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Introduction

Modulation of the magnetic and photophysical
properties in 3d—4f and 4f—4f heterobimetallic
complexes involving a tetrathiafulvalene-based
ligand+

Haiet Douib,®® Jessica Flores Gonzalez,® Saskia Speed,® Vincent Montigaud,®
Bertrand Lefeuvre,® Vincent Dorcet,® Francois Riobé, (=) © Olivier Maury, (=
Abdelkrim Gouasmia,® Boris Le Guennic, (22 Olivier Cador {2 *@ and

Fabrice Pointillart (= *2

The reaction between the 2-(1-(2,6-di(pyrazol-1-yl)-4-methylpyridyl)-4,5-(4,5-bis(propylthio)-tetrathia-
fulvalenyl)-1H-benzimidazol-2-yl)-pyridine ligand (L), 1 equivalent of Ln(hfac)s-2H,O/Dy(tta)s-2H,O (hfac™
= 1,1,1,5,5,5-hexafluoroacetylacetonate, tta~ = 2-thenoyltrifluoroacetonate) and M(hfac),-2H,O leads to
the formation of heteroleptic 3d—4f dinuclear complexes of formula [MLn(hfac)s(L)], (M(1) = Cd, Zn, Co,
Mn, Ni and Ln(i) = Dy, Yb, Nd) and [ZnDy(tta),(hfac)s(L)]-(CH,Cl,). Their X-ray structures reveal that the
two coordination sites are occupied by one Ln(i) ion and one M(i) transition metal respectively. The M(u)
ions are coordinated to the benzoimidazolylpyridine (bzip) moiety in a N,O4 coordination sphere, while
the Ln(m) ions are coordinated to the 2,6-di(pyrazol-1-yl)-4-pyridine (dpp) moiety in a N3Og surrounding.
When Dy(in) ion is used a field-induced Single-Molecule Magnet (SMM) behavior is detected with a mag-
netic relaxation time slightly dependent to the nature of the vicinal divalent transition metal. On the other
hand, when the Yb(m) is used, intense, moderated or quenched 2F5/2 — 2F7/2 NIR luminescence is
observed when the Yb(in) ion is respectively associated with the Zn(i), Mn(i) and Ni(1)/Co(i) ion. The emis-
sion intensity can be modulated in function of the metal-to-ligand charge transfer and d-d transition
intensities. The replacement of the divalent transition metal by a trivalent lanthanide leads to the for-
mation of heteroleptic 4f—4f" dinuclear complexes of formula [Ln,_,Ln'y(hfac)s(L)]-a(CH,Cl,)-b(CgH14) and
[Dy1.11Ndg go(tta)s(hfac)s(L)]. The coordination selectivity is based on the radius. Among the 4f-4f series,
the Dy(i) derivatives displayed such ion in N,Og eight-coordinated sphere allowing the observation of
SMM behavior. The three compounds [Dy; »1Ndg79(hfac)g(L)]-2(CH2Clo)-(CgH14), [Yby.04aNdg gslhfac)s(L)]
and [YbPr(hfac)g(L)] displayed respectively Nd(i), modarated Yb(i) and intense Yb(i) NIR emissions.

from their intrinsic multiple properties ie. magnetic and
optical properties.””> On the one hand, the high magnetic

The great success of the use of lanthanide ions in coordination
chemistry and in the design of supramolecular edifices comes
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moment and strong magnetic anisotropy were exploited in the
molecular magnetism field of research to design Single

CIF format, Ortep view of 1, 3, 4, 6, 8, 11, 13, 15, 17-19 (Fig. S1-S5, S10,
S$12, S14, $17-S20 and S22), packing views of 3, 4, 6, 8, 11, 17-19 (Fig. S6-S9,
S11, S13, S15, S16, S21 and S23), cyclic voltammetry for compounds 1-13
(Fig. S24) and 14-19 (Fig. S25), visible absorption in CH,Cl, solution
(Fig. S26 and S27), in KBr solid-state (Fig. S28 and S29), visible emission at
room temperature and 77 K (Fig. S30-S43), dc magnetic data (Fig. S44-S58)
and ac magnetic data (Fig. S59-S79). X-ray crystallographic data (Tables S1-S4
and S6-S8), SHAPE analysis (Tables S5 and S9), oxidation potentials
(Table S10) and additional ac parameters (Tables S11-S17). CCDC
1865127-1865130 and 1865135-1865140. For ESI and crystallographic
data in CIF or other electronic format see DOI: https:/doi.org/10.1039/
d2dt02375j
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Molecule Magnets (SMMs) and targeted potential applications
such as high-density data storage devices, quantum computing
or spintronics.>® On the other hand, their specific lumine-
scence ranging from the UV-visible to the Near Infrared (NIR)
region, make lanthanide-based coordination complexes suit-
able for a plethora of other applications in the fields of
OLEDs,’ time-resolved fluoro-immunoassays,'® biosensors''*?
and time-resolved imaging."*'*

For both research fields, a challenge is to find efficient strat-
egies to enhance the performance of these aforementioned
properties. In a magnetic point of view, chemists combined 3d
and 4f ions in order to combine the advantages of the two
ions i.e. strong magnetic anisotropy of the 4f elements with
significant magnetic interactions with the paramagnetic 3d
elements">'® and even quenching of the Quantum Tunneling
of Magnetization (QTM)." It is worth to notice that even the
association with diamagnetic transition metals could lead to
enhancement of the magnetic properties due to its electro-
static effect on the magnetic anisotropy of the 4f elements.>* "
Such electrostatic effect can be induced by trivalent lanthanide
ions as demonstrated by M.-L. Tong in 2013.>*° In other
special cases, the 3d site can highlight exciting magnetic pro-
perties such as spin-crossover and influence the whole physical
properties of the system.?® In an photophysic point of view, the
emitting f excited states have very weak absorption coefficients
with long lifetimes due to the Laporte rules.?” Thus direct sen-
sitization is not efficient for 4f luminescence especially in
diluted solution, and strategies based on the use of organic
chromophores, which strongly absorb light in the UV-visible
range, have been developed:*® (i) triplet excited-state sensitiz-
ation, (ii) singlet excited-state with intra-ligand charge transfer
(ILCT) which has been intensively used in the case of push-
pull ligands such as tetrathiafulvalene (TTF) functionalized
derivatives®® (iii) intramolecular f — f energy transfer
process®®?*! and (iv) induced triplet metal-to-ligand charge
transfer (MLCT). As previously listed, one of the strategies to
sensitize the luminescence is to inject transition metals in the
architecture, for example a diamagnetic Zn(u)-Schiff base unit
was used as an organometallic antenna for visible lumine-
scence sensitization,*” while diamagnetic Pt(n) and Ru(u), and
even paramagnetic Cr(ur) were used to extend the lifetimes of
NIR luminescence®® and optimization of molecular light-upcon-
version.>® On the contrary, paramagnetic transition metals are
described as potential quenchers the 4f luminescence.>”

Consequently, it is easy to be convinced that d-4f and 4f-4f'
heterobimetallic complexes could be a promising strategy to
enhance both magnetic and optical properties but the chal-
lenge is to succeed to selectively coordinate the two different
metal ions. To reach a perfect control of the step-by-step syn-
thesis of the final targets, the chemists elaborated metallo-
ligand approach®**® and multi-coordination-site ligands. For
the second strategy, chemists played with the size, charge, den-
ticity, and hard/soft hetero-atoms of the coordinating units.
The most famous examples of such ligands are the pseudo-
helicenic ligands based on the tridentate chelating 6-(carba-
moyl)pyridine-2-yl-1H-benzimidazole and bidentate chelating
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Scheme 1 Molecular structure of ligand L highligting the two sites of
coordination.

pyridine-2-yl-1alkylbenzimidazole moieties developed by the
group of C. Piguet,>®*°*' the Schiff Base ligands such as
Salicylideneimine derivatives’>™” and the macrocycle derived
from 1,4,7,10-tetraazadodecane-1,4,7,10-tetraacetic acid
(DOTA) derivated ligands.*® Using the latter family of ligands
decorated with a TTF core, some of us succeeded to elaborate
3d-4f heterobimetallic complexes.*®*° Then we developed the
synthesis of a TTF-based ligand involving one bis-chelating
(bzip = benzimidazol-2-yl-pyridyl) and one tris-chelating (dpp =
di-(pyrazol-1-yl)-4-pyridyl) coordination site for the design of
homoleptic Dy(u) and Yb(ur) complexes which displayed multi-
SMM behavior®® and multi-emission® in a single molecule.

In this article, we go one step forward using the previously
mentioned 2-{1-2,6-di( pyrazol-1-yl)-4-methylpyridyl]-4,5-[4,5-
bis( propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyri-
dine ligand (L) (Scheme 1) to design heteroleptic nd-4f (n = 3,
4) and 4f-4f' complexes. These complexes have been character-
ized by X-ray diffraction, absorption spectroscopy and cyclic
voltammetry.

The magnetic and emission properties of the complexes as
well as the influence of the two associated metal ions were
investigated.

Results and discussion
Synthesis

The L ligand was selected to design heterobimetallic complexes
due to its two sites of coordination with different denticities.
The first part of this article is focused on the design of
3d-4f heterobimetallic complexes. To do so, the first step
consisted in the coordination of the d transition metal
(M(hfac),-2H,0) which must be coordinated to the bidentate
chelating site (benzimidazole-2-yl-pyridine, bzip) of L. The
second step consisted in the coordination of the 4f element
(Ln(hfac);-2H,0) to the remaining free tridentate chelating site
of coordination (2,6-di(pyrazol-1-yl)-4-methylpyridine, dpp).
The combination of the coordination number limitation of the
d element and the non-lability of such element guarantees a
optimal selectivity of the coordination for d and f elements on
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the bzip and dpp moieties, respectively. Finally, the
Dy(hfac);-2H,0 was replaced by the Dy(tta);-2H,O precursor
keeping the same step-by-step protocol in order to evaluate the
lability of the ancillary ligands in case of 3d ions. The step-by-
step synthetic strategy was selected to be on line with the one
used for the f-f' complexes.

The second part of the article is focused on the design of
4f-4f" heterobimetallic complexes. To reach this more challen-
ging aim, the preference of the large lanthanide for the dpp
site of coordination was demonstrated with the selective
coordination of the Pr(m) ion in 14. The coordination selecti-
vity is demonstrated at room temperature while heating the
reaction mixture led to the coordination of the two bzip and
dpp sites (see ESIt for X-ray structure of [Nd,(hfac)s(L)]-CcH4
(18)). After the selective coordination of the larger lanthanide
(Nd(m)) on the dpp site, the smaller lanthanide (Dy(u)) was
added for coordination to the bpiz site. The ratio between the
two lanthanide ions are determined by Energy Dispersive
Spectrometry (EDS) and given values are the average value
between at least three measurements (see ESI} for details).
This first step by step strategy lead to the formation of the
[Dy;.21Ndg 79(hfac)s(L)]-2(CH,Cl,)(CeHy4) (15) compound. In
order to increase the discrimination between the two sites,
three strategies were used: (i) playing with the size of the
ancillary ligand ie the Dy(hfac);-2H,O was replaced by
Dy(tta);-2H,0, (ii) using a smaller lanthanide than Dy(u), i.e.
the Dy(hfac);-2H,0, was replaced by Yb(hfac);-2H,O and (iii)
using simultaneously a smaller lanthanide than Dy(m) (ie.
Yb(mr)) and a bigger lanthanide than Nd(um) (i.e. Pr(um)). From
isolated single crystals, one could notice that the first strategy
led to the formation of the [Dy, ;1Nd, go(tta)s;(hfac)s;(L)] (16)
compound while the second strategy led to the
[Yb;.04Ndg o6(hfac)s(L)] (17) compound, and finally the third
strategy lead to [YbPr(hfac)s(L)] (19). It is worth to notice that
the latter compound can also be obtained starting from
complex 14. The three strategies have been a success increas-
ing the discrimination.

Crystal structure analysis

The whole series of compounds 1-10 possesses a similar mole-
cular structure, the differences come from the crystallization
space group which depends on the number and the nature of
the interstitial solvent molecules. The latter ones depend of
the size of the 3d and 4f metal ions. Consequently a general
description of the structure is given for the whole series and
only the significant structural changes are point out.
[MLn(hfac)s(L)],-x(CH,CL,)-y(CeH14)-2(H,0). The X-ray crys-
tallographic data for compounds 1-10 are given in Tables S1
and S3.T The Ortep views for the compounds 1-10 are depicted
in Fig. S1-S5.f All X-ray structures are composed of one
M(hfac), and one Ln(hfac); moieties coordinated to the ligand
L. The M(hfac), is selectively coordinated to the bidentate che-
lating benzimidazole-2-yl-pyridine (bzip) coordination site
while the Ln(hfac); is coordinated to the tridentate chelating
2,6-di( pyrazol-1-yl)-4-methylpyridine (dpp) coordination site
(Fig. 1). The Ln1 ion is surrounded by six oxygen atoms that
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Fig. 1 Representative molecular structure of the series of compounds
1-10 (M = Cd, Zn, Mn, Co and Ni; Ln = Dy and Yb). Hydrogen atoms and
solvent molecules of crystallization are omitted for clarity.

belong to three hfac™ ligands and three nitrogen atoms from
the dpp coordination site of L.

The M1 ion is surrounded by four oxygen atoms that belong
to two hfac™ ligands and two nitrogen atoms from the bzip
coordination site of L. The average Ln-O distances are shorter
than the average Ln-N distances (Table S4}) due to the oxophi-
lic character of the lanthanide, as usually observed. At the tran-
sition metal level, the difference of bond lengths between M-O
and M-N are not as significant as for the lanthanide ions
(Table S4f). The arrangement of the ligands around the
lanthanide ions leads to a spherical tricapped trigonal prism
(Dsn symmetry) and spherical capped square antiprism (D,q
symmetry) as coordination polyhedra (Table S5t). The distor-
tion is visualized by continuous shape measures performed
with SHAPE 2.1 (Table S5t).>* The central C=C bond lengths
of the TTF core confirm the neutral form of L in all the com-
pounds 1-10.

The crystal packing reveals the formation of head-to-tail
dimers of L (called Donor-Acceptor dimers, D-A). Then each
D-A dimer forms a column of L along the a axis thanks to
Donor-Donor (D-D) interaction through S---S short contacts
(Fig. 2 and S6-S9, Table S67). Finally each column is separated
by the Ln(hfac); and M(hfac), units along the b and c axis,
respectively. The shortest intermolecular Ln-Ln distances as
well as the M-Ln inter- and intra-molecular distances are
listed in Table S6.t1 It is worth to notice that the most impor-
tant structural differences in this series are observed in the
case of 1. In fact one of the ligands is clearly more distorted
with an a value lower than for the other 3d4f hetero-bimetallic
compounds and a stronger overlap between the head-to-tail =
systems of L allowing the formation of short S11---O2 contacts
(Table S61).

[ZnDy(tta),(hfac);(L)]-(CH,Cl,) (11). 11 crystallizes in the P1
(no. 2) triclinic space group (Table S1). The asymmetric unit
is composed by one molecule of [ZnDy(tta),(hfac);(L)] and one
crystallization molecule of dichloromethane. An Ortep view of
11 is depiced in Fig. S10.f The X-ray structures revealed that
the Zn(u) and Dy(m) ions are respectively coordinated to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Representative crystal packing of the series of compounds 1-10.
The {4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-yl}
pyridine fragment is shown in spacefill representation while the dpp
moiety and the organometallic precursors M(hfac), and Ln(hfac)s are
shown in ball and sticks representation.

bzip and dpp fragments as expected. Nevertheless the starting
nature of the precursors ie. Zn(hfac), and Dy(tta); do not
remain intact. In fact a reorganisation of the f-diketonate
anions is observed so that the steric hindrance around the
metal is optimal.

Consequently, the comproportionation reaction leads to the
formation of Zn(hfac)(tta) and Dy(hfac),(tta) units that are co-
ordinated to the bzip and dpp sites (Fig. 3). Such reorganis-
ation was already observed for the design of homo-metallic
lanthanide complexes involving L starting from the Dy(hfac),
and Dy(tta); precursors.>

The Zn(u) and Ln(um) ions remain in N,O, and N;Og
environment. The arrangement of the ligands around the
lanthanide ion leads to a spherical tricapped trigonal prism
(Dsn symmetry) as coordination polyhedra (Table S51).>* The
reorganization of the ancillary ligands does not induce signifi-
cant changes in the M-X and Ln-X (X = O and N) distances
(Table S41) neither in the crystal packing in which the for-
mation of columns involving D-D and D-A dimers is observed
(Table S6 and Fig. S117).

[Pr(hfac);(L)],:0.5(CsH14)-0.25(CH,Cl,) (14). Compound 14
crystallizes in the C2/c (no. 15) monoclinic space group
(Table S1f). The asymmetric unit is composed by two

Fig. 3 Molecular structure of 11. Hydrogen atoms and solvent mole-
cules of crystallization are omitted for clarity.

This journal is © The Royal Society of Chemistry 2022
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[Pr(hfac);(L)] molecules and half a crystallization molecule of
hexane (Fig. 4).

The X-ray structure reveals that only the tris-chelating
coordination site (dpp moiety) of L is coordinated to one
Pr(hfac); moiety. This selectivity can be explained by the larger
ionic radius of the Pr(m) ion which is too large to fit in the bis-
coordinating site. Complex 14 nicely illustrates the preference
of lanthanide ions to one specific coordination sites. The Pr(u)
ion is surrounded by six oxygen atoms that belong to three
hfac™ ligands and three nitrogen atoms coming from the tris-
chelating coordination site (dpp moiety). The average Pr-O dis-
tances are shorter (2.479(10) A) than the average Pr-N dis-
tances (2.649(11) A) (Table S7t). The arrangement of the
ligands leads to distorted spherical tricapped trigonal prism
(Dsn) and Muffin (Cs) as coordination polyhedra for the Pr1
and Pr2 ions, respectively (Table S51). The central C=C bonds
of the TTF cores are equal to 1.324(2) A which confirms the
neutral form of L. The two crystallographically independent
complexes form dimers by short S---S contacts (S4:--S9 =
3.714 A, S4.--810 = 3.719 A, $5---S11 = 3.714 A and S5---512 =
3.732 A) (Table S8%). The crystal packing reveals that the
dimers further arrange as dimers of dimers isolated by
Pr(hfac); units, with the shortest S---S contacts being S6---S7 =
3.645 A and $6---S10 = 3.696 A (Fig. S167). The shortest inter-
molecular Pr-Pr distance is 9.592 A (Pr1-Pr2). Compound 14
can be seen as an intermediate to obtain heterobimetallic
complexes in which the Pr'™ ion or lightest lanthanide could
be associated with another 4f metal ion.

[Lny.,Nd; _,(hfac)s(L)]-2CH,Cl,-CeHy4 (Ln = Dy, x = 0.21 (15);
Ln = Yb, x = 0.04 (17); Ln = Nd, x = 0 (18)) and [YbPr(hfac)s(L)]
(19). These four compounds are isostructural to the two homo-
metallic complexes of Yb(m) and Dy(m) ions that some of us
previously published (Fig. 5).>"** All compounds crystallize in
the P2,/n (no. 14) monoclinic space group (Table S21). The
asymmetric unit is composed of two Ln(hfac); moieties, one L
ligand, a n-hexane and two dichloromethane molecules of crys-

Fig. 4 Molecular structure of 14. Hydrogen atoms and solvent mole-
cules of crystallization are omitted for clarity.

Dalton Trans., 2022, 51,16486-16496 | 16489
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Fig. 5 Representative molecular structure of compounds 15 and
17-19. Hydrogen atoms and solvent molecules of crystallization are
omitted for clarity.

tallization (Fig. S17-S20t for 15, 17, 18 and 19, respectively).
The two lanthanide ions are coordinated to the bzip and dpp
moieties in N,Os and N;O4 coordination sphere, respectively.
Thus the two coordination sites are occupied by a Ln(hfac),
unit.

The average Ln1-O and Ln1-N distances observed in the
eight-coordinated sites respectively in 15 and 17/19 are in agree-
ment with those observed in the isostructural [Dy,(hfac)s(L)]:
2CH,Cl,-C¢Hy,*' and [Yb,(hfac)s(L)]-2CH,Cl,-CeHy, > struc-
tures. It thus seems reasonable to consider these sites to be
fully occupy by either the Dy(m) and Yb(um) ions. The fraction of
Dy or Yb ions in the nine-coordinated site is determined by
Scanning Electron Microscopy equal to 21% in 15, 4% in 17
and close to 0% in 19. This result shows that the higher the
difference of ionic radius between the eight-coordinated lantha-
nide ion (Lnl) and the nine-coordinated lanthanide ion
(Nd1/Ln2), the higher is the selectivity. The arrangement of
the ligands leads to a distorted square anti-prism (D,q sym-
metry) and spherical tricapped trigonal prism (Ds;, symmetry)
as coordination polyhedra for Ln1 and Nd1/Ln2 ions, respect-
ively. The central C=C bond of the TTF core confirms the
neutral form of L.

The crystal packing reveales the formation of head-to-tail
dimers of L along the b axis (Fig. S21f). A one-dimensional
organic network of L is formed along this axis thanks to S-S
contacts between the head-to-tail dimers (Table S8f). Each
column of L is separated by the Ln(hfac); moieties localized in
the nine-coordination sites. The shortest intra- and inter-
molecular Ln-Ln distances are depicted in Table S7.+

[Dy1.11Nd, go(hfac)s(tta);(L)] (16). Compound 16 is isostruc-
tural to the homo-metallic complex [Dy,(hfac);(tta);(L)] which
has been previously published by us.>* The two bis- and tri-
dentate chelating coordination sites of the ligand L are occu-
pied by a [Dy(tta),(hfac)] and a [Dy,.11Nd, go(tta)(hfac),] unit,
respectively (Fig. 6 and S22t). Thus an exchange of one hfac™
and one tta~ anion is observed in complex 16 as for
[Dy,(hfac)s(tta)s;(L)], demonstrating that such reorganization is

16490 | Dalton Trans., 2022, 51,16486-16496
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Fig. 6 Molecular structure of 16. Hydrogen atoms are omitted for
clarity.

not depending on the nature of the lanthanide ion. The eight
coordinated lanthanide ion has a D,q N,O environment while
the nine coordinated lanthanide ion has a D3, N;O4 environ-
ment (Table S9T). More interesting is when the occupancies of
the tris-chelating coordination site by each ion is compared to
those in 15. The use of pure hfac™ ancillary ligand leads to an
occupancy of 21% of the Dy(m) while the use of a mixture
hfac™/tta™ leads to an occupancy of 11%.

One could notice that even if ligand-scrambling took place,
the two remaining coordinated tta-anions to Dy(m) centre led
to an increase of the coordination selectivity. In other words,
the use of tta” increases the discrimination between the
coordination sites because it favors a perfect match between
the size of the two lanthanide ions and the coordination sites
for a minimum of steric hindrance. The crystal packing reveals
the formation of isolated “head-to-tail” dimers (Fig. S237).

Electrochemical properties

The redox properties of the complexes 1-19 are investigated by
cyclic voltammetry (Fig. S24 and S25%), the values of the oxi-
dation potentials are listed in Table S10.} The cyclic voltam-
mograms for all the complexes show two mono-electronic oxi-
dations at about 0.47-0.67 V for the first oxidation and about
0.90-0.99 V for the second oxidation, corresponding to the for-
mation of a radical cation and a dication TTF fragment,
respectively. The electrochemical properties attest that the
reversibility of the oxidation potentials and the redox-activity
of ligand (L) is conserved after complexation.

Photophysical properties

Absorption spectroscopy. The UV-visible absorption pro-
perties of the 3d4f heterobimetallic and 4f4f" heterobimetallic
compound series have been studied both in CH,CI, solution
(Fig. S26 and S277) and KBr solid-state (Fig. S28 and S29%).
The UV-visible absorption properties of L and the homoleptic
Yb(m) derivative (formula [Yb,(hfac)s(L)]-2CH,Cl,-CsH;4) were
previously studied and the attributions of the experimental
absorption bands were rationalized by TD-DFT calculations.*

This journal is © The Royal Society of Chemistry 2022
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Based on those studies, the absorption properties of the two
present series of compounds can be described and analysed.
The lowest-energy absorption bands in the 17 500-27 500 cm™*
energy range were attributed to Intra-Ligand Charge Transfer
(ILCT) from the TTF to benzoimidazolpyridine fragment. This
ILCT excitation is mainly due to the HOMO to LUMO tran-
sition and it is localized at lower energy after complexation of
the electron-withdrawing metallic precursors as observed in
the solid-state absorption spectra (Fig. S28 and S297%). The red-
shift of the ILCT band after complexation attests the integrity
of the complexes in CH,Cl, solution. The following energy
range of 27 500-35000 cm ™" is constituted of intra-TTF and
ILCT excitations as well as Intra-hfac™ transitions (around
33000 cm™). It is worth to notice that in this energy range,
compound 16 is slightly different than all the other com-
pounds because of the existence of lower-energy Intra-tta”
transitions (around 29500 cm™'). Finally the highest-energy
part of the absorption spectra (above 35000 cm™) is devoted
to the n-n* intra-dpp transitions.

Emission spectroscopy

3d-4f heterobimetallic complexes (4f = Yb(m)). The emission
properties of complexes 3, 5, 8 and 10 were studied at room
temperature and at 77 K in solid-state. The four samples were
irradiated at 350 nm and display a very weak visible fluo-
rescence at room temperature (Fig. S30-S33t). The same
irradiation at low temperature (77 K) leads to the phosphor-
escence of L (Fig. S34-S377). These kind of ligand-centered
emission was already observed for ligands involving the {[4,5-
bis( propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyri-
dine molecular skeleton.’>>* More interesting is the emission
in the NIR region, complex 3 highlights a characteristic
luminescence of the Yb(m) ion, assigned to the *Fs;, — 2F,
transition (Fig. 7a). The maximum number of expected contri-
bution for a Yb(u) ion is four taking into account the degener-
acy of the °F,,, Kramer’s doublet ground state. These four main
bands can be identified centered at 9756, 9852, 10091, and
10172 cm™, but there are also shoulders corresponding either
to the presence of two crystallographically independent Yb(i)
centers with distinct coordination polyhedron symmetry
(Table S57) leading to two different crystal field splittings and/
or additional transitions coming from M; excited states of the
’F5,, multiplet as frequently observed in previous studies.’*>>>°

The same light irradiation to complex 5 leads to a similar
NIR Yb(m) centered luminescence. The resolution is lower but
the four main transition are still observed centered at
9699 cm™*, 9766 cm ™', 9921 cm ™, and 10 183 em™* (Fig. 7b).

The main difference between 3 and 5 is the stronger inten-
sity of the emission for 3 than for 5. Finally the NIR lumine-
scence for 8 and 10 is totally quenched. Among the series of
3d4f heterobimetallic compounds, three different optical beha-
viors can be identified: (1) an intense NIR emission when the
Yb(m) ion is associated with the d'® closed shell electronic
structure Zn(u), (2) a complete quenching of the Yb(ur) NIR
luminescence the presence Co(u) and Ni(u) ions and (3) a
partial quenching in the presence of Mn(u).

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Solid state NIR luminescence spectrum of 3 (a) and 5 (b) at 77 K,
Jex = 600 nm (16 667 cm™).

The non-detrimental effect of close shell metal ion like
Zn(u) is well established, it mainly acts as Lewis acid red-shifting
ILCT transition and contributes to rigidify of the structure
restricting nonradiative deactivation processes.’” > In marked
contrast, paramagnetic transition metals like Cu(u), Co(u),
Ni(u) are generally good fluorescence quenchers due to the
presence of low-lying d-d and/or Metal-Ligand Charge
Transfer (LMCT) state favouring non radiative processes. These
metal ions enhance the non radiative desexcitation pathways
of the antenna and this later is no more able to sensitise
the lanthanide ion resulting in a very strong emission
quenching.®®®'  Finally the partial emission quenching
observed in the presence of paramagnetic Mn(u) may be due to
a moderate spin-orbit coupling, it does not highlight strong
MLCT and the weak d-d transitions are higher in energy than
the n—n* singlet state. Thus it is does not favor nonradiative
decays and compound 5 is one of the rare examples of NIR
emitters containing a paramagnetic transition metal.

4f-4f' heterobimetallic complexes. Irradiation at 350 nm at
room temperature gives a very weak visible fluorescence for all
the compounds (Fig. S38-5407) while the same irradiation at
low temperature (77 K) leads to the phosphorescence of L
(Fig. S41-S437). Low-energy irradiation (600 (nm)) at 77 K of
15, leads to the NIR emission of the Nd(ui) ion which is attrib-
uted to the classic three excitations localized at 7479 cm™*
(*Fs2 = “Lisp), 9398 em™" (*F3, — “I315) and 11099 cm™
(*Fs;2 = “loj) (Fig. 8a) while no emission of the Dy(m) ion is
detected because of the non-energy matching between the
emissive level of the Dy(m) ion and the ILCT. Compound 17 is
composed of two potentially emissive lanthanides with the

1
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Fig. 8 Solid state NIR luminescence spectra of 15 (a), -17 (b) and 19 (c)
at 77 K, Jex = 600 nm (16 667 cm™).

eight coordinated Yb(u) and the nine coordinated Nd(um).
Irradiation of 17 at 600 nm at 77 K, leads to a single NIR emis-
sion at 9690 cm™*, 9930 cm ™' and 10193 cm™' which is
characteristic of the *Fs;, — >Fy, transition of the Yb(m) ion
(Fig. 8b). Based on the previous works®*"*® and on the much
more resolved Yb(m)-centered luminescence (Fig. 8c) once
Nd(m) has been changed by a Pr(m) ion in 19, the absence of
Nd(u)-centered emission in 17 might be an indication of an
efficient Nd-to-Yb Energy Transfer (ET).

Magnetic properties

Static magnetic measurements. The static magnetic pro-
perties of compound 1 are represented on Fig. S447 with the
xmT vs. T plot and the M vs. H plot at 2 K. At room temperature
ymT is equal to 13.7 em?® K mol ™. This value is slightly smaller
than expected for Dy(m) (®*H;s, 14.14 ¢cm® K mol*).*” On
cooling, yuT decreases monotonically according to the
thermal population of crystal field levels to end up at 12.3 cm?
K mol™'; a value relatively close to what is expected for the
stabilization of the Ising Kramers doublet |M; = +15/2 >
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(12.5 em® K mol™). The assumption of the Ising Kramers
doublet ground state is supported by the M vs. H curve which
saturates at 5Nf (Fig. S44}). The room temperature values of
aymT for compounds 2, 6, 7 and 9 are equal to 13.78, 2.73,
17.74 and 14.5 cm® K mol™" respectively (Fig. S457). These
values are in good agreement with the expected Curie con-
stants: (1) the diamagnetic Cd(u) ion does not contribute so
the Curie constant for 2 is 14.17 cm® K mol ™. (2) Y(m) is also
diamagnetic so the Curie constant for 6 corresponds to the
value expected for octahedral Co(u) (~3 cm® K mol*).%® (3) The
sum of 14.17 cm® K mol™" from Dy(m) and ~3 cm?® K mol ™" for
Co(n) for 7. (4) Finally, the sum of 14.17 cm® K mol™" from
Dy(m) and 1 cm® K mol™" for the § = 1 spin of Ni(u). yyT’s
decrease on cooling for the four compounds according the
thermal population of crystal field levels of Dy(u1) ion for 2 and
single-ion anisotropy of 3d element for 7 and 9, only the
single-ion anisotropy of Co(u) is involved for 6 but with the
same consequence. The low temperature limits of y\T are
equal 11.53, 1.65, 14.26 and 11.54 cm® K mol ™" for 2, 6, 7 and
9 respectively. The magnetization curves at 2 K are plotted on
Fig. S46.1 The magnetization saturates for 2 at 5.2Nf. The mag-
netization linearly increase for 7 and 9 at high field with no
saturation. The magnetization curve of 7 matches as expected
with the sum of 6 and 2. The room temperature value of y\T
for 3 is equal to 2.16 em® K mol™". This value is slightly
smaller than expected for the multiplet ground state *F,,, of
Yb(m) (2.57 em® K mol )% with a diamagnetic Zn(u) and
decreases on cooling down (Fig. S471) according to the
thermal population of the crystal field levels of the lanthanide.
The room temperature values of y\T for 4 and 5 are respect-
ively equal to 18.73 and 7.28 cm® K mol™" (Fig. $48t). The
value for 4 is in good agreement with the presence of an iso-
lated Dy(m) ion and an isolated S = 5/2 isolated spin of Mn(u)
ion with gy, = 2 (expected 14.17 + 4.375 = 18.55 cm® K mol )
while the value for 5 is slightly higher than expected (2.57 +
4.375 = 6.94 cm® K mol ™). In a commonplace, y,T’s decrease
on cooling but one may suppose that it is entirely due to the
crystal field effects at the lanthanide site since the spin only
3d® Mn(u) is almost unaffected by crystal field and follows the
Curie in the whole temperature range. At 2 K, the magnetiza-
tion saturates at 10.2 and 7.4Np for 4 and 5 respectively. For 4
it corresponds to the sum of saturation expected for the Ising
ground state of Dy(m) (5Nf) and the saturation for S = 5/2 of
Mn(u) (5Np) (Fig. S497). For 5, considering saturation for Mn(u)
a saturation for Yb(w) at 2.4Np is envisaged which is not too
far from the value observed for 6 in which the environment
around Yb(uw) is similar (N3O¢). The room temperature values
of ymT for 8 (5.56 cm® K mol ™) and 10 (3.47 cm® K mol ™) are
in good agreement with the Curie constants evaluated for
Yb(m), Co(u) and Ni(u) (2.57, ~3 and 1 cm® K mol ™" respectively).
While the of y\T on cooling for 8 is the combination of crystal
field effects at lanthanide site and the combination of spin-
orbit coupling and crystal field effects at meta site for 8, the
main decrease is entirely due to Yb(m) with a steep descent at
low temperature due to zero-field splitting at Ni(u) site
(Fig. $5071).°® Magnetization for 8 at 2 K and 50 kOe is equal to
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4.1Np that fits with saturation of 6 (2.12Np) plus the value
observed with the same sample environment in 3 (1.53Nf)
(Fig. S517). Compound 11 can be compared to 1 since in both
complexes 3d metal is diamagnetic and the coordination poly-
hedron around Dy(i) is N3O with nearly similar CShM values
(Table S5t). However, in 11, part of the hfac™ anions has been
substituted by tta™. It changes the crystal field and so the yT
vs. T curves do not superimpose. For 11, y,T starts at 14.1 cm?
K mol™ at room temperature and finishes at 11.7 cm® K mol ™
at 2 K and the magnetization does not fully saturate since
there is a slight linear increase at high field with 5.2Np at 50
kOe and at 2 K (Fig. S52t). The room temperature value of yyT
for 14 is equal to 1.4 cm® K mol™" which is slightly lower than
expected for the °*H, multiplet ground state of Pr(m)
(Fig. S53t). ymT decreases continuously on cooling to reach
0.06 cm® K mol ™" at 2 K while the magnetization increases lin-
early with the field at 2 K (Fig. S54t). Interestingly, the y\; vs. T
curve shows a shoulder around 30 K (Fig. S551) which attests
that the ground state is non magnetic. In first approximation,
and despite the two crystallographically independent Pr(m)
sites, coordination polyhedra of D5, symmetry can be adopted
(Table S5t). In such symmetry, the zero field spin Hamiltonian
has to be considered with Of the Stevens operators which can
expressed as polynomials of the total angular momentum
matrices (/% J,, J+ and J_).°®%°

H = B)0Y + BS0Y + BYO? + BSOS

The parameters to adjust are B{’s. The best fit is obtained
with B = 5.5 em™, By =24 %10 em™, B2 =6.1 x 107> em ™!
and BS = 0.1 cm™", and a small amount of paramagnetic impu-
rities (fimp = 0.022 cm® mol™") to account for the monotonic
increase of y\ vs. T curve at lowest temperatures (Fig. S547).
Analysis reveal that the ground state singlet is non magnetic
and is a mixture of the two M; = +3 components of the ground
state multiplet *H, of Pr(m) as a result of the strong transverse
component 0% which mixes states with |AM;| = 6. Field vari-
ation of the magnetization for 14 at 2 K is quasi linear and
well reproduced by the simulated curve obtained with pre-
viously fitted parameters (Fig. S5471). ymT vs. T plot for com-
pound 15 is represented on Fig. S55.f At room temperature
uT is equal to 20.44 cm?® K mol™" which is much higher than
the Curie limit expected for one Dy(m) ion in the octa-co-
ordinated site (°Hys/,: 14.17 cm® K mol™') plus one Nd(m) ion
in the nona-coordinated site (*Iy,: 1.64 cm® K mol™"). This
suggests that Dy(m) ions are also found in the N3O, environ-
ment. To get a rough estimation of the distribution we have
performed a Curie-Weiss analysis (ym = C/(T — 0)) between 100
and 300 K (Fig. S55f). The best fit is obtained with C =
20.99 cm® K mol™" (Fig. S551), from which we estimate the
chemical formula [Dy;4;Ndgse(hfac)s(L)] with a nona-co-
ordinated site occupation Dy 41/Ndg 9. This proportion of
Dy(m) in nine-coordination is slightly higher than the
one determined from Scanning Electron Microscopy
analysis. Same considerations apply to 16. With C = 17.72 cm?
K mol™ (Fig. S561), one finds the chemical formula
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[Dy;.15Ndg gs(hfac)s(tta);(L)] with nona-coordinated site occu-
pation Dy, 15/Ndg g5 in excellent agreement with the Scanning
Electron Microscopy analysis. For compound 17, with Yb(ur)
(°F72: 2.57 em® K mol™") the chemical formula writes
[Yby.15Nd, g5(hfac)e(L)] with C = 4.35 em® K mol™" (Fig. S571)
also in very good agreement with the Scanning Electron
Microscopy analysis. Finally, for 19, one can write
[Ybo.7oPry 51 (hfac)e(L)] with C = 4.52 ecm® K mol™" and the *H,
multiplet ground state of Pr(u) (Fig. S587).

Dynamic measurements. All the compounds have been
investigated by ac susceptometry in both zero and applied
external dc field. Amongst them, only those which contain
Dy(ur) ions shows a slowing down of the relaxation of the mag-
netic moment at low temperature i.e. a non-zero the out-of-
phase component of the ac susceptibility (y"v). Furthermore,
for compounds with Dy(u) in N3Og environment (1, 2, 4, 7, 9
and 11), except for 1 (Fig. S591), no slowing down of the mag-
netization is observed down to the lowest temperature (2 K) in
zero external field. There is, a priori, no reason to suspect extra
ordinary behavior for Dy(m) in 1 with respect to the other
members of the team. The absence of slowing down of the
relaxation in zero external field in N3;Og environment matches
with previous results.”! In ref. 4, the N;O¢ environment is
strictly identical and is found to relax the most slowly at 1.5
kOe and at 2 K. Thus, the frequency dependences of the mag-
netic susceptibility at 1.5 kOe are performed in order to com-
pared with our previous study.”® The results are depicted in
Fig. S60-S657 for compounds 1, 2, 4, 7, 9 and 11, respectively.

One could qualitatively analyse the frequency maxima
values of the four compounds 2, 4, 7 and 9 concluding that
the slowest magnetic relaxation (40 Hz) is observed for the
Dy(wm) associated with the transition metal of highest spin state
(Mn(u) S = 5/2) while more the value of the M(u) spin state is
weak more the corresponding system relax faster (Fig. 9 and
S60-S651). Such observation might signify that the dipolar

log(t) /s
)

1
i

108 6 4 2
T/K

Fig. 9 Arrhenius plots of the relaxation times in a 1500 Oe applied
magnetic field for compounds 1 (full circles), 2 (down triangles), 4 (up
triangles), 7 (squares), 9 (pentagons) and 11 (stars). Full red lines are the
best-fit curves (see text).
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interactions between the Dy(u) and associated M(u) ions could
play a role on the dynamics of the 3d4f complexes even if effect
of weak modification of the crystal field around the lanthanide
cannot be rule out. The relaxation time ¢ was extracted at each
temperature using an extended Debye model (details in ESI,
Table S11-S15%) in fitting simultaneously the frequency depen-
dence of y"\; and y'y for 1, 2, 4, 7 and 11 or manually selecting
the frequencies maxima of y”y; for 9. Normalized Cole-Cole
plots of the series 1, 2, 4, 7 and 11 are given in Fig. S66-570.}
In-field Arrhenius plots were fitted considering the two ther-
mally dependent Orbach and Raman processes (eqn (1)).

_ _ A
= CT" +10 1exp(—ﬁ) (1)
Raman
Orbach

The best fits for each of the compounds were obtained with
the parameters given in Table S17.1 For compounds 1, 2, 4, 7,
9 and 11, separated contributions from Orbach and Raman
processes are provided in Fig. S70-S76.}

Compound 15 behaves also in a standard way. Indeed, in
zero external field it shows slowing down of the relaxation of
the magnetic moment which can be safely due to the Dy(m)
ions in the N,O¢ coordination polyhedron made of three hfac™
anions (Fig. S771).”" On contrary, the small fraction of Dy(m)
ions in the N3Oq environment does not contribute in zero
field. Once an external field is applied, both octa- and nona-co-
ordinated sites move to lower frequencies with two clear
massifs (Fig. S771) with altitudes that qualitatively fit the 0.41/
1 ratio between two sites and the fastest relaxation for the
nona-coordinated site.

Furthermore, the high frequency massif appears at the
slowest frequency for an external dc field which is close to 1.5
kOe at 2 K as expected from previous studies.”” The thermal
dependence of the relaxation time for each of the Dy centers
were extracted from a combination of two extended debye
model and the resulting plots fitted with a Raman process
while the orbach one became negligible (Fig. S78, Fig. 10,
Tables S16 and S177). Such relaxation of the magnetization for
a Dy(m) in D,gq N,O¢ environment is in agreement with what
some of us experimentally and computationally determined.”
One could remark that the n values obtained from our best fits
for compounds (1, 2, 4, 7, 9, 11 and 15) are much lower than
the expected n value for Kramers ions (n = 9) (Table S177).
Such value can decrease down to 4, depending on the energies
of the ground state doublets.”>”* Recently, such exponent
reduced close to 2 because of the presence of both acoustic
and optic phonons in specific ligand environments.””

In compound 16, the nona-coordinated site is only occu-
pied by 15% of Dy(u) which is a too low value to clearly be
identified from ac magnetometry and therefore only the octa-
coordinated site might be observed. According to ref. 4, Dy(i)
in N,O¢ environment made of two tta” and one hfac™ ligands
should relax at 1 Hz at 2 K and 3 kOe with an amplitude at the
maximum of y"y slightly below 0.8 cm® mol ™. This is close to
what we observe for 16 (Fig. S791) with the maximum falling at
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Fig. 10 Arrhenius plots of the relaxation times in a 1500 Oe applied
magnetic field for Dyl (full circles) and Dy2 (open circles) metallic sites
in 15.

T/K

Fig. 11 Arrhenius plots of the relaxation times in a 3000 Oe applied
magnetic field for the Dyl metallic site in 16.

10 Hz in the same sample environment and a magnetic relax-
ation for Dyl (Fig. 11) which occurs through an Orbach
(Table S177) and remaining QTM (zr; = 0.0146(6) s) processes
as previously observed for Dy(u) in N,Og environment made of
two tta~ and one hfac™ ligands.”®

Conclusions

In the previous lines, it was demonstrated that the ligand 2-(1-
(2,6-di( pyrazol-1-yl)-4-methylpyridyl)-4,5-(4,5-bis( propylthio)-
tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine is suitable
for the design of d4f and 4f4f’ heteroleptic complexes through
selective coordination on both benzoimidazolylpyridine (bzip)
and 2,6-di(pyrazol-1-yl)-4-pyridine (dpp) moieties. The key
parameter of the coordination selection for the d-4f complexes
is the difference of coordination number between transition
metals (coordination number = 6) and lanthanide ions (coordi-
nation number = 8, 9) while for the 4f-4f complexes the key

This journal is © The Royal Society of Chemistry 2022
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parameter is the radius size. All the heterobimetallic com-
plexes involving eight or nine-coordinated Dy(m) ion displayed
field-induced SMM with a slight influence of the spin state
value of the associated transition metal through dipolar inter-
actions and/or weak change of electronic distribution around
the 4f ion. In a photo-physical point of view, the use of the
Yb(ur) in the design of the 3d-4f complexes leads to an intense,
moderated or quenched *Fs, — °F,, NIR luminescence
depending if the Yb(m) ion is respectively associated with the
Zn(u), Mn(u) or Ni(u)/Co(u) ion. Light irradiation at 600 nm
provokes the observation of the *F3, = *I13/2/*I11/2/*1o/2 Nd(u1)
centred emission for the [Dy;,;Ndg ,o(hfac)s(L)]-2(CH,Cly)-
(CeH14) complex and the *F5;, — F5, Yb(u1) centred emission
for the [YbPr(hfac)s(L)] complex. When the Pr(m) ion is
replaced by the Nd(u) ion ([Yb,04Ndg os(hfac)s(L)]) no dual NIR
emission is detected.

Finally the compound 15 displayed both slow magnetic
relaxation and NIR luminescence and can be described as a
field-induced luminescent single-molecule magnet.
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