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ABSTRACT: The reaction between the TTF-fused dipyrido[3,2-a:2",3'-c]-
phenazine (dppz) ligand (L) and 1 equiv of Ln(hfac);2H,0 (hfac™ =
1,1,1,5,5,5-hexafluoroacetyacetonate) or 1 equiv of Ln(tta);:2H,0 (tta~ = 2-
thenoyltrifluoroacetonate) (Ln™ = Dy™ or Yb™) metallic precursors leads to four
mononuclear complexes of formula [Ln(hfac);(L)]-C¢H,, (Ln™ = Dy™ (1), Yb™
(2)) and [Ln(tta);(L)]-C¢Hy, (Ln™ = Dy™ (3), Yb™ (4)), respectively. Their X-
ray structures reveal that the Ln™ ion is coordinated to the bischelating
nitrogenated coordination site and adopts a D, coordination environment. The
dynamic magnetic measurements show a slow relaxation of the Dy
magnetization for 1 and 3 with parameters highlighting a slower relaxation for
3 than for 1 (7, = 4.14(+1.36) X 107 and 1.32(0.07) X 107° s with A =
39(+3) and 63.7(+0.7) K). This behavior as well as the orientation of the
associated magnetic anisotropy axes have been rationalized on the basis of both
crystal field splitting parameters and ab initio SA-CASSCF/RASSI-SO calculations. Irradiation of the lowest-energy HOMO —
LUMO ILCT absorption band induces a *Fs;, — °F,/, Yb-centered emission for 2 and 4. For these Yb"' compounds, Stevens
operators method has been used to fit the thermal variation of the magnetic susceptibilities, and the resulting M; splittings have
been correlated with the emission lines.

B INTRODUCTION luminescence of lanthanide is correlated directly to the
magnetic properties since it can be described as a picture of
the energy splitting of the ground-state multiplet under crystal
field interaction, which is also responsible for the magnetic
properties. In this particular case, the organic ligand which
permits stabilizing the Ising anisotropy is also used as an

organic chromophore to sensitize the lanthanide luminescen-
2b,c,10
ce.

In the molecular magnetism field of research, lanthanide ions
take a preponderant place due to their intrinsic magnetic and
luminescence properties. Indeed, such elements are well-known
candidates to elaborate single-molecule magnets (SMM)
because of their strong single-ion anisotropy and large magnetic
moment." SMM behavior can be observed in single lanthanide
complexes using a plethora of organic ligands such as the
1,4,7,10-tetraazacyclododecane-N,N’,N”,N" -tetraacetic acid,?
organometallic sandwich ligand,®> or phthalocyaninate.* In all
these systems, coordinated ligands drive obtaining the desired
axial magnetic anisotropy (Ising anisotropy) thanks to an
adequate charge distribution around the lanthanide center.®
In addition, lanthanide ions are widely studied for their
specific luminescence properties with emission line-like spectra
ranging from visible to near-infrared (NIR) and luminescence

The main part of our research is focused on the
tetrathiafulvalene (TTF)/lanthanide couple. Even if TTF has
been implied mainly in molecular conductors'' due its redox
activity, it is also a remarkable (i) organic chromophore to
efficiently sensitize visible and NIR luminescence of lantha-
nides'” and (ii) structural agent to build redox-active SMM."
Herein, we focus on the specific TTF-fused dipyrido[3,2-
a:2',3'-c]phenazine (dppz) ligand (L) which has been
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Scheme 1. Chemical Structure of L

SO e0e
(L)

This electron donor—acceptor (D—A) ligand displays (i)
promising electronic interactions such as a strong intra-
molecular ligand charge transfer (ILCT) band in the visible
spectral region, (ii) redox activity, and (iii) a dipyridyl moiety
suitable for coordination of metal precursors™> for obtaining
SMM behavior. It is also useful for sensitization of the
lanthanide luminescence by the antenna effect.”'*>'

Herein, we present the coordination reactions of the Ln(f-
diketonate);2H,0 (Ln™ = Dy™ and Yb", p-diketonate =
1,1,1,5,5,5-hexafluoroacetylacetonate (hfac™) and 2-thenoyltri-
fluoroacetonate (tta™)) with the ligand (L) and the X-ray
structures of [Ln(hfac);(L)]-C¢H,, and [Ln(tta);(L)]-C4H,,.
In addition, static and dynamic magnetic properties are
experimentally and theoretically (using both Stevens operators
technique and ab initio SA-CASSCF/RASSI-SO calculations)
investigated. The photophysical properties have been deter-
mined and rationalized by time-dependent density functional
theory (TD-DFT). Finally, for the Yb"™ derivatives, the
correlation between magnetic and luminescence properties is
discussed.

B EXPERIMENTAL SECTION

Synthesis, General Procedures, and Materials. The precursors
Ln(hfac);2H,0 (Ln™ = Dy and Yb; hfac™ = 1,1,1,5,5,5-hexafluor-
oacetylacetonate anion), Ln(tta);2H,0 (Ln™ = Dy and Yb; tta™ = 2-
thenoyltrifluoroacetonate anion) and the ligand L were synthesized
following previously reported methods."*'® All other reagents were
commercially available and used without further purification.

Synthesis of Complexes 1—4. [Ln(hfac);(L)]-C,H,, (Ln = Dy" (1)
and Ln = Yb" (2)). A 0.02 mmol amount of Ln(hfac);2H,0 was
dissolved in § mL of CH,Cl, and then added to a solution of $ mL of
CH,Cl, containing 12.1 mg of L (0.02 mmol). After 15 min of stirring,
10 mL of n-hexane was added at room temperature. Slow evaporation
of the mixture gives dark blue single crystals which are suitable for X-
ray studies. Yield: 23 (77%) and 25 mg (83%), respectively, for
compounds 1 and 2. Anal. Caled for CyoH;yDyF sN,O4Ss: C, 39.82;
H, 2.64; N, 3.79. Found: C, 39.15; H, 2.46; N, 3.81. Anal. Calcd for
CyoHagYbF N, OSs: C, 39.54; H, 2.62; N, 3.77. Found: C, 39.29; H,
2.54; N, 3.79.

[Ln(tta)s(L)]-C4H14 (Ln = Dy" (3) and Ln = Yb" (4)). A 0.02 mmol
amount of Ln(tta);2H,0 was dissolved in 5 mL of CH,Cl, and then
added to a solution of S mL of CH,Cl, containing 12.1 mg of L (0.02
mmol). After 15 min of stirring, 10 mL of n-hexane was added at room
temperature. Slow evaporation of the mixture gives dark blue single
crystals which are suitable for X-ray studies. Yield: 26 (84%) and 27
mg (87%), respectively, for compounds 1 and 2. Anal. Calcd for
CysH,sDyFoN,OSo: C, 45.82; H, 3.16; N, 3.69. Found: C, 45.59; H,
3.04; N, 3.77. Anal. Caled for CygH,YbEN,O¢So: C, 45.51; H, 3.14;
N, 3.66. Found: C, 45.25; H, 3.06; N, 3.71.

Crystallography. Single crystals of 1—4 were mounted on a
APEXII Bruker-AXS diffractometer for data collection (Mo Ka
radiation source, 4 = 0.71073 A). The structures were solved by direct
methods using the SIR-97 program and refined with a full matrix least-
squares method on F* using the SHELXL-97 program'” for 1 and 2,
while only a cell determination was performed for 3 and 4.
Crystallographic data are summarized in Table 1. Complete crystal
structure results as a CIF file including bond lengths, angles, and
atomic coordinates are deposited as Supporting Information.

Physical Measurements. Elemental analyses of the compounds
were performed at the Centre Régional de Mesures Physiques de
I’Ouest, Rennes. Absorption spectra were recorded on a Varian Cary
5000 UV-visible-NIR spectrometer equipped with an integration
sphere. The luminescence spectra were measured using a Horiba-Jobin
Yvon Fluorolog-3 spectrofluorimeter, equipped with a three-slit
double-grating excitation and emission monochromator with dis-
persions of 2.1 nm/mm (1200 grooves/mm). The steady-state
luminescence was excited by unpolarized light from a 450 W xenon
CW lamp and detected at an angle of 90° for diluted solution
measurements or at 22.5° for solid-state measurement (front face
detection) by a red-sensitive Hamamatsu R928 photomultiplier tube.
Spectra were reference corrected for both the excitation source light

Table 1. X-ray Crystallographic Data for 1—4

formula

M (g mol™)
cryst syst
space group

cell params

volume (A3)

V4

T (K)

20 range (deg)
Peiea (gem™)
u (mm™)

no. of reflns
no. of independent reflns
Ry

F? > 20(F,)*
no. of variables
R}, wR,

[Dy(hfac)3(L)]'C6H14 (1)
CyoH39DyF sN,O4S6
1476.7
monoclinic
C2/c (No.15)

a =22.0242(19) A
b = 32.6538(32) A
¢ =21.5688(21) A
p = 128.9194(28)°
12 068.6(30)

8

150 (2)

6.04 < 20 < 5496
1.625

1.550

52781

13794

0.1820

5296

727

0.0776, 0.1416

[Yb(hfac);(L)]-CeHyy (2)
CyoH39YbF gN,O4S6
1487.2

monoclinic

a =21.8981(164) A
b = 32.7491(223) A
¢ = 21.4049(160) A
B = 128.4327(160)°
12 024.5(246)

8

150 (2)
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[Dy(tta);(L)]-CsHy, (3)
CssHysDyFgN,O4So
1519.0
orthorhombic
Pbna (No. 60)
a=194111(11) A
b =20.99910(11) A
¢ = 34.2648(16) A

13961.5(13)

8

150(2)

2.38< 20 < 54.92
1.445

1411

66 074

15897

0.0620

6497

648

0.0962, 0.2606

[Yb(tta);(L)]-C4Hy4 (4)
CssHysYbFoN,O4So
1529.5
orthorhombic

a =19.3855(323) A
b = 20.9534(304) A
¢ = 34.1989(567) A

13 891.3(624)
8
150(2)

DOI: 10.1021/acs.inorgchem.5b00441

Inorg. Chem. 2015, 54, 53845397


http://dx.doi.org/10.1021/acs.inorgchem.5b00441

Inorganic Chemistry

Figure 1. ORTEP view of the mononuclear complexes [Dy(hfac);(L)]-C¢H,4 (1) (2) and [Dy(tta);(L)]-CsHy, (3) (b). Thermal ellipsoids are
drawn at 30% probability. Hydrogen atoms and n-hexane molecules are omitted for clarity.

intensity variation (lamp and grating) and the emission spectral
response (detector and grating). Near-infrared spectra were recorded
at an angle of 45° using a liquid-nitrogen-cooled, solid indium/
gallium/arsenic detector (850—1600 nm). The luminescence decay of
ytterbium complexes was determined using a homemade set up. The
excitation of the Yb™ luminescence decays was performed with an
optical parametric oscillator from EKSPLA NT342, pumped with a
pulsed frequency tripled YAG:Nd laser. The pulse duration was 6 ns at
10 Hz repetition rate. The detection was performed by a R1767
Hamamatsu photomultiplier through a Jobin—Yvon monochromator
equipped with a 1 ym blazed grating. The signal was visualized and
averaged with a Lecroy digital oscilloscope LT342. The dc magnetic
susceptibility measurements were performed on solid polycrystalline
sample with a Quantum Design MPMS-XL SQUID magnetometer
between 2 and 300 K in an applied magnetic field of 02 T for
temperatures of 2—20 K and 1 T for temperatures of 20—300 K. These
measurements were all corrected for the diamagnetic contribution as
calculated with Pascal’s constants.

Computational Details. DFT geometry optimizations and TD-
DFT excitation energy calculations of the ligand L and the Y™
derivatives of 2 and 4 were carried out with the Gaussian 09 (revision
A.02) package'® employing the PBEO hybrid functional.'® The
“Stuttgart/Dresden” basis sets and effective core potentials were
used to describe the yttrium atom,”® whereas all other atoms were
described with the SVP basis sets.”’ The first 50 monoelectronic
excitations were calculated. In all steps, a modeling of bulk solvent
effects (solvent dichloromethane) was included through the
polarizable continuum model (PCM)* usin§ a linear-response
nonequilibrium approach for the TD-DFT step.”® Molecular orbitals
were sketched using the Gabedit graphical interface.**

Wave function-based calculations were carried out first on the Dy
based complexes 1 and 3 extracted from X-ray crystal structures by
using the SA-CASSCF/RASSI-SO approach, as implemented in the
MOLCAS quantum chemistry package (version 8.0).>° Moreover, in
the case of 1, the TTF ligand was simplified (with no further geometry
optimization) as either a dipyrido[3,2-a:2,3’-c]phenazine (1dppz), a
dipyrido[3,2-:2',3"-h]quinoxaline (1dpq), or a 1,10-phenanthroline
(1phen) ligand (Figure S7, Supporting Information) to analyze the
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role of the 7 system on the energy splitting of the ground multiplet
and thus on the magnetic properties of the complexes. In this
approach, the relativistic effects are treated in two steps on the basis of
the Douglas—Kroll Hamiltonian. First, the scalar terms were included
in the basis-set generation and used to determine the spin-free wave
functions and energies in the complete active space self-consistent field
(CASSCF) method.?® Next, spin—orbit coupling was added within the
restricted-active-space-state-interaction (RASSI-SO) method, which
uses the spin-free wave functions as basis states.”” The resulting wave
functions and energies are used to compute the magnetic properties
and g tensors of the lowest states from the energy spectrum by using
the pseudospin § = 1/2 formalism in the SINGLE-ANISO routine.”
Cholesky decomposition of the bielectronic integrals was employed to
save disk space and speed-up the calculations.”” The active space of the
self-consistent field (CASSCF) method consisted of the nine 4f
electrons of the Dy™ ion spanning the seven 4f orbitals, ie.,
CAS(9,7)SCEF. State-averaged CASSCF calculations were performed
for all of the sextets (21 roots), all of the quadruplets (224 roots), and
300 out of the 490 doublets (due to software limitations) of the Dy™
ion. Twenty-one sextets, 128 quadruplets, and 107 doublets were
mixed through spin—orbit coupling in RASSI-SO. All atoms were
described by ANO-RCC basis sets.>” The following contractions were
used: [8s7p4d3f2glh] for Dy; [4s3p2d] for the O and N directly
coordinated to Dy; [4s3p] for the S atoms, [3s2p] for the C, N, and F
atoms, and [2s] for the H atoms of the hfac/tta and L ligands. A
similar procedure was then applied to the Yb™ complexes 2 and 4. The
active space consisted of 13 4f electrons in seven 4f orbitals, i.e.,
CAS(13,7)SCF. State-averaged CASSCF calculations were performed
for the seven doublets of the Yb™ ion, all of which were included in
the RASSI-SO calculation. The effects of dynamical correlation were
treated by means of a CASPT?2 treatment on top of the spin-free wave
functions. Similar basis set contractions were used except for Yb, which
was described at the [8s7p4d3f2g] level.

B RESULTS AND DISCUSSION

Crystal Structures. [Ln(hfac);(L)]-C4H,, (Ln = Dy" (1) and
Ln = Yb" (2)). Compounds 1 and 2 are isostructural. The full

DOI: 10.1021/acs.inorgchem.5b00441
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data collection and structure refinement have been performed
for 1, whereby for 2 only the cell parameters have been
determined to confirm its isomorphism (Table 1). Con-
sequently, the structural description is given for 1.

Compound 1 crystallizes in the C2/c (No. 15) monoclinic
space group (Table 1). The asymmetric unit is composed of
one Dy(hfac); moiety, one L ligand, and one n-hexane
interstitial solvent molecule (Figure la).

The Dy" ion is surrounded by six oxygen atoms that belong
to three hfac™ ligands and two nitrogen atoms from the bis-
chelating L ligand. As it is usually observed, the average Dy—O
distance is shorter (2.331(7) A) than the average Dy—N
distance (2.518(7) A) (Table 2) due to the oxophilic character

Table 2. Selected Bond Lengths (Angstroms) for
Compounds 1 and 3

1 3

Dyl-01 2.336(7) 2.348(6)
Dyl-02 2.357(6) 2.317(7)
Dyl-03 2.341(7) 2.346(5)
Dyl-04 2.296(7) 2.336(8)
Dyl-05 2.322(7) 2.297(6)
Dyl-06 2.332(6) 2.314(7)
Dyl-N1 2.539(7) 2.562(7)
Dyl-N2 2.497(7) 2.579(7)

of the lanthanide ion. The arrangement of the ligands leads to a
distorted square antiprism (D,; symmetry) coordination
polyhedron around the Dy™ ion. This distortion is visualized
by continuous shape measures performed with SHAPE 2.1
(Table 3).>' The length of the central C=C bond of the TTF
core is equal to 1.354(12) A, which attests to the neutral form
of L.

Table 3. SHAPE Analysis of the Coordination Polyhedron
around the Lanthanide Ions in Complexes 1 and 3

CShMgpr s CShMgrpr s
(square antiprism)  (biaugmented trigonal =~ CShMypp ¢ (triangular
D,y prism) C,, dodecahedron) D,
1 0.724 1.607 2.040
3 0.507 2271 2.420

The crystal packing reveals the formation of “head-to-tail”
dimers of L (donor—acceptor-type dimers) (Figure 2a) due to
the close packing of the whole 7 system of the ligands. Two
dimers interact through 7—7 interactions of the dipyridophe-
nazine acceptor moieties leading to the formation of pseudo
zigzag chains (Figure 2b). No intermolecular S-S contacts are
observed, and the shortest intermolecular Dy---Dy distance is
equal to 9.813 A.

[Ln(tta)s(L)]-CsH,, (Ln = Dy" (3) and Ln = Yb" (4)). The
substitution of the hfac™ ancillary anions by tta™ ones leads to
similar mononuclear complexes, whereby both compounds 3
and 4 are isostructural. Full data collection and refinement of
the structure have been performed only for 3, while only the
cell parameters have been determined in the case of 4 to
confirm its isomorphism (Table 1). Consequently, the
structural description is given for 3. It crystallizes in the Pbna
(No. 60) orthorhombic space group (Table 1). The asymmetric
unit is composed of one Dy(tta); moiety, one L ligand, and one
n-hexane molecule of crystallization (Figure 1b). The Dy" ion
is surrounded by six oxygen atoms (average distance equal to
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2.326(7) A) that belong to three hfac™ ligands and two
nitrogen atoms (average distance equal to 2.571(7) A) from the
bis-chelating L ligand. The Dy—N distances in 1 are slightly
shorter than in 3 due to the stronger electron-withdrawing
effect of hfac™ compared to tta™. SHAPE analysis highlights for
3 a less distorted square antiprism as the coordination
polyhedron of Dy™, compared to 1. The central C=C bond
of the TTF core is equal to 1.325(10) A, which attests to the
neutral form of L. As for 1, the crystal packing reveals the
formation of dimers and zigzag chains (Figure S1, Supporting
Information) with no short intermolecular S-S contacts; the
shortest intermolecular Dy---Dy distance is significantly longer
(11.371 A) compared to 1.

Electrochemical Properties. The redox properties of L
and the related complexes 1—4 are investigated by cyclic
voltammetry (Figures 3 and S2, Supporting Information), and
the values of the oxidation potentials are listed in Table 4.

The cyclic voltammogram of L shows two one-electron
oxidations at 0.69 and 1.06 V corresponding to the formation of
a radical cation and a dication TTF moiety, respectively (Figure
3). Previous work on the free ligand demonstrated the
reversibility of the first oxidation wave but not for the second
one, highlighting the instability of the dication."* The measured
oxidation potentials are higher (from +0.1 to +0.2 V) than
those found for the functionalized TTE donor’> due to the
strong electron-withdrawing effect of the dipyridophenazine
acceptor. Upon coordination of the lanthanide ions, surpris-
ingly, the electron-attracting Ln(hfac); and Ln(tta); fragments
have no significant effect on the oxidation potentials (Table 4).
In addition, L also revealed a reversible one-electron reduction
process which was attributed to the formation of the phenazine
radical anion.'"* In the actual lanthanide complexes this
reduction wave is only fairly observed around a potential of
—1.23 V (vs SCE) (Figure S2, Supporting Information). This
value may correspond to the one for the free ligand (—1.17 V vs
Ag/AgCl). The reversibility of the first oxidation potential is
conserved, and the electrochemical properties demonstrate the
redox activity of L in the complexes.

Magnetic Properties. Static Measurements. The thermal
variations of the yT products for 1—4 are given in Figure 4.
All T products show a monotonic decrease in the 300—2 K
temperature range taking values of 14.12 and 11.08 cm® K
mol ™" for complex 1, 2.41 and 1.06 cm® K mol™" for complex 2,
13.92 and 11.67 cm® K mol™ for complex 3, and 2.37 and 1.09
cm® K mol™! for complex 4 at room and low temperatures,
respectively. The experimental room-temperature values of T
are in agreement with the theoretical values of 14.17 and 2.57
cm® K mol™" expected for magnetically isolated Dy™ and Yb™
ions.*® The first magnetization curves measured at 2 K show
classical behavior in the field range 0—5 T for magnetically
isolated lanthanides such as those involved in complexes 1—4
(Figure S3, Supporting Information). The magnetic properties
of compounds 2 and 4 were analyzed in the framework of the
Stevens operators technique, whereas those of compounds 1
and 3 were discussed based on the results of ab initio
calculations (see next section). In the equivalent operators
model the crystal field splitting is described by polynomials of
the total angular momentum (J?, J,, J,, and J_)

DOI: 10.1021/acs.inorgchem.5b00441
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Figure 2. Crystal packing of 1 highlighting the formation of dimers of L (a) and a pseudo zigzag chain through the packing of the highlighted dimers
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Figure 3. Cyclic voltammetry of ligand L and compounds 1—4 in
CH,CL, at a scan rate of 100 mV-s~' with [N(C,H,),]PF as
supporting electrolyte (0.1 M). Potentials were measured vs a
saturated calomel electrode (SCE), glassy carbon working electrode,
and Pt wire counter electrode.

Table 4. Oxidation Potentials (V vs SCE, nBu,NPF, 0.1 M
in CH,Cl, at 100 mV*s™") of the Ligand L and Complexes
1-4

Elp Elp
L 0.69 1.06
1 0.69 1.04
2 0.70 1.05
3 0.70 1.05
4 0.70 1.05

5388
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Figure 4. Thermal variation of yy,T for 1 (up triangles), 2 (circles), 3
(down triangles), and 4 (squares). Red lines correspond to the best-
fitted curves with Stevens operators technique for 2 and 4 and to the
curves simulated from ab initio calculations for 1 and 3.

H=B)0) +B;O;
+ B} OY + B; O + B} O}
+ B, O} + B; O} + B{ O¢ + B O

where the ’O\E’s are the operators equivalents and the B{’s are
connected to the crystal field parameters.>* The perturbation
due to the application of an external magnetic field can easily be
estimated, and the magnetization can be calculated. In a Dy,
environment, only the BY’s are nonzero.> In this frame, the best
fits are obtained with B) = 1.1906(5) cm™, BS = 0.405(6) cm™,
and By = 1.03(5) X 107 cm™ for compound 2 and Bj =
1.190(4) ecm™, BY = 0.474(7) cm™, and B? = 1.04(4) x 1073
cm™! for compound 4, all in good agreement with experiments
(Figure 4). In such a high symmetry, M; remains a good

DOI: 10.1021/acs.inorgchem.5b00441
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Figure S. Frequency dependences of the in-phase and out-of-phase components of the ac susceptibility measured in the 2—15 K temperature range

for 1 (left) and 3 (right) at 1 kOe external dc field.

quantum number and the ground states correspond for both
compounds to the M; = +5/2 component of the ground-state
multiplet. The calculated M vs H curves at 2 K reproduce
almost perfectly the experiments (Figure S3, Supporting
Information), which certifies that the ground states are properly
described. The total splitting of the multiplet ground-state *F ,
is calculated at an energy equal to 515 and 681 cm™" for 2 and
4, respectively. The first excited state (M; = +3/2) is localized
at 247 (for 2) and 271 cm™" (for 4) above the ground state.
The second (M; = +1/2) and third excited states (M; = +7/2)
are, respectively, localized at 513 and 515 cm™ (for 2) and 584
and 681 cm™" (for 4).

Dynamic Measurements. No out-of-phase signals (yy,'") of
the ac susceptibility are detected in zero field for 2 and 4. On
the contrary, 1 and 3 display clear thermally activated
frequency-dependent out-of-phase signals (Figure SS, Support-
ing Information). At low temperature a fast thermally-
independent process maintains the maximum of y,”’ outside
the window of accessible frequencies for 1 and just at the limit
for 3. The relaxation times of such thermally-independent
processes can be estimated to be 5 X 107° s for 1 and 2.6 X
107* s for 3 from a fitting procedure with an extended Debye
model (see Supporting Information). Nevertheless, it is clear
that on cooling the maximum of the y);"’ vs v curves emerges at
higher temperatures in 3 than in 1. This is probably due to the
fact that the energy barrier for 3 is higher. This behavior has
already been observed in similar systems with identical N,Oq
coordination polyhedra when the ancillary ligand hfac™ is
substituted by tta~.">***® The application of an external dc field
dramatically shifts the maxima of y,'' to low frequencies
(Figures S, S6, and S7, Supporting Information). In both
compounds, 1 and 3, the optimum field, i.e., the field for which
the maximum of the y,,"’ vs v curves is at the lowest frequency,
is estimated to be 1 kOe. Under these conditions the
temperature variations of the relaxation times for 1 and 3 can
be extracted from the ac susceptibility frequency scans treated
with the extended Debye model (Tables S1 and S2, Supporting
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Information). The relaxation of the magnetic moment is slower
for 3 than for 1, independent of the temperature. In the high-
temperature range, the temperature dependences of the
relaxation time (Figure 6) can be reproduced with an Arrhenius
law (r = 7 exp(A/T)): 7, = 4.14(+1.36) x 107 and
1.32(%0.07) X 107 s with A = 39(+3) and 63.7(+0.7) K for 1
and 3, respectively.

logt/s

Figure 6. Temperature dependences of the relaxation times (7) at 1
kOe for 1 (empty circles) and 3 (full circles) with the best fitted curves
with an Arrhenius law (red lines).

Ab Initio Calculations. SA-CASSCF/RASSI-SO calculations
were performed first on 1 and 3 to rationalize the observed
magnetic properties (see Computational Details). First, the
effect of the 7 system of the TTF ligand on the energy splitting
of the ground-state multiplet “H;,, and on the g tensor of the
M; ground state was investigated for 1 considering three
models, namely, 1ddpz, 1dpq, and lphen (Figure S8,
Supporting Information), all obtained by simplification of the
TTF ligand without subsequent geometry optimization. Energy
spectra and g tensors for the eight Kramer’s doublets of the
ground °H,,, multiplet of the Dy™ ion are given in Figure S8
and Table S3, Supporting Information. As one may expect, the
modulation of the electronic effect of the ligand due to
increased 7 conjugation has no significant influence on the
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Figure 8. Computed magnetization blocking barriers in complexes 1 (top) and 3 (bottom). Numbers provided on each arrow are the mean absolute
values for the corresponding matrix elements of the magnetic transition dipole moment.

energy spectra and g tensor. The energy splitting of the °H;),
multiplet is almost identical for the four models, leading to a
similar thermal dependence of the yuT products. The
orientation of the easy magnetization axis is also not affected.
These results are in potential contradiction with recently
published experimental results®” that proposed that electronic
reorganizations related to the extension of the 7 system are
responsible for increasing the anisotropy barrier for similar Dy™
complexes as those studied here. However, the experimental
barrier should evidently not be only considered as the only
energy difference between the ground and the first excited
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states since various mechanisms are potentially involved.
Subsequent studies are in progress to confirm this statement.
Let us now concentrate on the comparison between 1 and 3.
Both y\T vs T and M vs H curves are fairly well reproduced for
3 (Figures 4 and S3, Supporting Information). The agreement
is not as good for 1, probably due to a slight underestimation of
the gap between the ground and the first excited states (Figure
7). It is clear however that this gap is smaller in 1 than in 3.
Moreover, calculations confirm the axial character of the
magnetic anisotropy tensor of the ground Kramer’s doublet
with large g, values of 18.89 for 1 and 19.58 for 3 and small g,
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and g, values. As commonly found when comparing complexes
bearing either tta~ or hfac™ ligands,'* it clearly appears that the
g, value for 3 is closer to the expected g, = 20 for a pure M; = +
15/2 ground state than for 1. Magnetic relaxation pathways can
be interpreted on the basis of magnetic transition moments
(Figure 8). Whereas for 3 magnetic relaxation may involve the
first excited state, a more direct relaxation pathway is expected
for 1. All results confirm, at least qualitatively, the trend
observed in the dynamic magnetic properties of the
compounds, i.e, the relaxation of the magnetic moment is 2.5
times slower for 3 than for 1. Changing hfac™ by tta™ anions
implies (i) a more regular D,; symmetry of the Dy
surrounding and (ii) an electronic redistribution of the charge
on the first neighboring atoms. The calculated ground-state
easy axis (Figure 7) is oriented perpendicular to the plane
formed by the TTF-based ligand, as expected for an oblate ion.
The negative charges on the oxygen atoms are substantially

5391

higher than on the nitrogen ones, inducing the electrostatic
anisotropy that governs the orientation of the ground-state
magnetic easy axis.

A similar ab initio protocol was also applied to both Yb'™
compounds 2 and 4. However, as usual for Yb™ complexes,*®
dynamical correlation effects had to be taken into account by
means of CASPT2 calculations (see Computational Details). As
seen in Figure S4, Supporting Information, good agreement is
obtained only for 2 at low temperature, whereas this is far from
the case for 4. This difficulty in reproducing the experimental
magnetic data of Yb"™' complexes using CASPT? calculations is
already known, as reflected by the limited number of works
devoted to ab initio simulations of the magnetic properties of
Yb™' complexes,”**** compared to the numerous examples
already existing for Dy complexes. An explanation can be
found in the difficulties to properly describe the more complex
electronic structure of Yb™ complexes with respect to Dy due
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Figure 10. MO diagram of L (a) and the Y™ analogue of 2 (b) and 4 (c). Energy levels of the centered TTF donor, dipyridophenazine acceptor, and

hfac/tta™ anions are shown in orange, blue, and green, respectively.

to (nonexhaustively) (i) the number of 4f electrons, (ii) the
importance of dynamical correlation, and (iii) the propensity of
having Ybi/yp! mixing in the ground-state wave function.

Photophysical Properties. Absorption Properties. The
UV—vis absorption properties of L, 2, and 4 have been studied
in a CH,Cl, solution (Figure 9). Rationalization based on TD-
DFT calculations was performed on the Y™ analogues
following a computational strategy already used successfully
on other TTF-based systems.** The molecular orbital diagram
and UV—vis absorption spectra were calculated for L and the
Y™ analogue of 2 and 4 (Figures 9 and 10, Table 6).

The experimental absorption spectrum of L was decomposed
into seven bands. The calculated UV—vis absorption spectrum
for L was already studied,"* but calculations were repeated in
the present work in order to perfectly compare them with the
respective coordination complexes. The calculated spectrum
reproduces well the experimental curve (Figure 9). The three
lowest energy bands were attributed to TTF to dipyridophe-
nazine charge transfers (ILCT) (red Gaussian decompositions)
(Figure 9, Table 6). The calculated values of the absorption
maxima are very close to the experimental ones (Table 6). The
ILCTs are identified as z—z* HOMO — LUMO (17844
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cm™'), HOMO-1 — LUMO (27338 cm™!), and HOMO —
LUMO+5/+6 (34504 cm™') (Figure 10). The intense
absorption band experimentally centered at 33 100 cm™'
(purple decomposition) was calculated at 33361 cm™ and
attributed to intraligand (IL) transitions (Table 6) with intra-
acceptor (IA), intradonor (ID) and ILCT contributions.
Finally, at the highest energy, the absorption bands were
mainly attributed to IA transitions (blue decompositions).
The absorption spectra of 2 and 4 have been decomposed
into eight bands (Figure 9 and Table 6). They show a new
intense absorption band centered at 34 100 and 29 500 cm™
that corresponds to z—n* intra-hfac™ and z—7* intra-tta”
excitations (green decompositions) for 2 and 4, respectively.'*
As expected, the complexation induces a red shift of the lowest-
energy ILCT transition due to the Lewis acid behavior of the
Ln(f-diketonate); moieties enforcing the electron-withdrawing
character of the dipyridophenazine fragments.*' Thus, the
lowest energy absorption bands are red shifted by 1200 (for 2)
and 700 cm ™" (for 4) in the coordination complexes compared
to those in L. This trend is confirmed by TD-DFT calculations
where energy stabilizations of 1300 and 1000 cm™! for 2 and 4,
respectively, are found (Table 6). It is worth noticing that all
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Table 6. TD-DFT Excitation Energies and Main Compositions of the Low-Lying Electronic Transitions for L (a) and the Y™
Analogue of 2 (b) and 4 (c)”

E exp (ecm™) E theo (cm™) osc. type
a
19 000 17 844 0.42 ILCT
27 500 27338 0.31 ILCT
31000 34 504 0.11 ILCT
33100 33361 1.61 IL
35600 35252 0.37 1A
36900 36 195 0.19 ILCT
36315 0.13
42 000 42128 0.46 1A
b
17 800 16 525 045 ILCT
26 900 26 394 0.12 ILCT
26 510 0.19
30 600 32533 0.48 ILCT
32 500 33126 1.10 ID
ILCT
34100 33242 0.37 Thfac
35600 34943 0.12 ID
37100 36 468 0.06 ILCT
42 000 1A
c
18 300 16 796 0.46 ILCT
27 100 26 096 0.13 ILCT
26 543 0.11
26 802 0.12
29 500 30986 0.55 Itta
31562 0.30
31745 0.27
30800 32 804 0.49 ILCT
32939 0.35
32 600 33443 0.95 IL
34 800 1A
37400 ILCT
42 300 1A

assignment transition

H — L (99%)

H-1 — L (80%)

H — L+5/+6 (56/33%)
H — L+6 (27%)

H — L+5 (31%)

H-2 — L+1 (30%)

H-2 — L+1 (29

H-1 — L+1/+2 (45/50%)

TR ”*dppz
TrTE = ”*dppz
TrrE ﬂ*dppz
v = TR
TR ”*dppz
Tapps = ¥ dppa
Tappn = ¥ dppa
TrTE ”*dppz

Tapopr = T gppm H-6 — L+2 (68%)

H — L (99%)

H-1/-2 — L (40/41%)
H-1/-2 = L (52/32%)
H — L+7 (75%)

H — L+10 (19%)

H — L+7/+9 (9/18%)
H-6 = L (9%)

H-2 — L+5 (13%)
H-7/-9/-10 — L+3 (8/9/16%)
H-1 = L+6 (14%)

H — L+10 (30%)
H-2/-3 = L+5 (15/31%)

TR = T dppe
3
TTTE = 7 dppz

K
TTTE > 7 dppe

5
Tt = TUTTE

TR = T dppe

3
Thfac = 7" hfac

5
rTE = TUTTE

5
TTTE = 7 dppz

*
”dppz - dppz

H — L (99%)

H-1/-2 — L (53/38%)
H-3/-5 — L (54/34%)
H-3/-5 — L (55/34%)
H-4 — L+2 (67%)
H-2 — L+3 (31%)
H-1 — L+3/+4/+5 (16/13/25%)
H-5 — L+1 (18%)
H-4 — L+1 (26%)
H-1 — L+8 (32%)
H-1 — L+8 (29%)
H-1 — L+10 (30%)

5

TrTE = 7 dppz
*

Tita = T dppz

5
TTTE = 7 dppz

*
Tita = Ttta

5
TrTE = 7 dppz

Trre = ”*dppz
TrrE = TR
”dppz - ”*dppz
TR ”*dppz
Tipps, = Ty

“In addition, the charge transfer and the pure intramolecular transitions are reported. ID, IA, and H and L represent the intramolecular TTF (donor)

or dipyridophenazine (acceptor) and the HOMO and LUMO, respectively. ILCT stands for intraligand charge transfer.

the ILCT excitations are red shifted after complexation of the
metal-containing fragment and the electron-attracting character
of the Ln(hfac); precursor is stronger than for Ln(tta);. This
last effect enhances the CT character of the absorption band
and leads to a change of the nature of the most intense
excitation (centered at 32 500 cm™) in 2 from IL to ILCT.

Emission Properties. First, it is useful to remind that the free
ligand L exhibits a weak fluorescence centered at 12200 cm™"
under irradiation at 18 500 cm™' in CH,Cl, solution. The
fluorescence lifetime was determined to be equal to 0.4 ns with
a quantum vyield of 1%."*

Emission properties of 2 (Figure 11a) and 4 (Figure 11b)
were measured in the solid state at room temperature and 77 K.
The values for 4 are given in brackets. Upon irradiation at
18200 cm™ [16670 cm™'] in the lowest-energy absorption
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band, which was attributed to the HOMO — LUMO ILCT
transition, an emission centered at 10 200 cm ™ is detected that
corresponds to the *F5, — ’F,, transition. No significant
residual ligand-centered emission is observed, indicating an
efficient sensitization process. In solution, the same signal is
observed, proof of the stability of the complexes in CH,Cl,, but
bleached extremely rapidly under resonant irradiation. The
solid-state luminescence spectra at low temperature are better
resolved (Figure 11). At 77 K, the signal of 2 [4] allowed
identifying several transitions at energies of 10 204, 9960, 9920,
9750, 9695, and 9630 cm™! [10214, 9920, 9745, 9660, and
9580 cm™!]. The number of transition is higher than 4, the
expected number following the degeneracy of the *F,, ground
state (Kramer’s doublets), and additional transition may origin
from vibronic or excited M; states contributions.
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Figure 12. Solid-state 77 K emission spectra are represented with an appropriate shift of the energy scale. Diagram of energy levels for compounds 2
(full gray sticks) and 4 (full black sticks) calculated with the parameters given in the main text from the magnetic measurements. Labels correspond
to the M; values.

The total splitting is determined to be equal to 574 cm™ respectively, for an Yb™ ion in distorted and regular®® Dj
[634 cm™']. The values of this splitting are 455 and 372 cm™, symmetry, while a splitting value of 528 cm™ is found for a
plitting ymmetry pltting
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Yb™ complex in low symmetry.** The value of 509 cm™ seems
to correspond to low symmetry that is in agreement with the
presence of two nitrogen and six oxygen atoms in the first
coordination sphere of Yb". SHAPE analysis gives the closest
ideal symmetry without taking into account the nature of the
coordinated atoms. Consequently, for the emission properties,
a lower symmetry has to be taken into consideration, which
results in a high-energy splitting and the clear appearance of
more than four emission lines. At 77 K in frozen CH,Cl,
solution, the luminescence decay corresponds to a single-
exponential function of the time. The °F;,, state lifetime is
measured equal to 9.9 and 9.45 s for complexes 2 (Figure 11c)
and 4 (Figure 11d), respectively. The emission spectrum at 77
K can be directly compared with the diagram obtained from
magnetic measurements (Figure 12).13h

In the Russell-Saunders coupling scheme the emission
spectrum is a picture of the ground-state multiplet splitting.
The high-energy emission corresponds to transition to the
ground state. The low-energy emission corresponds to a
transition to the highest excited state of the *F,, multiplet. The
calculated first excited level (M; = +£3/2) (247 cm™") and [271
cm™'] fits well the second emission line (+284 cm™) and [294
cm™']. The two highest-energy levels (513 and 515 cm™) [584
and 681 cm™'] are higher in energy compared to the third
(+454 cm™") [469 cm™'] (M = +1/2) and fourth (+509 cm™)
[554 cm™] (M] = +7/2) emission lines. The most probable
origin of this disagreement is due to the fact that the thermal
population at room temperature of such high-energy M; state is
very low and therefore might not be localized precisely by
thermal variation of the magnetic susceptibility.

B CONCLUSIONS

Four mononuclear coordination complexes of formula [Ln-
(hfac);(L)]-C¢H;, (Ln = Dy™ (1) and Yb™ (2)) and
[Ln(tta);(L)]-C¢H,, (Ln Dy"™ (3) and Yb™ (4)) have
been synthesized. Their crystalline structures reveal that the
lanthanide ions are coordinated to the bis-chelating nitro-
genated dipyridophenazine acceptor and the symmetry of their
coordination polyhedra can be described as a distorted square
antiprism.

The UV—vis absorption properties of L have been
determined in CH,CIl, solution and rationalized by TD-DFT
calculations. All of the lowest-energy absorption bands have
been attributed to ILCT bands, while the higher energy bands
have been, respectively, attributed to ID and IA transitions.

Upon irradiation of the HOMO — LUMO-type intraligand
charge transfer the ’F;, — °F,, ytterbium-centered
luminescence was sensitized through an efficient antenna effect
of the organic chromophore L.

For 1 and 3, the thermal dependence of the magnetic
susceptibilities has been reproduced and/or fitted using both
Stevens operators and ab initio methods in order to extract
quantitative values of the crystal field splitting. Interestingly,
single-molecule magnet behavior is observed for the
dysprosium derivatives with better dynamic characteristics for
3 than for 1. On the basis of the results of ab initio calculations,
this observation has been attributed to the increase of
symmetry and electronic charge redistribution of 3 compared
to 1, while the size of the 7 system of the nitrogenated ligand
has no significant effect on the magnetic properties. A parallel
between the energy splitting value determined from the
luminescence and magnetic properties has been realized.
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In future work, the presence of the redox-active TTF core
opens the way to modification of the luminescence and
magnetic properties of our systems after oxidation of the TTF-
based ligand.

B ASSOCIATED CONTENT
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Crystallographic information in CIF format, crystal packing,
cyclic voltammetry, first magnetization, additional details about
dynamic magnetic properties, and additional ab initio
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