package (versions 8.0).3° To
simplify the calculations and concentrate on the local magnetic
properties, 3 has been treated as two independent Dy'"'-based
fragments. The first one was composed by the Dyl ion and the
4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-

yl}pyridine moiety while the second fragment was constituted
of the Dy2 ion and the dimethyl-2,2’-bipyridine moiety.
Relativistic effects are treated in two steps on the basis of the
Douglas—Kroll Hamiltonian: i) 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,3! and the spin-orbit
coupling was added within the restricted-active-space-state-
interaction (RASSI-SO) method, which uses the spin-free
wavefunctions as basis states.32 The resulting wavefunctions
and energies are 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.33 Cholesky decomposition of the bielectronic integrals
speed-up the
calculations.3* The atomic positions were extracted from the X-

was employed to save disk space and
ray crystal structures. Only the positions of the H atoms were
optimized using the DFT protocol described previously. 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
of the Dy'" ion. 21 sextets, 128 quadruplets, and 107 doublets
were mixed through spin—-orbit coupling in RASSI-SO. All atoms
were described by ANO-RCC basis sets.3> The following
contractions were used: [8s7p4d3f2glh] for Dy, [4s3p2d] for
the O directly coordinated to Dy, [3s2p] for other O atoms;
[3s2p1d] for the N atoms; [4s3p] for the S atoms, [3s2p] for the
C and F atoms and [2s] for the H atoms.

Results and discussion
Crystal structure analysis

L. This ligand crystallizes in the P-1 (N°2) triclinic 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 1.318(10) A. The TTF core adopts
a planar conformation with the orientation of the dpp moiety
almost perpendicular to it with an angle of 86.422. The crystal
packing reveals a regular one-dimensional stacking along the a
axis (Fig. S1), with close S1---S5 = 3.743 A and $2---56 = 3.769 A
contacts.
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Table 1. X-ray crystallographic data for the ligands L and L2, and complexes 1-3.

Compounds L! L2 [Yby(hfac)s(LY)]-2CH,Cl,-CeHus (1)
Formula C34H30Ngss C34H31N555 C72H54C|4Yb2F36NsO1st

M / g.mol* 743.0 702.0 2587.5

Crystal system Triclinic Triclinic Monoclinic

Space group P-1 (N°2) P-1 (N°2) P2;/n (N°14)

Cell parameters a=8.184(9) A a=8.1794(14) A a=22.2682(13) A

Volume / A3

Cell formula units
T/K

Diffraction reflection
Pealc, g-CM*

g, mm*

Number of reflections
Independent reflections
Fo? > 25(Fo)?
Number of variables
Rint, R1, WR2

Compounds
Formula

M/ g.mol*
Crystal system
Space group
Cell parameters

Volume / A3

Cell formula units
T/K

Diffraction reflection
Pcalcy g-Cm'3

i, mm?

Number of reflections
Independent reflections
Fo? > 26(Fo)?
Number of variables
Rint, R1, WR>

b =13.719(15) A
¢ =16.857(16) A
o =112.03(5) °
B=90.19(4) °

v =106.24(5) °
1672(3)

2

150 (2)
2.63<20<56.07
1.476

0.450

7452

7452

3257

434

0.1738, 0.0776, 0.1412

[Yba(hfac)s(L2)]-CH.Cl, (2)

CesH3sCl2YboF36N5012S6
2375.4

Triclinic

P-1 (N°2)
a=125259(6) A
b =16.3942(9) A
¢ =22.1956(12) A
o =87.532(2) °

B =188.446(2) °
y=T4.477(2) °
4387.0(4)

2

150 (2)
1.84<20<55.08
1.798

2.456

54840

19960

14598

1155

0.0546, 0.0577, 0.1541

b=14.562(2) A
c=14.9233) A
o =111.939(8) °
B =95.390(6) °
v =96.410(7) °
1620.6(5)

2

150 (2)
2.97<20<55.44
1.439

0.457

13955

7348

3151

408

0.0956, 0.0807, 0.1632

[Dyx(hfac)s(L2)]-CH.Cl, (3)

CesH39Cl,Dy-F36N501,S6
2354.3

Triclinic

P-1 (N°2)
a=12.5468(7) A
b =16.3551(9) A
€ =22.1813(11) A
o =87.829(2) °
p=88.851(2)°

Yy =74.949(2) °
4392.1(4)

2

150(2)

1.84 <26 <55.09
1.780

2.025

68575

19845

16106

1187

0.0357, 0.0496, 0.1335

b=12.7174(8) A
¢ =33.6141(16) A

B=100.365(2) °
9364.0(9)
4

150 (2)
2.04<20<55.12
1.835

2.365

82503

21285

16892

1205

0.0703, 0.1173, 0.2927

Fig. 1 ORTEP view of L. Thermal ellipsoids are drawn at 30% probability. Hydrogen
Fig. 2 ORTEP view of L2 Thermal ellipsoids are drawn at 30% probability. Hydrogen

atoms are omitted for clarity.

atoms are omitted for clarity.
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L2. This ligand also crystallizes in the P-1 (N°2) triclinic space
group (Table 1). The asymmetric unit is composed by only one
molecule of L2 (Fig. 2). As for L, the neutrality of L2 is confirmed
by the central C9-C10 bond length of 1.338(8) A. The TTF core
adopts a planar conformation with the orientation of the
Mebpy moiety almost perpendicular to it with an angle of
88.179. The crystal packing reveals a regular one-dimensional
stacking along the a axis (Fig. S2), with $2---S6 = 3.693 A
contacts.

[Ybz(hfac)e(L!)]-2CHCl-C¢H1a (1). Compound 1 crystallizes in
the P2i/n (N°14) monoclinic space group (Table 1). The
asymmetric unit is composed of two Yb(hfac)s moieties, one L!
ligand, a n-hexane and two dichloromethane molecules of
crystallization. An ORTEP view is depicted in the Fig. S3. The Yb1l
ion is surrounded by six oxygen atoms that belong to three hfac
ligands and two nitrogen atoms from the bis-chelating
coordination site (bzip moiety) of L (Fig. 3). The Yb2 ion is
surrounded by six oxygen atoms that belong to three hfac-
ligands and three nitrogen atoms from the tris-chelating
coordination site (dpp moiety) of L.

Fig. 3 Molecular structure of 1. Hydrogen atoms and both dichloromethane and n-
hexane molecules of crystallization are omitted for clarity.

for both compounds. The values for 3 will be given in brackets.
Both complexes crystallize in the P-1 (N°2) triclinic space group
(Table 1).

Fig. 4 Molecular structure of 2. Hydrogen atoms and dichloromethane molecule of
crystallization are omitted for clarity.

The average Yb-O distances are shorter (2.314(10) A) than the
average Yb-N distances (2.491(12) A) (Table S1) due to the
oxophilic character of the lanthanide, as usually observed.

The arrangement of the ligands leads to a distorted square anti-
prism (Dsg symmetry) and spherical tricapped trigonal prism
(Dsh symmetry) as coordination polyhedra for Yb1 and Yb2 ions,
respectively. The distortion is visualized by continuous shape
measures performed with SHAPE 2.1 (Table S2).36

The central C=C bond of the TTF core is equal to 1.373(18) A
which confirms the neutral form of L. The shortest S---S
contacts (S4---S6 = 3.758 A, 54---S5 = 3.898 A and $3---56 = 3.903
A) lead to the formation of isolated dimers head-to-tail donors
(Fig. S4), separated by Yb(hfac); moieties. The shortest intra-
and intermolecular Yb-Yb distances are 10.759 A and 10.772 A
(Yb1-Yb2), respectively.

[Lnz(hfac)s(L2)]-CH2Cl; (Ln = Yb (2), Dy (3)). Compounds 2 and 3
are isostructural and so only one description will be provided

The asymmetric unit is composed of two Ln(hfac); moieties,
one L2 ligand and a dichloromethane molecule of crystallization
(Figs. 4, S5 and S7). The X-ray structure reveals that the two
coordination sites of L2 are coordinated to a Ln(hfac)s moiety.
The Ln""ions are surrounded by six oxygen atoms that belong to
three hfac™ ligands and two nitrogen atoms that belong to the
bis-chelating coordination sites (the Mebpy or the bzip
moieties). Selected bond lengths are reported in Table S1. The
average Ln-O distances 2.296(5) A [(2.337(4) A)] are shorter
than the average Ln-N distances 2.468(5) A [(2.517(5) A)] due to
the usually observed oxophilic character of the lanthanide. The
arrangement of the ligands leads to a distorted square anti-
prism (Dag symmetry) as coordination polyhedra for both Ln
ions of the molecule (Table S2). The central C=C bond of the TTF
core is equal to 1.342(9) A [1.348(7) A] which confirms the
neutral form of L2. The crystal packing reveals the formation of
dimers stacked head-to-tail with short $4---56 = 3.651 A [(S3--S5
= 3.656 A)] contacts arranged as a one-dimensional network
and isolated one another by Ln(hfac)s moieties (Figs. S6 and S8).
The shortest intra- and intermolecular Ln-Ln distances are
10.426 A[10.479 A] and 10.030 A [8.410 A] (Yb1-Yb2 / Dy2-Dy2),
respectively.

Electrochemical Properties. The redox properties of the ligands
Lt and L2 as well as the related complexes 1-3 are investigated
by cyclic voltammetry (Fig. S9), the values of the oxidation
potentials are listed in Table 2. The cyclic voltammograms for
the free ligands, L and L2, show two mono-electronic oxidations
at about 0.50 V for the first oxidation and about 0.90 V for the
second oxidation, corresponding to the formation of a radical
cation and a dication TTF fragment, respectively (Fig. S9).
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Table 2. Oxidation potentials (V vs SCE, nBusNPFg, 0.1 M in CH,Cl, at 100 mV-s') of the
ligands L! and L2 and the complexes 1-3.

Elp E%)2
Lt 0.51 0.93
L2 0.51 0.92
0.48 0.94
0.52 0.96
3 0.51 0.97

The electrochemistry of complexes 1-3 remains similar to that
of the free ligands, the coordination of the electron attracting
Ln(hfac)s fragments does not significantly affect the oxidation
potentials (Table 2). The electrochemical properties attest that
the reversibility of the oxidation potentials and the redox-
activity of both ligands (L' and L2) are conserved after
complexation.

Photo-physical Properties. The UV-visible absorption
properties of L, L2 and complexes 1 and 2 have been studied
both in solution (CHCl,, Figs. 5 and S10) and solid-state (KBr
pellets, Figs. S11-S15). To rationalize the attributions of the
experimental absorption bands, TD-DFT calculations were
performed on the DFT-optimized geometries (see
computational details) of the ligands L! and L2 and the Y"
analogues of complexes 1 and 2, following a computational
strategy already used TTF-based
systems. 168,17b,37
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Fig. 5 a) Experimental UV/vis absorption spectrum in solution (¢ = 4-105 M) of Lt in CH,Cl,
(open grey circles), respective Gaussian decompositions (dashed lines) and best fit (full
black line). b) Theoretical absorption spectrum (black line), the bars represent the mean
contribution of the absorption spectra that are listed in Table 3. c) Experimental UV/vis
absorption spectrum in solution (¢ =4-10-> M) of 1in CH,Cl, (open grey circles), respective
Gaussian decompositions (dashed lines) and best fit (full black line). d) Theoretical
absorption spectrum (black line), the bars represent the mean contribution of the
absorption spectra that are listed in Table 3.

The molecular orbital diagrams and calculated UV-visible
absorption spectra were also determined (Figs. 5-6, S10, S13
and Tables 3 and S3). The experimental absorption curve of L
has been decomposed into eight bands (Fig. 5a and Table 3).

The calculated UV-visible absorption spectrum for L
reproduces well the experimental curve (Figs. 5a and 5b). The
lowest energy band is calculated at 24310 cm! (experimental
value 25200 cm) and attributed to a n-t* HOMO — LUMO
transition, identified as a TTF to benzoimidazolpyridine (bzip)
charge transfer (ILCT) (Fig. 6, Table 3). This result is in
agreement with the energy of the ILCT observed for the 4,5-
bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-
yl}pyridine molecular skeleton (25189 cm) showing that the
alkylation has no significant influence on the energy of the
ILCT.18 The next three bands were calculated at 29132, 33294
and 34857 cm! (experimental values centred at 30100, 32600
and 36300 cm1) are assigned to intra-TTF transition (ID) (first
transition) and ILCT (the next two). The highest energy part of
the spectrum is assigned to intra-dpp (IA) transitions.
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Fig. 6 MO diagram of L! (left) and complex 1 (right). Energy levels of the centered TTF
donor, dpp acceptor and hfac™ are represented in orange, blue and green, respectively.

The experimental absorption curve of 1 was decomposed also
into eight bands (Fig. 5c and Table 3). The calculated UV-visible
absorption spectrum for 1 reproduces well the experimental
curves (Figs. 5c and 5d). The lowest energy band was calculated
at 19113 cm! (experimental value at 21000 cm?) and attributed
to a t-t* HOMO — LUMO transition (Fig. 6), identified as a TTF
to benzoimidazolpyridine (bzip) charge transfer (ILCT). This
band is significantly lower (by ~4200 cm) than the
experimental energy for the free ligand L! (25200 cm™) due to
the electron-withdrawing character of the Yb(hfac); moiety,
which decreases the electron density of the orbitals centered
on both the acceptor and the donor parts of the ligand. Also
upon the coordination of the Yb(hfac)s moiety there is the
appearance of a new band centered at 38092 cm-
(experimental value at 33100 cm) that is attributed to intra-
hfac™ excitations. The experimental absorption curve of L2 has
been decomposed into eight bands (Fig. S10a and Table S3). The
calculated UV-visible absorption spectrum for L2 reproduces
well the experimental curve (Figs. S10a and S10b). The lowest
energy band is calculated at 23321 cm! (experimental value at
24500 cml) and attributed to a n-n* HOMO — LUMO
transition, identified as a TTF to benzoimidazolpyridine (bzip)
charge transfer (ILCT) (Fig. S13, Table S3).
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Table 3. TD-DFT calculated excitation energies and main compositions of the low-lying electronic transitions for L* and 1. In addition, the charge transfer and the pure

intramolecular transitions are reported. ID, IA, H and L represent the intramolecular TTF (Donor) or intramolecular dpp (Acceptor) transitions, and the HOMO and LUMO,

respectively. Therefore, ILCT stands for Intra-Ligand Charge Transfer. The theoretical values are evaluated at the PCM(CH,Cl,)-PBEO/SVP level of approximation.

(cEr:i) (Zt:i) Osc. Type Assignment Transition
25200 24310 028  ILCT T T i HoL (82%)
30100 29132 0.05 ID e Ho>L+5 (94%)
ogp 33046 070 CT T baip Ho>L+6 (36%)
33542 0.27 ID T TT*TTe H—L+7 (31%)
H-25L (74%
e300 34732 010 T > baip ML i 2 6;)
35670 0.12 ID e
H—>L+7/10 (23/21%)
36594  0.11 H-2>L+1 (80%)
38500 IA Torip—>T*dpp
37070 0.12 H-3—L+1/2 (14/17%)
L' | 40200 39191  0.32 IA Toaip—>T* dpp H-3—>L+1/2 (34/45%)
H-13L (16%)
42237 015 IA ——y H7L41 (33%)
41000 37 022 ILcT ﬁw:—)ﬂ:*b:: H6-L (22%)
H-2—L+5 (10%)
H-1->L+6 (26%)
43380  0.22 IA Tpp—> T dpp H-71+2 (16%)
43500 H-6—L/+2 (17/25%)
21100 19114 027  ILCT T baip H—>L (99%)
25400 28624 036  ILCT T baip H-1—>L (94%)
27900 30080  0.09  ILCT T baip H-3/2—>L (36/58%)
30800 33399 0.3 ID e Ho>L+14 (46%)
1 37787 042 Thfac—>T*pfac H-11->L+1/2 (29/54%)
33100 38316 039 IA Tpp—> T dpp H-10—>L+7 (39%)
38398 0.15
35700 34966  0.09 IA Tpp—> T opp H-10—>L+3 (23%)
39200 36182  0.23 ID e H-1—-L+10 (30%)
44100 / / / / /

The next two bands were calculated at 28703 and 32112 cm-?
(experimental values centred at 27500 and 30400 cm-?) and are
attributed to an intra-TTF transition (ID) and another ILCT. The
rest of the spectrum is a mix of intra-Mebpy (IA) and intra-TTF
(ID) transitions. The experimental absorption curve of 2 was
decomposed into nine bands (Fig. S10c and Table S3). The
calculated UV-visible absorption spectrum for 2 reproduces well
the experimental curves (Figs. S10c and S10d). The lowest
energy band was calculated at 19304 cm-! (experimental value
at 21600 cm) and attributed to a n-t* HOMO — LUMO
transition, identified as a TTF to benzoimidazolpyridine (bzip)
charge transfer (ILCT) (Fig. S13). This band is significantly lower
(by ~2900 cm1) than the experimental energy for the free ligand
L2 (24500 cm!) due to the electron-withdrawing character of
the Yb(hfac); moiety, which decreases the electron density of
the orbitals centered on both the acceptor and the donor parts
of the ligand. Also upon the coordination of the Yb(hfac)s

moiety there is the appearance of a new band centered at
38196 cm! (experimental value at 33700 cm). This band is
attributed to intra-hfac™ excitations.

Metal-centered luminescence. The emission properties of
complexes 1 and 2 were studied at room temperature and at 77
K'in solid state (Figs. 7 and 8). Excitation of the samples at 20000
cminduces the luminescence of the Yb'" ions, assigned to the
2Fs/; — 2F7/2 transition. Ten emission maxima and shoulders are
clearly identified at the following energies in the spectrum of 2:
10206 cm™, 9961 cm™, 9927 cm1, 9871 cm?, 9840 cm™t, 9797
cm1, 9756 cm?, 9709 cm?, 9696 cm and 9624 cm! (Figure 8).
This number of contributions is higher than the degeneracy of
the 2F;;, ground state (Kramer’s doublets), which has a
maximum of four contributions. These additional emission
contributions cannot only be explained by the presence of two
distinct Yb'"' ions in the complex. Indeed although tiny structural
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differences are present, both Yb'' emitters present very similar
polyhedron symmetry (Daq) and therefore the same crystal field
splitting in the luminescence spectra is expected. The presence
of additional signals, that are frequently observed, could thus
be attributed to additional transitions coming from the second
and/or third M, states of the 2Fs;, multiplet by analogy with
some of our previous studies3” and the one by Auzel et al.3° or
to vibrational contributions.
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Fig. 7 (a) Visible (Aex = 28570 cm™ (350 nm)) and (b) NIR (Ae = 20000cm™ (500 nm))
luminescence spectra of 2 in the solid state at 77 K, (c) Decay Kinetics of ?Fs, recorded at

10000 cm™ (1000 nm) in solid state at room temperature under 22222 cm* (450 nm)
excitation for 2. The red line represents the monoexponential fit.

9622 cmL. Once again, the number of contributions is higher
than eight, a value expected for two emitting Yb"' ions in two
different coordination environments, i.e. two different
coordination polyhedra with different symmetries (Yb1-N,Og in
Dag and Yb2-N3Og in D3p). Then the additional emissive bands
could be also attributed to the participation of excited M, states
of the 2Fs/; multiplet state as well as vibrational contributions.
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Fig. 8 Visible (ex = 28570 cm™ (350 nm)) (a) and NIR (Ae = 20000cm (500 nm)), (b)
luminescence spectra of 1 (black line) in the solid state at 77K. For comparison are
superimposed the spectra of [Yby(hfac)e(L3)]® (red line) and 2 (green line) recorded in
the same conditions, (c) Decay Kinetics of 2Fs, recorded at 10000 cm (1000 nm) in solid
state at room temperature under 22222 cm™ (450 nm) excitation for 1. The red line
represents the monoexponential fit.

On the other hand, the dissymmetrical bimetallic complex 1
exhibits eleven emission maxima and shoulders at the following
energies: 10206 cm1, 10172 cm?, 10115 cm-?, 10042 cm, 9966
cm?,9923 cm™, 9871 cm?, 9836 cm?, 9754 cm1, 9685 cm?, and

To visualize the contributions of the different Yb'" ions, we
compared the first emission band of the spectra of 1 (black line
in Fig. 8) with an analogous complex of formula
[Yba(hfac)e(L3)]-CeH1a (where L3 = bis(2,6-di(pyrazol-1-yl)-4-

Please do not adjust margins




methylthiolpyridine)-4’,5’-ethylenedithiotetrathiafulvene) that
has two Yb'""ions in a N3Og environment?° (red line in Fig. 8) and
with complex 2 (green line in Fig. 8). The first emission band is
at 10206 cm at the same position than in complex 2 and has a
shoulder at 10172 cm-! due to the contribution of the Yb'' ions
in a N3O environment. Qualitatively, contributions of the two
types of coordination environment can be found for 1 but the
resolution of the spectra is not good enough to draw any
definitive conclusions. It was recently demonstrated that the
presence of a low-energy ILCT transition can suggest a
sensitization occurring directly via the transfer of energy from
the charge transfer state.1215¢d41 The presence of the
phosphorescence signal at 77 K (Figs. 7a, 8a) suggests that the
3nm* state should be also involved in the sensitization
mechanism.#2 In the present case, it is complicated to
discriminate between the possible sensitization processes and
both energy transfers from singlet and triplet excited states may
simultaneously occur. As already observed for similar TTF-based
ligands, for example the 4,5-bis(propylthio)-tetrathiafulvalene-
2-(2-pyridyl)benzimidazole-methyl-2-pyridine ligand,*? and due
to the presence of the Yb'"' ion an additional sensitization
process involving a stepwise photo-induced electron transfer
can be considered.

For both complexes, the luminescence decay was best fitted by
a single exponential function of time synonymous with a 2Fs;;
state lifetime of 12.2 pus for complex 2 (Fig. 7c) and 11.9 ps for
complex 1 (Fig. 8c). The presence of two different emitting
centres in 1 does not give two significantly different emission
lifetimes. Such lifetimes are in the range of the standard
{Yb(hfac)s;(diimine)} luminophores*?* as well as with our
previously reported [Yb(hfac)s;(L4)] complex (where L4 = 4,5-
bis(propylthio)-tetrathiafulvalene- 2-(2-pyridyl)benzimidazole-
methyl-2-pyridine).4?

Magnetic properties

Static magnetic measurements were performed on the four
compounds. The temperature dependences of ymT for
powdered samples of 1-3 are represented in Fig. 9.
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Fig. 9 . Thermal variation of xuT for compounds 1 (triangles), 2 (squares) and 3 (circles)
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with simulated curve (red line) for 3.

The room temperature values are 4.72 cm3-K:mol?, 4.53
cm3:-K-mol?, and 28.00 cm3-K-mol?! for 1-3, respectively. On
cooling, ymT decreases monotonically down to 2.25 cm3-K-mol-
1,2.31 cm3-K-mol?, 24.18 cm3:-K-mol! for 1-3, respectively. The
experimental room temperature values of yuT are in
agreement with the expected values of 5.14 cm3-K-mol! and
28.34 cm3:-K-mol? for two magnetically isolated Yb"' and Dy'",
respectively.** For compounds 1-3, classical behaviour in the
field range 0-50 kOe is observed from the first magnetization
curves measured at 2 K for magnetically isolated lanthanides
(Fig. S16).

Dynamic Measurements. For the Yb'"' derivatives 1 and 2, no
out-of-phase component of the magnetic susceptibility (ym”’)
was observed while an immobilized powder of 3 shows
frequency dependence in zero external dc field but with a
maximum of the ym”" vs. v curve (v the frequency of the ac
oscillating field) that falls at the limit of the available
frequencies (Fig. 10a). The Dy" ions lie in almost the same
environment N;06-Dag and should therefore behave similarly.
This isindeed what is observed in the extended Debye?*> analysis
of the 2 K data in zero field with only one relaxing centre that
shows that the relaxation process concerns more than 70% of
the magnetic moment (Fig. S17). The application of a moderate
external dc field induces the appearance of a second relaxation
process at low frequency which grows at the expense of the fast
relaxation process (Fig. 10a). Only at fields higher than 800 Oe
one relaxation is visible. The optimum field, the field for which
relaxation is slowest, is estimated at 800 Oe (Fig. 10a).
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Fig. 10 (a) Scan field of the frequency dependence of yu” of 3 at 2 K, (b) Frequency
dependence of yu” between 2 and 10 K, (c) temperature variation of the relaxation time
measured in an external field of 800 Oe with the best fitted curve (red line) in the
temperature range of 2.5-10 K, and (d) normalized Cole-Cole plots at several
temperatures between 2 and 10 K.

In such applied field, the out-of-phase component of v was
observed in the temperature range of 2-11 K (Fig. 10b). The
frequency dependence of the ac susceptibility can be analysed
in the framework of the extended Debye model both for field
and temperature variations. Both Dy'"' ion sites are treated
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identically and relax at the same rate: only one maximum is
observed on the ym” vs. v curves at any temperature. The
temperature dependence of the relaxation time at 800 Oe is
extracted from the extended Debye model between 2.0 and
10.0 K (Table S4). The relaxation time follows the Arrhenius law
T = 70 exp(A/kT) only above 6 K with 19 =3.7(1.3)x107 s and A =
39.6(2) cm™ (Figure 11c) while the full curve is easily reproduced
with a Raman only process t = CxT" with C = 4.8(6)x103 and n =
6.26(7). The value of n is close to 7 expected for Kramers ions*®
which tends to prove that the relaxation does not occur through
first excited state. The Cole-Cole*¢t plots normalized to their
isothermal value are represented in Fig. 10d. Only the plots with
maximum on xm”’ vs. xm’ are shown. Clearly, the curves do not
collapse into a single master one.

Relaxation times on the order of a second remain too fast to
observe the opening of the hysteresis loop at 2 K while at 0.47
K the hysteresis loop slightly opens (Fig. 11).
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Fig. 11 Magnetic hysteresis loop of 3 measured at 0.47 K.

close to the expected g, = 20 for a pure M, = + 15/2 ground
state.#” The calculated ground-state easy axis (Fig. 12) for each
Dy"' ion is oriented perpendicular to the plane formed by the
{tetrathiafulvalenyl-1H-benzimidazol-2-yl}pyridine and
bipyridine moieties as expected for an oblate ion.4816s
Moreover, magnetic relaxation pathways can be interpreted on
the basis of magnetic transition moments (Fig. 13). It confirms
the similarity in the dynamic magnetic properties for both Dy
ions. In both cases, no direct transition is expected whereas
relaxation mechanisms involving the first and second M, states
are highly probable.

Fig. 12 Representation of complex 3 with theoretical orientations of the easy magnetic
axis of the two Dy centres.

Observation of remnant magnetization (residual magnetization
in the absence of an external field) is problematic in the case of
mononuclear complexes of Dy"'. The typical butterfly-shaped
hysteresis loop observed in 3, is a consequence of the hyperfine
coupling and the internal field created in condensed phases by
neighbouring molecules.

Ab initio calculations. SA-CASSCF/RASSI-SO calculations were
performed on two separate Dy"' monomeric fragments of 3 to
rationalize the observed magnetic properties (see
computational details). Energy spectra and g tensors for the
eight Kramer’s doublets of the ground ®His;, multiplet of the
two Dy"' ions are given in Figure S18 and Table S5. The energy
splitting of the ®His/; multiplet is almost identical for the two
Dy'"" ions leading to similar magnetic contributions of each
metallic centre in the thermal dependence of the ymT product.
The calculated ymT vs T (Fig. 11) and M vs H (Fig. S16) curves
fairly well reproduced the experimental curves. Calculations
confirm the axial character of the magnetic anisotropy tensor of
the ground Kramer’s doublet with large g, values of 19.24 for
Dyl and 19.34 for Dy2 and almost negligible g« and g, values
(Table S5). It clearly appears that the g, value for Dyl and Dy2 is
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Fig. 13 Computed magnetization blocking barriers in complex 3 for Dy1 (a) and Dy2 (b)
ions. Numbers provided on each arrow are the mean absolute values for the
corresponding matrix elements of the magnetic transition dipole moment.
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Slightly different relaxation pathways are calculated for the two
metal sites, however these variations are not enough to
experimentally discriminate the two Dy"! ions. The calculations
indicate a difference between the A and the expected barrier,
being the latter almost the double of the former: ~90 cm vs
~40 cml. However, such discrepancy is pretty common in
literature*® and probably due the contribution of coupling of
spin-phonon degrees of freedom in the SMM relaxation
mechanisms. The latter are not accounted in the ab initio
model. The general importance of such contributions was
recently evidenced in the spin-phonon bottleneck mechanism>°
and in the strong dependence both in sign and magnitude of
anisotropic exchange on single vibrational mode>1.

Conclusions

The present work describes the crystal structure of two TTF-
based ligands involving either 2,6-di(pyrazol-1-yl)-4pyridine (L)
or 4,4'-dimethyl-2,2'-bipyridine (L2) as second coordinating
fragment while the first one is insured by the fused
benzimidazol-2-yl-pyridine. Three dinuclear coordination
complexes of formulae [Yba(hfac)s(L!)]-2(CH2Cl3)-CsH14 (1) and
[Lna(hfac)s(L?)]-CH,Cl, (Ln = Yb (2) and Dy (3)) have been
synthesized. Their X-ray structures reveal that both
coordination sites can be occupied in the case of Dy"' and Yb"
ions. The lanthanide ions in eight-coordination environment
adopt square antiprism polyhedra (Dsq symmetry) while the
ones in nine-coordination sphere adopt spherical tricapped
trigonal prism (Dsp).

The UV-visible absorption properties of the ligands and relative
complexes have been determined and rationalized by TD-DFT
calculations. The lowest-energy absorption bands have been
attributed to HOMO — LUMO ILCT bands and used to sensitize
the Yb'"' luminescence of 1 and 2 through an efficient antenna
effect of L and L2. The Yb'"' luminescence is identical for both
metal centres in 2 since they adopt very similar environment
and coordination polyhedra symmetry while two distinct
emission contributions can be quantitatively distinguished for
1. This is in agreement with the two magnetic behaviours
observed in the Dy'"' analogue of 1 which has been previously
studied by some of us.1®

On a magnetic point of view, compound 3 behaves as a SMM
with an opening of the hysteresis loop detected at low
temperature. The two Dy"' centres have very similar dynamic
characteristics. Ab initio calculations rationalized the uniaxiality
of the magnetic anisotropy for both Dyl and Dy2 ions and the
orientations of their anisotropy axis were determined.

In future work, the possibility to selectively coordinate the
different chelating coordination sites will be explored in order
to open the route to the design of large variety of hetero-
bimetallic pure-lanthanide and 3d-4f complexes.
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