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Tetrathiafulvalene-amido-2-pyridine-N-oxide as Efficient Charge-Transfer
Antenna Ligand for the Sensitization of Yb"™ Luminescence in a Series of
Lanthanide Paramagnetic Coordination Complexes
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Abstract:  The  tetrathiafulvalene-
amido-2-pyridine-N-oxide (L) ligand
has been employed to coordinate 4f el-
ements. The architecture of the com-
plexes mainly depends on the ionic
radii of the lanthanides. Thus, the reac-
tion of L in the same experimental pro-
tocol leads to three different molecular
structure series. Binuclear [Ln,(hfac)s-
(0,CPhCI)(L);]-2H,0 (hfac™=
1,1,1,5,5,5-hexafluoroacetylacetonate

anion, O,CPhCl™ =3-chlorobenzoate
anion) and  mononuclear  [Ln-
(hfac);(L),] complexes were obtained
by using rare-earth ions with either
large (Ln™=Pr, Gd) or small (Ln"=
Y, Yb) ionic radius, respectively,

an intermediate ionic radius led to the
formation of a binuclear complex of
formula  [Tb,(hfac),(O,CPhCl),(L),].
Antiferromagnetic interactions have
been observed in the three dinuclear
compounds by using an extended em-
pirical method. Photophysical proper-
ties of the coordination complexes
have been studied by solid-state ab-
sorption spectroscopy, whereas time-
dependent density functional theory
(TD-DFT) calculations have been car-
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ried out on the diamagnetic Y™ deriva-
tive to build a molecular orbital dia-
gram and to reproduce the absorption
spectrum. For the [Yb(hfac);(L),] com-
plex, the excitation at 19600 cm™' of
the HOMO —-LUMO+1/LUMO+2
charge-transfer transition induces both
line-shape emissions in the near-IR
spectral range assigned to the °Fs,—
°F, (9860 cm™)  ytterbium-centered
transition and a residual charge-trans-
fer emission around 13150 cm™'. An ef-
ficient antenna effect that proceeds
through energy transfer from the sin-
glet excited state of the tetrathiafulva-
lene-amido-2-pyridine-N-oxide  chro-
mophore is evidence of the Yb™ sensi-

whereas the use of Tb™ that possesses
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tization.

Introduction

Research of new multifunctional materials based on tetra-
thiafulvalene (TTF) has emerged in the last decade.!! To
elaborate such materials,? two strategies are usually investi-
gated: the through-space and the covalent approaches. The
latter one appears as a promising alternative to obtain
strong interactions between the metal and the redox-active
ligands.”! Such an approach can be applied to the elabora-
tion of m—f systems, which are very scarce.”! In this context,
trivalent lanthanides present many advantages. Indeed, their
large spins and pronounced spin—orbit coupling, in particular
for Dy"™ and Tb™ ions, result in strong Ising-type magnetic
anisotropy® that leads to good candidates for obtaining
single-molecule magnets (SMMs) and single-chain magnets
(SCMs).! In addition, the lanthanides have been widely
studied for their specific luminescence properties (emission
lines that range from the visible to the near-infrared spec-

Chem. Eur. J. 2010, 16, 11926 -11941



trum, microsecond-millisecond luminescence lifetimes to
allow time-gated detection, and large pseudo-Stokes shifts
considering a ligand excitation).”! Owing to the weak ab-
sorption of the forbidden f-f transitions, the rare-earth emis-
sion is usually sensitized by organic antenna chromophores
that strongly absorb the UV-visible light and whose triplet
state matches the accepting level of the lanthanide ion so
that an efficient energy transfer occurs.®! According to this
classical strategy, highly stable complexes associating a chro-
mophore to a tris-f-diketonate lanthanide platform have
been designed leading to potential applications in chelate
lasers” or efficient organic light emitting diodes
(OLEDs)," and polymer light emitting diodes (PLEDs).['!l
Nowadays a great research endeavor is devoted to the sensi-
tization of near-infrared (NIR) luminescent lanthanides
(Nd™, Yb™, Er'™, and to a lesser extend Ho™ and Pr'™) for
potential applications in telecommunication or in vivo bio-
imaging.'? At the same time, an actual challenge is to shift
the excitation wavelength from the UV to the visible spec-
tral range to limit the photodamage of biological tissues
and, from a practical point of view, to allow the use of
cheap excitation source and glass optics. Such purpose re-
quires the development of alternative photophysical sensiti-
zation processes to the classical “triplet state”-mediated
one. In this context, three main sensitization strategies have
been explored: 1)direct from a charge-transfer (ILCT)
state,'” 2) by means of a triplet metal-to-ligand charge-
transfer "MLCT) state of various transition metals (Ru",
Os", Ir'", Pt", Re'), and 3) using a nonlinear multiphoton
excitation (from two- to four-photon excitation).!

The combination and coexistence of both luminescence
and magnetism in the same molecule is a new challenge in
the study of SMMs and SCMs." In fact, recently, efforts
have been made to study SMMs at the single-molecule level
by placing them on surfaces.'’l Nevertheless, it can often be
difficult to determine the exact position or dispersion of spe-
cies (SMMs, SCMs, and also more simply paramagnetic mol-
ecules) deposited on surfaces. Furthermore, below the
blocking temperature T, and if the magnetic moment of a
SMM or SCM is coupled with the photoexcited states of
photoluminescent ligands, this may provide a new tool for
studying the fundamental quantum behavior exhibited by
SMMs and SCMs on a 10°-10"" s timescale.

The aim of this work is the elaboration of lanthanide-
based coordination complexes involving redox-active func-
tionalized TTF as organic ligands, which also play the role
of antenna for the sensitization of NIR emitters."®*! In this
way, we have reported redox-active tetrathiafulvalene-
amido-2-pyrimidine-1-oxide  (TTF-CONH-2-Pym-1-oxide)
that efficiently coordinates a
lanthanide ion through the NO
bond and gives the first pub-
lished crystal structures of a co-
ordination complex involving a
TTF derivative and lantha-
nide."**! Very recently we have
studied the coordination ability
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Scheme 1. Synthesis of [Ln,(hfac)s(O,CPhCI)(L);]-2H,0 (Ln=Pr (1) and Gd (2)), [Tb,(hfac),(O,CPhCl),(L),]
(3), and [Ln(hfac);(L),] (Ln=Y (4) and Yb (5)).
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and the absorption properties of a new redox-active tetra-
thiafulvalene-amido-2-pyridine-N-oxide ligand (L) with 3d
ions.”” We now extend our investigation to the rare-earth
series.

In the following, we report the reactions between the
ligand L and a series of Ln(hfac);x H,O precursors (Ln™=
Pr, Gd, Tb, Y, and Yb) leading to the formation of five coor-
dinating complexes of three structural families: [Ln,(hfac)s-
(O,CPhCI)(L);]2H,0 (Ln"™=Pr (1) and Gd (2)), [Tb,-
(hfac),(O,CPhCI),(L),] (3), and [Ln(hfac)y(L),] (Ln™=Y
(4) and Yb (5)). This series of lanthanides includes magnetic
isotropy (Gd™) and Ising-type anisotropy (Tb™), NIR lumi-
nescence (Pr'™ and Yb™), and a diamagnetic model (Y™)
for computational calculations. All the complexes have been
characterized by single-crystal X-ray diffraction, IR spec-
troscopy, solid-state UV-visible absorption spectroscopy, and
magnetic measurements (superconducting quantum interfer-
ence device (SQUID)). The UV-visible absorption spectros-
copy has been carried out on the basis of theoretical simula-
tions of the absorption spectrum of 4 and its luminescence.

Results and Discussion

Synthesis: The 4f electrons are generally described as non-
polarizable core electrons.”*) The experimental observa-
tions of the ligand-field effect by means of lumines-
cence®! or NMR spectroscopy®! and the recent discovery
of the direct contribution of f electrons to the nonlinear op-
tical activity!®?! brought into question the claimed inertness
of the 4f electrons and led to a reassessment of their de-
scription by theoretical calculations.” The ionic-radius con-
traction is well known for the lanthanides if the reactivity
along the 4f series is homogeneous.””! So from the same ex-
perimental protocol, different molecular compounds can be
expected using different lanthanides.

The interactions between the Ln™ ions and the ligands
are electrostatic, thus such metal ions are considered as
strong Lewis acids (oxophile ions).” Tetrathiafulvalene-
amido-2-pyridine-N-oxide (L) is then a good candidate to
fill the coordination sphere of lanthanides.

The reactivity of this ligand with different Ln™ ions (Ln=
Pr, Gd, Tb, Y, and Yb) is explored by taking into account
the following protocol: 3-chlorobenzoic acid (1 equiv) and
donor L (2.5equiv) are added to the noncoordinating
CH,CI, solvent in the presence of the Ln(hfac);2H,0
(1 equiv) precursor (Scheme 1). 3-Chlorobenzoic acid is
added because it is soluble in noncoordinating solvent and it
may connect the Ln(hfac); unit together to increase the nu-
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clearity. All the compounds are isolated as single crystals by
slow diffusion of n-hexane in the dark. Different compounds
are obtained, depending of the ionic radius of the Ln™ ions.
In this way, the largest lanthanides give the [Ln,(hfac)s-
(O,CPhCI)(L);]-2H,0 complexes (Ln=Pr™ (1) and Gd™
(2)), the smallest ones give the [Ln(hfac);(L),] complexes
(Ln=Y" (4) and Yb™ (5)), and finally the intermediate-
sized Tb™ ion leads to the formation of the [Tb,(hfac),-
(O,CPhCl),(L),] (3) complex.

Crystal-structure analysis

[Ln,(hfac);(O,CPhCl)(L);]-2H,0 (Ln=Pr (1) and Gd (2)):
The two compounds are isostructural, therefore, the struc-
ture of 2 is described and the corresponding values for 1 are
given in square brackets for comparison. The structure anal-
ysis is performed on the best-resolved structure. Both com-
pounds crystallize in the monoclinic P2,/c (no. 14) space
group (Table 1). The asymmetric unit is composed of one
Gd(hfac); [Pr(hfac);] and one Gd(hfac), [Pr(hfac),] unit
linked by two bridging w,-L ligands (O2 and O4) and one
bridging ,(1;,1m,)-3-chlorobenzoate anion (O11) (Figure 1)
[Figure S1 in the Supporting Information]. The presence of
an anionic bridge explains the loss of one hfac™ ligand in the
coordination sphere of Gd2 [Pr2]. Two water solvent mole-
cules of crystallization are found. The coordination sphere
of Gdl [Prl] is filled by a terminal L ligand (O14). The
metal centers are nine-coordinated and the Ln-O distances
range from 2.362(5)[2.405(6)] to 2.592(4)[2.653(6)] A
(Table 2). The donors L are coordinated through the N—O
group and the Gd-O-N angles take a mean value of
127.9(3)[128.3(5)]°, which is close to the values observed for
[Gd(hfac);(TTF-CONH-2-pym-1-oxide);]-CH,Cl,-0.5 CH,
but lower than the usual angle value (about 150°) for Ln-O-
Nitronylnitroxide- ) The arrangements of the linked ligands lead

Table 1. X-ray crystallographic data.

Figure 1. Molecular structure of 2 with coordination polyhedra around
Gd™. Only the first neighbor atoms of the metal atoms and ligands L are
shown for clarity.

to coordination polyhedra that can be described like distort-
ed 4,44-tricapped trigonal prisms with fourteen triangular
faces.'” The symmetry of the coordination polyhedra is
close to Dj,. In the tricapped trigonal prismatic polyhedron

1 2 3 4 5
formula CosHa7CLF3NsOxSpPr;  CogHzrClLiF3NgO5051,Gdy  CsgHapCLFLN,O1585Th,  CaoHyoF 1sN4O10SsY C3oHyoF1sN,010SsYb
M, [gmol ™) 2528.3 2561.0 2172.8 1390.9 1475.0
crystal system monoclinic monoclinic triclinic triclinic triclinic
space group P21/c (no. 14) P21/c (no. 14) P1 (no. 2) P1 (no. 2) P1 (no. 2)
a[A] 25.6186(10) 25.479(5) 11.179(5) 12.640(5) 12.622(5)
b [A] 15.3139(6) 15.263(5) 13.679(5) 13.257(5) 13.242(5)
c[A] 25.7264(7) 25.646(5) 14.239(5) 16.673(5) 16.629(5)
a [°] - - 105.716(5) 105.694(5) 105.573(5)
A 1°] 109.495(2) 109.413(5) 104.106(5) 95.189(5) 95.088(5)
v [°] - - 101.740(5) 91.871(5) 91.936(5)
VA 9514.4(6) 9406(4) 1946.3(13) 2673.9(17) 2662.0(17)
zZ 4 4 2 2 2
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
diffraction reflection [°]  5.00 <260 <50.68 4.18<20<54.22 3.14<20<55.04 5.88<260<51.38 2.56<20<61.16
Peatca [gem ™) 1.766 1.787 1.855 1.728 1.840
u [mm™] 1.429 1.445 2209 1.522 2.190
no. of reflns 33147 37437 16115 15335 25658
independent reflns 17206 20461 8958 9523 16175
F2>20(F,) 9283 13359 7074 6282 10247
no. of variables 1252 1252 551 785 749
R, Ry, WwR, 0.0920, 0.0708, 0.1314 0.0399, 0.0554, 0.1251 0.0280, 0.0585, 0.1505 0.0374, 0.556, 0.1370  0.0352, 0.573, 0.1413
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Table 2. Selected bond lengths [A] and angles [°] for 1 and 2.

1 (Ln=Pr) 2 (Ln=Gd)
Lnl-02 2.563(5) 2.488(4)
Lnl-04 2.639(6) 2.571(4)
Lnl-05 2.426(6) 2.370(4)
Lnl-06 2.525(7) 2.493(5)
Lnl-07 2.426(7) 2.362(5)
Lnl-08 2.451(6) 2.382(4)
Lnl-09 2.460(7) 2.404(4)
Lnl-010 2.484(6) 2.438(4)
Lnl-O11 2.509(6) 2.446(4)
Ln2-02 2.504(6) 2.441(4)
Ln2-04 2.484(6) 2.423(4)
Ln2-O11 2.653(6) 2.592(4)
Ln2-012 2.524(6) 2.452(4)
Ln2-014 2.405(6) 2.363(4)
Ln2-015 2.463(6) 2.433(4)
Ln2-016 2.422(7) 2.362(5)
Ln2-017 2.436(8) 2.383(5)
Ln2-018 2.491(8) 2.431(5)
C3-C4 1.352(12) 1.344(9)
C15-C16 1.346(14) 1.338(9)
C49-C50 1.324(19) 1.347(12)
Lnl-Ln2 4.017(1) 3.920(1)
Lnl-02-N2 126.4(5) 125.93)
Lnl-O4-N4 1272(5) 1272(3)
Ln2-02-N2 125.5(5) 1253(3)
Ln2-O4-N4 129.6(5) 129.4(3)
Ln2-O14-N6 132.6(6) 131.9(4)
Ln1-02-Ln2 104.89(18) 105.37(13)
Ln1-O4-Ln2 103.23(18) 103.38(13)
Lnl-O11-Ln2 102.14(19) 102.14(13)
o 43.5(3) 43.6(2)
@2 58.0(3) 57.4(2)
¢3 49.3(4) 49.3(2)

of Gdl [Prl], the trigonal faces are formed by atoms O2,
05, O11 and O7, 08, 010, respectively, while the O4, O6,
and O9 atoms cap the three quadrilateral faces of the trigo-
nal prism. The dihedral angle between the trigonal planes is
21.2(2)[19.8]°. In the case of Gd2 [Pr2], the trigonal faces
are formed by atoms O2, O4, O16 and O12, O14, O17, re-
spectively, while the O11, O15, and O18 atoms cap the three
quadrilateral faces of the trigonal prism. The dihedral angle
between the trigonal planes is 3.2(2)[3.8(2)]°.

The intramolecular distance between lanthanide ions is
3.920(1)[4.017(1)] A that is closed to the distance found for
a structure involving a similar Ln-Ln skeleton.’!! The TTF
cores are almost planar, and the central C=C bond lengths
(C3—C4=(1.344(9)[1.352(13)], C15—C16=1.338(9)-
[1.346(14)], and C49—C50=1.347(12)[1.324(19)] A) attest
that the donors are neutral. ¢1, ¢2, and ¢3 torsion angles
are, respectively, defined as the angle between the planes in-
volving the four sulfur atoms of the TTF core and the corre-
sponding pyridine moiety. The large values of ¢ (41, 43.6(2)-
[43.5(3)]°; ¢2, 57.4(2)[58.0(3)]°; ¢3, 49.3(2)[49.3(4)]°) dem-
onstrate the flexibility of the amido bridge (Table 2). The
flexibility and the disposition of the donors (all the donors
are on the same side of the molecule), optimize the forma-
tion of two segregated inorganic and organic networks (Fig-
ure 2a) with good m—x stacking between the TTF fragments
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Figure 2. a) Crystal packing of 2 showing the inorganic (capped sticks)
and the TTF cores (space-filled) of the organic networks. b) Crystalline
arrangement of the TTF fragments and 3-chlorobenzoate anions with the
intermolecular S-S contacts highlighted [A]: S$10--S11=3.691(4),
$2--82=3.719(4), S7--S10=3.726(5), and S2--S6=3.825(4).

(Figure 2b). The inorganic network is formed by the Lnl-
(hfac); and Ln2(hfac), moieties, whereas the organic net-
work is formed by the donors L and the 3-chlorobenzoate
anions. The latter is composed of dimers and tetramers of L
(Figure 2b). The tetramers are sandwiched by 3-chloroben-
zoate anions that performed intramolecular n—x interactions
with both extremities of the tetramer of L. It is worth noting
that original intramolecular S--S contacts take place be-
tween the sulfur atoms S2--S10=3.681(4)[3.675(7)] A and
$3--811=3.683(4)[3.693(6)] A. Several intermolecular S-S
contacts in the range of the sum of the van der Waals radii
are observed forming a one-dimensional packing reminis-
cent of organic donors along the b axis (Figure 2b).

[Th,(hfac),(O,CPhCl),(L),] (3): This compound crystallizes
in the triclinic P1 (no. 2) space group (Table 1). The struc-
ture consists of a centrosymmetric dimetallic unit made of
two terbium ions in a distorted dodecahedral oxygenated co-
ordination sphere (Figure 3); the coordination sphere is
made up of eight oxygen atoms arising from two bis-chelate
hfac™ anions, one terminal ligand L, one water molecule,
and two 3-chlorobenzoate anions. The coordination poly-
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Figure 3. Ortep view of the centrosymmetric unit in 3 with coordination
polyhedra around Tb™. Thermal ellipsoids are drawn at 30 % probability.
Hydrogen atoms are omitted for clarity.

hedron has an almost D,, symmetry. The two {Tb(hfac),-
(H,O)(L)} units are linked by two bridging p,(n;,n;)-3-chlo-
robenzoate anions (07, O8'; Figure 3). As observed in the
structures of 1 and 2, the presence of an anionic bridge ex-
plains the loss of one hfac™ ligand in the coordination
sphere of Tb1l. The Tb—O bond lengths range from 2.304(4)
to 2.450(4) A (Table 3). The donor L is coordinated through
the N—O group and the Tb1-O2-N2 angle of 131.3(3)° is
close to those observed for 1 and 2 but lower than the usual
angle value (about 150°) for Ln-O-Nnonyinitroxice- | A Tegu-
lar dodecahedron is characterized by four equivalent dihe-
dral angles with a value of 29.5°.°2 In the present case, the
distortion of the dodecahedron can be evaluated from the
values of its dihedral angles of 18.5(2), 23.0(2), 35.4(2), and
33.8(2)°. The two terbium ions are separated by an intramo-
lecular distance equal to 4.828(2) A. The central C3—C4
bond length of the TTF fragment (1.327(9) A) confirms the
neutral form of the donor L. The neutral ligand L in 3 takes
a more classical configuration with ¢1 equal to 17.1(2)°,
which is much lower than in 1 and 2. Moreover, the TTF
fragment is not planar anymore as usually observed for neu-
tral TTF derivatives. As described previously, the coordina-
tion sphere of Tb™ is completed by a water molecule that

Table 3. Selected bond lengths [A] and angles [°] for 3.

Tb1-02 2.379(4) Tb1-08 2.350(4)
Tb1-03 2.444(4) Tb1-09 2.375(4)
Tb1-04 2.343(4) C3-C4 1.327(9)
Tb1-05 2.450(4) Tb1-O2-N2 131.3(3)
Tb1-06 2.344(4) Tb1-Tb1’ 4.828(2)
Tb1-07 2.304(4) o 17.1(2)
11930 — www.chemeurj.org
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plays an important role in the cohesion of the dinuclear
complex and its crystal packing. In fact, this water molecule
participates in intramolecular (09--02'=2.808(6) A) and in-
termolecular ~ (09--01'=2.811(7) A and  09--S4'=
3.304(5) A) hydrogen bonds. Each ligand L of the dinuclear
complex 3 is “head-to-tail” stacked with the neighbor donor
(Figure 4a). The two “head-to-tail” stacked donors formed

Figure 4. a) Crystal packing of 3 showing the inorganic (capped sticks)
and the ligands L (space-filled) of the organic networks. b) Crystalline ar-
rangement of the TTF fragments and 3-chlorobenzoate anions with the
intermolecular S-S contacts highlighted [A]: $1--$2=3.851(3) A.

dimers with another TTF derivative through S1---S2 contacts
(3.851(3) A) and a one-dimensional organic chain ran along
the ¢ axis (Figure 4a). The inorganic network includes the
[{Tb(hfac),(u-3-chlorobenzoate)},] units. The arrangement
of the dimers and the 3-chlorobenzoate in the crystal struc-
ture of 3 is depicted in Figure 4b. The experimental condi-
tions and the donor L are the same in the formation of dinu-
clear complexes 1 to 3. By taking into account that the reac-
tivity of all the lanthanides is similar, the change of molecu-
lar structure is driven by the smaller ionic radius of Tb™ rel-
ative to that of Pr'™ and Gd™.

[Ln(hfac);(L),] (Ln=Y (4) and Yb (5)): These two com-
pounds are isostructural, therefore, the structure of 5 is de-
scribed and the respective values for 4 are given in square
brackets for comparison. Compound 5 crystallizes in the P1
(no. 2) triclinic space group (Table 1). An ORTEP view of
the asymmetric unit is given in Figure 5 [Figure S2 in the
Supporting Information]. This unit is composed of one Yb™
metal center linked to eight oxygen atoms coming from

Chem. Eur. J. 2010, 16, 11926 -11941
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Figure 5. Ortep view of the asymmetric unit in § with coordination poly-
hedra around Yb". Thermal ellipsoids are drawn at 30% probability. Hy-
drogen atoms and thermal ellipsoids for fluorine atoms are omitted for
clarity.

three bis-chelate hfac™ anions and two terminal L donors.
The coordination sphere around Ln™ can be described as
distorted square antiprism polyhedra. The square faces are
delimited by atoms O2, 04, OS5, O6 and O7, O8, 09, 010,
respectively, with the dihedral angle between the corre-
sponding planes being 2.7(1)°. A regular square antiprism
polyhedron is characterized by the four ideal dihedral
angles taking the following values: 0, 0, 52.4, and 52.4°.? In
the cases of the mononuclear complexes 4 and 5, these
values have been calculated to be 8.3(2)[8.3(2)], 8.9(2)-
[9.4(1)], 56.8(2)[52.9(2)], and 55.7(2)[56.2(1)]°. The 3-chlo-
robenzoate anion was not found in the structure. The Ln—O
bond lengths range from 2.267(4)[2.285(3)] to 2.364(4)-
[2.391(4)] A (Table 4). The donors L are coordinated
through the N—O group and the Yb1-O2-N2 and Yb1-O4-
N4 angles take the values of 122.2(3)[121.9(3)] and 127.2(3)-

Table 4. Selected bond lengths [A] and angles [°] for 4 and 5.

4 (Ln=Y) 5 (Ln=Yb)

Ln1-02 2.384(3) 2.360(3)
Lnl1-0O4 2.285(3) 2.267(4)
Lnl1-05 2.352(4) 2.328(4)
Ln1-06 2.322(3) 2.298(4)
Lnl1-0O7 2.313(4) 2.358(4)
Lnl1-08 2.364(4) 2.283(5)
Ln1-09 2.312(4) 2.364(4)
Ln1-010 2.391(4) 2.278(4)
C3-C4 1.336(7) 1.328(8)
C15-C16 1.342(7) 1.347(7)
Ln1-O2-N2 121.9(3) 122.2(3)
Ln1-O4-N4 128.1(3) 127.2(3)
¢l 18.9(1) 19.7(1)
¢2 6.8(1) 6.5(1)
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[128.1(3)] A. These values are in the same range as those for
the dinuclear complexes 1-3 (Table 4). Both coordinated L
are in a cis conformation, and they form an angle of 71.8(4)-
[72.2(3)]° due to steric effects. The perpendicular arrange-
ment minimizes the steric hindrance of the donors L. The
central C=C bond length of the TTF fragment (C3—C4=
1.328(8)[1.336(7)] and C15—C16=1.347(7)[1.342(7)] A) con-
firms the neutral form of the donor L. The torsion angles ¢1
and ¢2 are found to be 19.7(1)[18.9(1)] and 6.5(1)[6.8(1)]°
and they are comparable with that found for 3. The inver-
sion center generates two dimers of donors L in which the
shortest contacts between sulfur atoms are S1--S3=
3.833(3)[3.838(2)] A and S5--S6=3.724(3)[3.740(3)] A. Nev-
ertheless, the shortest S-S contacts are S3--S8=3.465(2)-
[3.463(2)] and S1--S7=3.578(2) [3.586(2)] A. These interac-
tions can be defined as lateral contacts and they are shorter
than those observed in the dinuclear complexes and the sum
of the van der Waals radii. The intradimers and lateral S---S
contacts lead to the formation of a bidimensional organic
layer, whereas the Ln(hfac); units, constituting the inorganic
network, are localized between the organic network (Fig-
ure 6a). As observed for 3 relative to 1 and 2, the decrease

sy ik, 08l el
o i&%{’ oy N

Figure 6. a) Crystal packing of 5 showing the inorganic (capped sticks)
and the ligands L (space-filled) of the organic networks. b) Crystalline ar-
rangement of the TTF fragments with the intermolecular short S-S con-
tacts highlighted [A]: $3--S8=3.465(3) and S1--S7=3.578(3).

b)

of the ionic radius leads to drastic structural changes. The
biggest lanthanide ions led to dinuclear complexes including
terminal and bridging donors L and the 3-chlorobenzoate
anion, whereas the smallest ones led to the formation of
mononuclear complexes in which terminal donors L are ob-
served without the insertion of 3-chlorobenzoate. The Tb™
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ion seems to be the intermediate case between the [Ln,-
(hfac)s(O,CPhCl)(L);]-2H,0 and [Ln(hfac);(L),] families of
molecular complexes.

Electrochemical properties: The redox properties of L and
the related complexes were investigated by cyclic voltamme-
try and the values of the oxidation potentials are listed in
Table 5. The measurements have been performed on solu-

Table 5. Oxidation potentials (V vs. SCE, nBu,NPF,, 0.1M in acetonitrile
at 100 mVs™") of complexes 1-5.

Compound Ei, E}, E

L 0.467 0.818 -

1 0.455 0.821 0.168
2 0.455 0.824 0.164
3 0.440 0.820 0.168
4 0.476 0.828 0.168
5 0.465 0.819 0.176

tions of the complexes in acetonitrile (CH;CN) for solubility
reasons rather than CH,Cl,. The complexes are stable for a
few minutes in CH;CN and their stability has been checked
by a change of color. The cyclic votammograms for 1-5
show two monoelectronic oxidations at about 0.46 and
0.82 V corresponding to the formation of a radical cation
and a dicationic TTF fragment, respectively (Figure S3 in
the Supporting Information). No duplication of the oxida-
tion waves is observed, thus signifying that the oxidation
and the reduction are simultaneous for all the donors of a
complex. Oxidation potentials are shifted to higher positive
values relative to the parent TTF due to partial electron
transfer from the donor (TTF) to the acceptor moiety. A
weak irreversible reduction wave is observed at 0.17 V for
the complexes. It may correspond to the reduction of a
small part of the pyridine-N-oxide moiety in pyridine but no
similar behavior has been observed for the precursor 2-ami-
nopyridine-N-oxide or for the free ligand L. Almost the
same oxidation potentials are observed in free and coordi-
nated donors due to the expected weak electronic communi-
cation through the nonconjugated amido bridge.’” Never-
theless, the electrochemical properties attest to the redox ac-
tivity of L in the complexes and they have the required
redox properties to play a good role as molecular precursors
for lanthanide-based conducting magnets.

Thermal analyses: The thermogravimetric analysis of 4 and
5 were performed between 20 and 400°C. The thermal be-
havior of both compounds is similar; the results for 4 are
given in Figure S4 in the Supporting Information. A single-
step weight loss occurs in the range 215-315°C. The weight
loss is equal to 46 % of the total weight of complex 4, which
corresponds to the decoordination of both ligands L (theo-
retical weight loss is 48.9 % ). In any case, the [Ln(hfac);(L),]
(Ln=Y and Yb) complexes involving the tetrathiavulva-
lene-amido-2-pyridine-N-oxide as ligand are thermally
stable up to 215°C. The great thermal stability of these com-
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pounds is a first step to perform good-quality thin films by
vacuum evaporation.”!

Magnetic properties: The determination of the nature of the
exchange interaction in the lanthanide-based complexes is
more difficult than in the case of the 3d elements. In the
case of 4f ions, the first excited multiplet is separated by
more than 1000 cm™ from the ground multiplet.’® The
latter is split in Stark sublevels under the influence of a crys-
tal field.® The crystal-field effects are of the order of
100 cm™' for lanthanides. When the temperature decreases,
the depopulation of these sublevels leads to a deviation
from the Curie law in the absence of any exchange interac-
tion. The yy7T product can be written yyT=y.,7T+J, in
which J is the exchange-interaction value between the Ln™
ion and the other paramagnetic center. Thus the nature of
the magnetic exchange interaction cannot be determined
from the shape of the experimental y\T curve. An empirical
method has already been used to determine the nature of
the magnetic-exchange interaction. It consists of comparing
the magnetic properties of two series of isostructural com-
pounds, one composed of Ln-M pairs, the other one of Ln-
M’ pairs, M being a paramagnetic and M’ a diamagnetic 3d
ion.’™ In our case, these kinds of heterobimetallic com-
pounds cannot be obtained. More recently a quantitative de-
termination of crystal-field parameters for such lanthanide
ions® has been achieved through the use of the simple
overlap model,’"! an extension of purely electrostatic ligand-
field theory taking into account some degree of covalence.
With the assumption of isotropic coupling, a reasonable fit
of the powder susceptibility data was realized in the case of
anisotropic lanthanide ions like Dy"™ and Ho"™.*! One of
the most important parameters for determining the nature
of the magnetic-exchange interaction with the 4f elements is
the crystal field around this 4f element. It has been shown
that the number of stark sublevels depends on the Ln™ site
symmetry.®

[Ln,(hfac)s(0,CPhCl)(L);]-2H,0 (Ln=Pr (1) and Gd (2)):
The thermal variation of the yy7T product for 1 is given in
Figure 7 (top). ymT shows a monotonic decrease in the tem-
perature range of 300-2 K taking the values of 3.18-
0.17 cm*Kmol !, respectively. The first magnetization curve
is depicted in Figure S5 in the Supporting Information and
shows a linear curve in the field range 0-5 T as usually ob-
served for Pr'™" complexes. The experimental room-tempera-
ture value of y\7 is in agreement with the theoretical value
of 3.20 cm*Kmol ™' expected for two magnetically isolated
Pr'" ions® The short metal-metal distance (4.017(1) A)
makes possible the existence of an exchange interaction be-
tween the paramagnetic Pr'™ (/p, p,). Fortunately, Pr'™ in Pr-
(hfac);:3H,0 is surrounded by nine oxygen atoms and its
coordination sphere can be described as a distorted 4,4,4-tri-
capped trigonal prism with a D, symmetry. A similar coor-
dination sphere and symmetry is observed in 1. Thus, the
nature of the exchange interaction Jp,._p, in 1 can be deter-
mined from the comparison of the magnetic properties of 1
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Figure 7. Top: Thermal variation of yy7T (gray circles) and AyyT=
amT =2 xmTp, (gray triangles; in inset) for 1. Bottom: Thermal variation
of yuT (gray circles) with the best fit (solid black line); y ' with Curie—
Weiss fit (in inset); and the first magnetization with calculated magneti-
zation for the uncorrelated spin (in inset).

and Pr(hfac);;3H,O as defined by the following equation:
AT =T qy=2xmTp, in which xyTq) and yyTp, are the
xmT product for complex 1 and for the precursor Pr-
(hfac);:3 H,0, respectively, and Ay, 7 can be considered free
of single-ion effects and thus representative of the nature of
the exchange interaction between the Pr ™ ions (inset of
Figure 7). AyuT(T) takes almost constant values from 300 to
40 K and decreases for lower temperatures. The shape of
the AyuT(T) curve is in agreement with weak antiferromag-
netic exchange interaction (Jp, p,<0) between the Pr'™! ions
through the nitroxide group of L and 3-chlorobenzoate
bridges.

The yuT for 2 is constant (15.83 cm®*Kmol™) in the tem-
perature range 300-40 K (Figure 7). The experimental value
of yuT at room temperature is close to that expected for
two noninteracting Gd™ (§=74) ions (15.75 cm®’Kmol™).
The case of the Gd™ derivative is much easier than that of
Pr'™ due to the absence of anisotropy. The nature of the ex-
change interaction between the Gd™ ions can be determined
from the shape of the yy7(T) curve. Thus, 2 has a paramag-
netic behavior until 40 K whereas for lower temperatures,
weak antiferromagnetic interactions can be observed be-
tween the Gd™ ions through the L and 3-chlorobenzoate
bridges. A quantitative determination of the exchange inter-
action can be performed using Equation (1) derived from
the isotropic spin Hamiltonian H=—JSSgq, in Which J is
the exchange interaction constant and Sgq; and Sgg, are the
spin operators for the interacting spin centers (Sgq=Scan=

7/2).[31]
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auT = [(2Ng2ug?)/Kk][(140 + 91e™ + 55¢'3* + 30e'™ + 146
4562 4 ez7x)/(15 +13e™ 4+ 11e!3 4+ 918 4 7622 4 5025
+3627x 4 eZSx)]

(1)

In Equation (1), x=—J/kT, k=Bolzmann constant, N = Avo-
gadro’s number, g=Landé constant, and uz=Bohr magne-
ton. The best fit R=0.999 is shown in Figure 7 and Jgy_gq 1S
found to be equal to (—0.01040.0008) cm™! with ggq=2.00.
The amplitude of the antiferromagnetic exchange interac-
tion is in agreement with the values of J found in the [{Gd-
(hfac);(4-cpyNO)},]  (4-cpyNO =4-cyanopyridine-N-oxide)
magnetic systems®'! but smaller than the antiferromagnetic
value found in some others compounds.® The differences
should be due to the change of symmetry around the Gd™
centers. The weak antiferromagnetic coupling is confirmed
by the Curie-Weiss fit which is performed on the yy, (7T)
curve (inset of Figure 7). The data of yy,~' obey the Curie—
Weiss law in the studied range of temperature and the
Curie-Weiss fit gives a negative §=—0.01 K. The experi-
mental first magnetization yields an effective magnetic
moment, u, of 13.71u and can be reproduced with a Bril-
louin function (inset of Figure 7).

[Th,(hfac),(O,CPhCl),(L),] (3): The thermal variation of
the y\u7 product is given in Figure 8. y\7 takes a constant
value of 23.47 cm*Kmol™' in the temperature range 300-
100 K; this value is close to the expected value for two mag-
netically isolated Tb™ ions (23.64 cm’Kmol ™). The yuT(T)
curve shows a monotonic decrease between 100 and 15K
mainly due to the crystal-field effect of the Tb™ ions, where-
as for cryogenic temperatures it decreases faster perhaps
due to some antiferromagnetic exchange interactions in the
system. The first magnetization curve is depicted in Fig-
ure S6 in the Supporting Information. It shows a fast in-
crease for low magnetic fields and a smooth linear increase
in the field range 1.5-5 T without reaching the saturated ef-
fective moment. The method used for the determination of
the exchange interaction in 1 can be adapted in the case of
3. In fact, the structural analysis has revealed a dodecahe-
dral coordination sphere for the Tb™ centers in 3 as ob-
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Figure 8. Thermal variation of y,7 for 3 (gray circles). Inset: thermal var-
iation of AxyT=ymT(3—2xmT (gray triangles).
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served in the crystal structure of the precursors Ln-
(hfac);2H,0 (Ln=Gd-Lu)." The expression of the mag-
netic coupling constant between the Tb™ ions through the
bridging 3-chlorobenzoate anions can be written as Ayy7 =
T @—2xmT T, in which the parameters are defined as previ-
ously for terbium instead of praseodymium. The AyyT(T) is
presented in the inset of Figure 8. The value of AyyT(T) re-
mains almost equal to 0 down to 50 K and decreases for
lower temperatures. The shape and sign of the AyyT(T)
curve attests that a weak antiferromagnetic exchange inter-
action (Jp,_1p < 0) takes place between the Tb™ ions through
the 3-chlorobenzoate bridges.

[Yb(hfac);(L),] (5): The yuT(T) curve for 5 is depicted in
Figure 9. It takes a room temperature value of
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Figure 9. Thermal variation of yy7 and the first magnetization for 5
(inset).

249 cm®Kmol™' and shows a 300

trum of L is depicted in Figure 10 for comparison with spec-
tra of complexes 1-5.

Complexes 1-3: The UV-visible absorption spectra are de-
picted in Figure 10 (for 1 and 3) and Figure S7 in the Sup-
porting Information (for 2). All spectra are composed of
two multiple-absorption bands and are mainly composed of
the absorption bands of the free donor L (black deconvolu-
tions) and two additional transitions (dashed deconvolu-
tions; Figure 10). The lowest energy absorption band is de-
convoluted in two absorption bands centered at mean
values of 18000 and 21400 cm ™' (Table 6). These absorption
bands are usually attributed to monoelectronic donor-ac-
ceptor charge transfer (DACT) transitions from the highest
occupied molecular orbital centered on the TTF fragment to
the lowest unoccupied molecular orbital centered on the ac-
ceptor.'# In the case of free donor, such DACTSs corre-
spond to HOMO —LUMO transitions that can be written
HOMO-—(m)—LUMO+(n) for the complexes (see the DFT
calculations on 4). For free donors, the presence of two
DACTsS has been explained by the existence of intermolecu-
lar DACTs between the packed donors in the solid state.””)
To verify this explanation in the case of donor L, the solid-
state UV-visible spectrum was compared with those in solu-
tion (Figure S8 in the Supporting Information). In weakly
dissociating solvent (CH,Cl,), two DACTs are again ob-
served due to the probable presence of stacked donors in
such a solvent, whereas in strongly dissociating solvent (di-
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monotonic decrease until 2 K. 10} c
The value at 300K is close to
the expected value for one non-
interacting magnetic Yb™ ion
(2.57 cm*Kmol™!), whereas the
decrease of the y7(7T) curve is
only attributed to the crystal
field of the metal ion. In the

Normalized
Absorption intensity / a. u.

600 750

L 1 1

08F

06F

Normalized
Absorption Intensity / a. u.

04H N

0.2

0.0 hasszasz -\’-

N

inset, the first magnetization for 40000 30000

5 is shown. It reveals a classic
behavior for such a lanthanide

10n. 300

Alnm

30000 20000
Wavenumber / cm™

40000

20000
Wavenumber / cm”'

Alnm

450 600 750 300 450

UV-visible absorption spectros-
copy: The UV-visible absorp-
tion spectra have been recorded
in the solid state at room tem-
perature. The maxima for ab-
sorption bands have been deter-
mined with Gaussian deconvo-

0.8+

06 4

Normalized
Absorption Intensity / a. u.

0.4F

0.2F 5y

600 750

3 A

5

Normalized
Absorption Intensity / a. u.

N -

lution of the experimental data.

L 1

40000
The UV-visible absorption

spectroscopy of donor L has
been studied in our previous
work.” The absorption spec-

11934 ——

www.chemeurj.org

30000
Wavenumber / cm”

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

30000 20000
Wavenumber / cm™

20000 40000

Figure 10. Experimental solid-state (KBr pellets) UV/Vis absorption spectra (open circles), respective Gaussi-
an deconvolutions (dashed lines), and best fit (solid black line): R=0.9994 (for L), R=0.9999 (for 1), R=
0.9997 (for 3), and R=0.9992 (for 5).
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Table 6. Experimental UV-visible absorption spectroscopic datal®! (¥ in
cm™") for complexes 1-5.

1 2 3 4 5
41000 40700 40400 - -
38500 38400 38400 38600 38300
32900 33000 33000 32800 33000
29600 29800 29800 29500 29800
21000 21700 21600 21000 21300
18000 18000 18100 18200 18200

[a] The values correspond to the maxima of the absorption bands, which
are determined by Gaussian deconvolutions.

methylformamide), only one DACT band is observed. It is
reasonable to think, that this phenomenon is similar for the
complexes. Unfortunately, it is not possible to perform simi-
lar solution measurements due to the partial or full destruc-
tion of the complexes in strong dissociating solvent. Four ab-
sorption bands are deconvoluted up to 27500 cm™'. The two
centered at about 29700 and 38400 cm™' are attributed to
intramolecular w—at* transitions of the pyridine-N-oxide ac-
ceptor. The two additional absorption bands, relative to the
spectrum of free donor L, come from intramolecular t—m*
transitions of the hfac™ anions (about 33000 cm™") and from
the 3-chlorobenzoate anions (about 40700 cm™). To carry
on with the qualitative analysis, a comparison between the
absorption spectra of L and the complexes can be realized.
In the complexes, the intramolecular w—m* transitions of
the pyridine-N-oxide acceptor and the DACTs are redshift-
ed by about 600 and 200 cm™!, respectively. These batho-
chromic shifts are due to the Lewis acidity of Ln™, which
leads to a decrease of the electron density on the pyridine-
N-oxide moiety that causes 1) the energy stabilization of the
mt* orbital of the substituent, 2) the energy destabilization of
the m orbital of the substituent, and thus the energy de-
crease of both intramolecular 1 —mn* and DACTsS transitions.
It is worth noting that probably like for 4 (see the theoreti-
cal calculations), the orbitals that are centered on the ac-
ceptor are affected by the complexation of the lanthanide,
whereas those centered on the TTF core remain almost un-
changed. This is supported by the unchanged electrochemi-
cal properties between the free donor L and the complexes,
and can explain the most important shift for the &t—m* tran-
sitions with respect to DACTs. Similar redshifts of the ab-
sorption bands upon complexation have already been ob-
served in our previous work on the mononuclear Gd™ com-
plex with the TTF-amido-2-pyrimidine-1-oxide ligand.!"!

No significant change is expected between 4f elements
with similar ionic radii. In addition, it is well known that,
within an isostructural series, all complexes present very
similar absorption spectra regardless of the nature of the
lanthanide ion.*”! This similar ionochromic effect is verified
for complexes 1-3 containing Pr, Gd, and Tb, respectively,
and 4 and 5 containing Y and Yb, respectively, that exhibit
very similar solid-state absorption spectra (Table 6). There-
fore it should be correct to extrapolate the theoretical re-
sults of 4 to 5 to interpret their optical properties. In conse-
quence, it appears that the irradiation of 5 with energy close
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to that of the maximum of the DACT, is a judicious choice
to study the emission properties of 5.

Complexes 4 and 5: The UV-visible absorption spectra are
depicted in Figure 10 (for 5), Figure S7 in the Supporting In-
formation (for 4), and Table 6. The UV spectra of the mono-
nuclear complexes are similar to those for the dinuclear
compounds. The principal difference is the disappearance of
the absorption band localized at 40700 cm™ due to the ab-
sence of 3-chlorobenzoate in the crystal structures of mono-
nuclear complexes 4 and 5.

Time-dependent (TD) DFT calculations on complex 4: To
get more insight into the absorption properties, TD-DFT
calculations were performed on the Y™ complex, a diamag-
netic model without f-f excited states (see the computation-
al details in the Experimental Section). Molecular orbital di-
agrams (Figure 11) and calculated UV-visible spectra
(Figure 12) of 4 have been determined and compared with
that of free ligand L previously published.’” The simulation
of the shape of the UV-visible absorption spectra by TD-
DFT calculations is in good agreement with the experimen-
tal data. A hypsochromic shift of the absorption maxima is
observed at high energy (up to 25000 cm™") between calcu-
lated (gas phase) and experimental data recorded in the
solid state. On the contrary, the solution UV-visible spec-

_q »\/\,&:‘:\' — —&&%‘ 2 e
N
al | H$# LUMO+2

-3 " LUMO+1

2 4y 8

Energy /eV

Figure 11. Molecular orbital diagram of L and 4. Energy level of the cen-
tered hfac™, TTF (D), and PyNO (A) orbitals are represented in light
gray, gray, and black, respectively.
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tions and assignment of compounds 4 and L.

trum of L is very well reproduced without a shift of the ab-
sorption maxima (bottom of Figure 12).

For complex 4, the major part of the experimental lowest-
energy deconvolution centered at the mean value of
19600 cm™' is identified as intramolecular charge transfers
HOMO—LUMO+1/LUMO+2 (Table 7). The HOMO is
centered on the TTF core
whereas the LUMO+1 and
LUMO+2 are centered on the
amidopyridine-N-oxide acceptor

16/LUMO+17/LUMO+19 (Table 7). The electronic density
in all theses orbitals are localized on the TTF core
(Figure 11).

The third experimental deconvolution centered at
32800 cm™! is attributed to m—m* intra-hfac™ (Ihfac™) exci-
tations that are mainly composed of the three HOMO—4 —

Table 7. TD-DFT-calculated excitation energies and main composition of low-lying electronic transitions of 4
associated with an oscillator strength of f>0.07 except for the lowest excitation. In addition, the visible-range
charge transfer and the pure intramolecular transition-centered hfac™ ligands are reported.

(called A) (Figure 11). The
Energy [cm™']

energy of this CT is calculated Oscillation ~ Typel®! Assignment!"! Transition!!
at 18611 cm-! exptl theor
. nb * 9
The experimental deconvolu- 19600 18611  0.05 DACT e no H—-L+1/L42 (702 %)

) T 29500 L o D o e . H-3—L+7 (12%)
tion centered at 29500 cm™ is : e e O TTE H-1L+13/L418 (41%)
attributed to several intra-TTF 35802  0.11 D ELGLTES (S, H—LA14/L+16/L+17 (73 %)
moiety transitions. The most in- 37274 045 D b ok H-1-L+18 (13%)
tense excitations are calculated §H1L+Ii-9|-g/3£— )18 (39%)

. . . nb —1l— o
at the following energies: 37475 025 ID TrTF RO T H—L+19 (13%)
34739, 35802, 37274, and 32800 34900 0.07 Thfac™ sk H—4—L+2 (36%)
37475 cm~!. The TD-DFT cal- 36959 0.07 Thfac™ ko H-5—L+4 (36%)
culations show that these excita- 37826 0.08 Thfac™ Tifao- itz H-5-L+3 (35%)
- nl nl — * * 8 0y
tions are attributed to the fol. 8600 39484 0.1 IA+Ihfac T o/, Ho8 oLl (19%)
. o ~ b o * gk H-8—L+2/L+4 (26%)

lowing transitions: HOMO-3 40002 0.10 IA+Ihfac™ T N0 Mhe =Moo Mhise- H_4L+5 (10%)
—~LUMO+7, HOMO-1— [a] ID, IA, and Ihfac™ represent the intramolecular TTF (donor), pyNO (acceptor), and hfac™ transitions and
LUMO+13/LUMO+18, and  therefore DACT stands for donor-to-acceptor charge transfer. [b] nb represents nonbonding orbitals. [c] H and
HOMO —-LUMO+14/LUMO+ L represent the HOMO and LUMO, respectively.
11936 —— www.chemeurj.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 11926 -11941


www.chemeurj.org

Yb™ Luminescence

LUMO+42 (calculated at 34900 cm™) and HOMO-5—
LUMO+43/LUMO+4 (calculated at 36959 and 37826 cm ',
respectively) transitions (Table 7).

Finally, the highest-energy experimental deconvolution
(38600 cm™) is identified as w—m* intra-amidopyridine-N-
oxide acceptor (IA) excitation with a participation of the
n—m* intra-hfac™ ones. These excitations are attributed to
the HOMO-8—LUMO+1 and HOMO-4—LUMO+5
transitions with a calculated absorption maximum at
39743 cm™ .

The molecular orbital diagrams of L and 4 highlight the
coordination effect of the Y™ ions on the energy level of
the orbitals (Figure 11). So the coordination of this ion leads
to an energy stabilization of the centered acceptor orbitals
(blue levels) as expected because the coordination takes
place through the N—O group of the 2-pyridine-N-oxide
moiety; whereas the TTF-centered orbitals (dark gray
levels) are only weakly stabilized due to the long pathway
between the TTF core and the N—O group. Nevertheless, a
significant electronic effect of the Y™ coordination is ob-
served through the amido bridge. The coordination of the
Y™ ion also induces a better localization of the orbitals on
the TTF core and acceptor moiety. Thus the m—m* intrali-
gand (IL) excitations for free ligand L disappear to give m—
nt* intradonor (ID) and/or intraacceptor (IA) excitations in
complex 4 (right part of the Figure 12). The most important
consequence of the stabilization of the acceptor-centered or-
bitals is the redshift of the CT in 4 relative to L (about
2260 cm™'). Redshift of the IA excitations is also observed
and calculated (about 3500 cm™'). The TD-DFT theoretical
calculations are in agreement with the experimental obser-
vations. Ligand L has been coordinated to M(hfac), metallic
precursors (M"=Cu, Mn, and Zn) in our previous work.*"
The coordination of various divalent metal ions with L has
permitted the demonstration that the coordination effect is
essentially an electrostatic effect. In the case of M" ions, the
redshift of the DACT has been calculated to be 2900 cm ™%,
which is slightly greater than the one observed for the coor-
dination of Y™. On one side, it is expected that the electro-
static effect increases with trivalent ion relative to a divalent
one. On the other side, the longer Y—O bond lengths
(2.335(3) A) compared with those of M—O (1.998(2) A) lead
to the decrease of this effect. In conclusion, oxidation de-
grees and bond lengths compensate each other.

Luminescence properties of L and [Ln(hfac);(L),] (Ln=Y
(4) and Yb (5)): Upon excitation in the lower energy DACT
transition (A, =510 nm, 19600 cm ™), both free ligand L and
yttrium complex 4 exhibit a broad fluorescence band cen-
tered at 715 and 737 nm (13986 and 13568 cm™'), respec-
tively.

The bathochromic shift observed in the absorption spectra
upon complexation is amplified in the emission spectra
thereby confirming the CT character of these transitions.
TTF-fused phenazine ligands featuring a strong CT transi-
tion are known to exhibit an emission band in a similar
wavelength range and to present an analogous bathochromic
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shift upon complexation with transition-metal ions.** In
the case of ytterbium complex 5, excitation in the same CT
transition (Ae=510 nm, 19600 cm™") induces the line-shape
emissions in the NIR spectral range assigned to the *Fs, —
ZF% (980 nm) transition centered on the ytterbium ion. In
addition, the residual CT emission is observed around
760 nm (13157 cm™) (Figure 13). It is worth noting that this
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Figure 13. Emission spectra of L, 4, and 5 in the near-IR region for 1., =
19600 cm™! at room temperature (293 K) in the solid state.

residual CT emission is slightly redshifted with respect to
that of the yttrium complex. A similar bathochromic shift in
the ligand CT emission along the 4f element row has already
been described and is generally explained by the enhanced
sensitivity of luminescence transitions to the central ion
Lewis acidity compared with that of the absorption. In the
present case, the Yb™ ion is smaller than Y™ and then pres-
ents a more Lewis acid character and consequently a larger
redshift in the CT emission.™¥l Tt is worth noting that the
presence of these low-energy CT transitions allows the sen-
sitization of Yb™ with long wavelength up to 500 nm local-
ized in the visible part of the spectra. The energy of the
donor excited state can be estimated from the zero-phonon
transition wavelength A,, estimated to be 635nm
(15750 cm™') from the intersection of the absorption and
emission spectra. This result is in the range of the longest
wavelengths reported for the Yb sensitization using antenna
featuring xanthene (fluroescein, eosin, erythrosine, or rhoda-
mine 6G, 500-550 nm),* Bodipy (530 nm),* or push—pull
(550 nm)™*! chromophores.

In the particular case of Yb™, the sensitization process re-
mains a matter of debate due to the presence of a single ex-
cited state responsible for the absorption and emission. The
sensitization can proceed either through energy transfer
from the triplet or the singlet excited state of a chromo-
phore antenna or through a stepwise photoinduced electron
transfer in the case of electroactive ligands. This latter pro-
cess restricted to Ln™ ions that can be reduced at a rather
modest potential was initially proposed by Horrocks*”! and
extensively studied by Faulkner and Ward."®*! Tt involves
the transient formation of an oxidized donor/Yb" species
that will generate the emissive Yb™ excited state after back-
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electron transfer. Due to the presence of an electroactive
TTF-containing ligand™ in complex 5, this sensitization
process must be considered. According to the above-men-
tioned studies,"®**1 it is possible to estimate the feasibility
of the photoinduced electron transfer (AGgy) using the ex-
tended Rachm—-Weller®” Equation (2):

AGET > eO(oniErcd)iEsiw (2)

in which e, represents the elementary electron charge, E,,,
the oxidation potential of the electrodonating ligand, E,.,
the reduction potential of the acceptor, and E,, the excited-
state energy. In addition, w represents the stabilization
energy between the different components of the ion pair
(0.15eV for a closely associated ion pair). In the present
case, the oxidation potential of the TTF moieties in 5 is esti-
mated to be 0.512 V versus the saturated calomel electrode
(SCE) from cyclic voltammetry. On the other hand, the re-
duction potential of the couple [Yb™(hfac),(H,O),]/[Yb"-
(hfac);(H,0),] is found to be —1.65V versus SCE. The
energy of the excited state corresponds to the zero-phonon
transition, E,= E,,=1.95 e¢V; Equation (2) becomes AGgr>
1x(0.5124+1.65)—1.95-0.15 hence AGg;>0.112eV. Since
AGgr is a positive value, the electron-transfer process is not
thermodynamically favored suggesting that the sensitization
occurs through an antenna effect.

This antenna-mediated sensitization process generally in-
volves a resonant energy-transfer process (Forster or Dexter
mechanism) and therefore requires an overlap between the
emission of the donating state and the absorption of the
central metal ion.®! As a general rule, the energy level of
the donating state must lie at about 2-3000 cm ™' above that
of the accepting state to optimize the energy transfer and
avoid the thermally activated back-energy transfer. In the
case of ytterbium the °F;, —’F;, absorption is located at
10240 cm ™ so a good antenna should present a donating
state around 12-13000 cm™'. Since the triplet state associat-
ed to the hfac™ ligand lies around 21370 cm™ (in the analo-
gous Gd complex),’!! the lowest excited state in 5 is the
charge-transfer state. It is worth noting that the CT excited
state is known to present significant relaxation in their excit-
ed state, so the energy of the donating state is better de-
scribed by the CT emission band by taking into account its
broadness.'* In the present case (Figure 13), the emission
band starts with the zero-phonon transition (15750 cm™),
presents a maximum around 13160 cm™!, and its red tail can
be estimated as 11360 cm™ using a rough deconvolution
into the Gaussian function. (The detection setup is blind in
the 800-950 nm region). The energy of the donating CT,
comprising the 15750-11360 cm™' energy range, is located
at the optimal position to efficiently sensitize the Yb™ lumi-
nescence. Finally, the most probable sensitization process in
5 (Figure 14) involves a direct sensitization through the sin-
glet CT state.[13¢-44-46]
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Figure 14. Probable sensitization process in 5.

Conclusion

In this work, five lanthanide-based coordination complexes
involving the redox-active tetrathiafulvalene-amido-2-pyri-
dine-N-oxide ligand (L) have been synthesized and their
crystal structures have been resolved by X-ray diffraction.
Three crystal-structural families have been identified and
they are obtained roughly depending of the ionic radius of
the trivalent lanthanides.

After canceling the crystal-field contribution of the lan-
thanides by an extended empirical method, antiferromagnet-
ic exchange interactions have been identified between the
lanthanide centers through the nitroxide group of L and 3-
benzoic acid bridges.

All the complexes have been investigated by solid-state
UV-visible absorption spectroscopy. Gaussian deconvolu-
tions of the experimental curves were performed to fit the
data. The molecular-orbital diagram for the diamagnetic Y™
derivative has been elaborated and TD-DFT calculations
have permitted the reproduction of the absorption spectra.
The low-energy transitions are identified as monoelectronic
HOMO—-LUMO+1/LUOM+2 charge transfers from the
TTF core to the amido-2-Py-N-oxide acceptor. The inter-
mediate-energy region is composed of intra-TTF
(29500 cm™') and intra-hfac™ (32800 cm™') m—m* transitions,
whereas the high-energy region is composed of intra-accept-
or (38600 cm™) m—m* excitations. The coordination effects
of the Ln(hfac); moiety are highlighted by a redshift of the
absorption transitions relative to free L. Irradiation of the
HOMO —-LUMO+1/LUMO+2 charge-transfer transitions
(19600 cm™") of both [Ln(hfac),(L),] compounds (Ln™=Y
(4) and Yb (5)) induces a broad fluorescence band centered
at 13568 and 13157 cm™!, respectively. In the case of 5, the
excitation induces line-shape emissions in the near-infrared
spectral range assigned to the *F,, —°Fs, (9860 cm™') transi-
tion centered on the ytterbium ion. The positive value for
the photoinduced electron-transfer parameter (AGgp>
0.112 eV) suggests that the antenna-effect sensitization pro-
cess is favored and proceeds through energy transfer from
the singlet CT state of the L chromophore. It is worth
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noting that the energy of the charge-transfer donation is es-
timated to be 15750 cm ™', which is in the range of the lon-
gest wavelengths reported for Yb™ sensitization. The energy
is localized in the optimal energy range leading to the fact
that L is an efficient charge-transfer antenna ligand for the
sensitization of Yb™ Iuminescence.

Electrochemical oxidations are under investigation to
obtain oxidized coordination complexes and to study the in-
fluence of the oxidation state of L on infrared emissions. In
addition, synthetic efforts are in progress in the group to
elaborate new infrared luminescent lanthanide-based com-
plexes that should be stable in solution and suitable for
grafting on a surface.

Experimental Section

General procedures and materials: All solvents were dried using standard
procedures. The precursors Ln(hfac);xH,O (hfac”=1,1,1,5,5,5-hexafluo-
roacetylacetonate anion; Ln"'=Pr, x=3; and for Ln"'=Gd, Tb, Y and
Yb, x=2) and 2-pyridyl-N-oxide-carbomoyltetrathiafulvalene (L)
were synthesized following previously reported methods. All other re-
agents were purchased from Aldrich Co. Ltd and were used without fur-
ther purification.

Crystallography: Single crystals were mounted on a Nonius four-circle
diffractometer equipped with a CCD camera and a graphite-monochro-
mated Moy, radiation source (A=0.71073 A), from the Centre de Dif-
fractométrie (CDFIX), Université de Rennes 1, France. Data were col-
lected at 293 K. Structures were solved with a direct method using the
SIR-97 program and refined with a full-matrix least-squares method on
F? using the SHELXL-97 program.’!! Crystallographic data are summar-
ized in Table 1. CCDC-776876 (1), -776877 (2), -776878 (3), -776879 (4),
and 776880 (5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical measurements: Cyclic voltammetry was carried out on solutions
of the compounds in acetonitrile containing 0.1m N(C,H,),PF, as sup-
porting electrolyte. Voltammograms were recorded at 100 mVs™ at a
platinum disk electrode. The potentials were measured versus a saturated
calomel electrode (SCE; Table 5). Optical spectra were measured using
the KBr disk method on Perkin-Elmer 1600 Series FTIR (resolution
4 cm™) for infrared (IR) spectroscopy. Absorption spectra were recorded
using the KBr disk method on a Varian Cary 5000 UV-visible-NIR spec-
trometer equipped with a diffuse reflectance accessory. The luminescence
spectra were measured using a Horiba-Jobin Yvon Fluorolog-3 spectro-
fluorimeter, equipped with a three-slit double-grating excitation and
emission  monochromator ~ with  dispersions of 2.1 nmmm™
(1200 groovesmm ™). The steady-state luminescence was excited by un-
polarized light from a 450 W xenon continuous wave (CW) lamp and de-
tected at an angle of 90° for diluted solution measurements or at 22.5°
for solid-state measurements (front face detection) by a red-sensitive Ha-
mamatsu 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). Uncorrected
near-IR spectra were recorded at an angle of 45° using a liquid-nitrogen-
cooled, solid indium/gallium/arsenic detector (850-1600 nm). The direct
current (dc) magnetic susceptibility measurements were performed on
solid polycrystalline samples with a Quantum Design MPMS-XL SQUID
magnetometer between 2 and 300 K in an applied magnetic field of 0.2 T
for temperatures of 2-20 K and 1T for temperatures of 20-300 K. The
experimental data have been corrected from the diamagnetism of the
sample holder, and the intrinsic diamagnetism of the materials was evalu-
ated with Pascal’s tables.

Computational details: The UV-visible absorption spectra of ligand L
and complex 4 have been calculated. At first, a full geometry optimiza-
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tion of 4 was carried out using DFT methods from the solid-state geome-
try. All calculations were performed with the hybrid functional adapta-
tion of PBEP? (usually referred to as PBEO) as implemented in the
Gaussian 03 program.”?! Previous tests on L with the GGA functional
BP86* led to very similar results.”” To manage the calculations on the
whole complex 4, we used a double-C-quality basis set proposed by Wei-
gend et al. with polarization functions for all atoms.”! The difference
with a triple-C-quality basis set was previously probed on L and was
found to be negligible.” Then, the first 150 low-lying monoelectronic ex-
citations (up to 53000 cm™") were computed using a time-dependent den-
sity functional theory (TD-DFT) procedure with the same program, func-
tional, and basis set as the first step.

Synthesis of [Pry(hfac);(0O,CPhCl)(L);]-2H,0 (1): Pr(hfac);:3H,0
(24.6 mg, 0.03 mmol) was dissolved in CH,Cl, (5 mL); then a solution of
ligand L (254 mg, 0.075mmol) and 3-chlorobenzoic acid (4.7 mg,
0.03 mmol) in CH,Cl, (5 mL) was slowly added. After 20 min of stirring,
the dark red solution was put in a closed flask and n-hexane solvent was
slowly diffused in the dark. After two weeks, dark red single crystals of 1
were obtained. Yield: 11.0mg (29%); IR: #=3451, 3142, 2928, 2854,
1698, 1678, 1649, 1530, 1512, 1436, 1340, 1256, 1205, 1146, 800, 764, 659,
585cm™".

Synthesis of [Gd,(hfac)s(0,CPhCl)(L);]-2H,O0 (2): This complex was syn-
thesized by a similar procedure to that used for 1 starting from Gd-
(hfac);2H,0 (24.4 mg, 0.03 mmol). After two weeks of slow diffusion of
n-hexane in the mother liquor in the dark, dark red single crystals of 2
were obtained. Yield: 10.2 mg (27%); IR: #=3450, 3140, 2929, 2854,
1698, 1673, 1654, 1582, 1512, 1435, 1315, 1254, 1205, 1143, 797, 763, 659,
584 cm .

Synthesis of [Tb,(hfac),(0,CPhCl),(L),] (3): This complex was synthe-
sized by a similar procedure to that used for 1 starting from Tb-
(hfac);-2H,0 (24.4 mg, 0.03 mmol). After four weeks of slow diffusion of
n-hexane in the mother liquor in the dark, dark red single crystals of 3
were obtained. Yield: 13.0 mg (40%); IR: #=3433, 3138, 2928, 2851,
1694, 1668, 1650, 1586, 1558, 1524, 1513, 1434, 1255, 1211, 1144, 798, 742,
661, 586 cm ™.

Synthesis of [Y (hfac);(L),] (4): This complex was synthesized by a similar
procedure to that used for 1 starting from Y(hfac);2H,O (22.4 mg,
0.03 mmol). After one week of slow diffusion of n-hexane in the mother
liquor in the dark, dark red blocks single crystals of 4 were obtained.
Yield: 17.4 mg (42%); IR: 7=3342, 3130, 2935, 2848, 1670, 1650, 1582,
1557, 1534, 1517, 1437, 1257, 1212, 1144, 800, 766, 660, 642, 586 cm™".

Synthesis of [Yb(hfac);(L),] (5): This complex was synthesized by a simi-
lar procedure to that used for 4 starting from Yb(hfac);2H,0 (25.4 mg,
0.03 mmol). After one week of slow diffusion of n-hexane in the mother
liquor in the dark, dark red blocks single crystals of 5 were obtained.
Yield: 32.0 mg (72%); IR: 7=3339, 3134, 2938, 2849, 1670, 1651, 1581,
1557, 1536, 1518, 1437, 1258, 1212, 1143, 799, 766, 661, 643, 585 cm™".
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