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ABSTRACT: The reaction between (4,5-bis(2-pyridyl-N-
oxidemethylthio)-4,5')-ethylenedithiotetrathiafulvene (L') or
-methyldithiotetrathiafulvene (L?) ligands and Ln-
(hfac);nH,O precursors (Ln" = Pr, Tb, Dy, Er, and Yb)
leads to the formation of seven dinuclear complexes of formula
[Ln, (hfac)s(H,0),(L?),] (x =2 and y = 1 for Ln"™ = Pr (1); x
=0andy = 1 for Ln™ = Tb (2), Dy (3), Er (4) and Yb (5); x
=0and y = 2 for L™ = Tb (6) and Dy (7)). Their X-ray
structures reveal that the coordination environment of each
Ln™ center is filled by two N-oxide groups coming from two
different ligands L”. UV—visible absorption properties have
been experimentally measured and rationalized by TD-DFT
calculations. The temperature dependences of static magnetic
measurements have been fitted. The ground state corresponds
to the almost pure IM; = +13/2) while the first excited state
(£0.771+11/2) + 0.501+3/2) + 0.391+5/2)) is located at 19
em ™" and 26.9 cm™ respectively for 3 and 7. Upon irradiation

Yh(lll) + L*
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at 77 K and at room temperature, in the range 25000—20 835 cm™', both compounds 4 and 5 display a metal-centered
luminescence attributed to “I;3, — *I;5,, (6660 cm™) and *Fs;, — *F,;, (9972 cm™) transitions, respectively. Emission
spectroscopy provides a direct probe of the |+5/2) ground state multiplet splitting, which has been confronted to magnetic data.
The energy separation of 225 cm™" between the ground state and the first excited level (M; = +3/2) fits exactly the second
emission line (234 cm™). While no out-phase-signal is detected for 3, the change of ligand L' — L? induces a change of
coordination sphere symmetry around the Dy increasing the energy splitting between the ground and first excited states, and 7

displays a single molecule magnet behavior.

B INTRODUCTION

The association of tetrathiafulvalene (TTF)-based ligands with
4f elements is a recent alternative way compared to the classical
7—d approach for the elaboration of multifunctional materials'
that extends the possible combination of physical properties to
electronic conductivity, magnetism, and luminescence. Such 7—
f systems have been first elaborate using a “through space”
strategy” or more recently a “through bond” approach.’

From an optical point of view, lanthanides possess specific
luminescent properties, and their association with S-diketones
has garnered a large amount of attention® due to their potential
application in the design of chelate lasers,® efficient organic
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light-emitting diodes (OLEDs),’ and polymer light-emitting
diodes (PLEDs).”

They can also have application as NMR shift reagents® in
analytical applications and as modern antibody catalysts in
biochemistry.” In most of the studied examples, the unoccupied
coordination positions are filled by organic ligands which play
the role of antenna chromophores for the sensitization of the
lanthanide emission. The near-infrared (NIR) luminescence of
the Pr', Nd™ Er'l, and Yb™ is more devoted to technological
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Scheme 1. Representation of the Ligands L' and L”
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applications in areas ranging from medical imaging to optical
communication.

From a magnetic point of view, 4f ions present a large
magnetic moment and a large anisotropy.'’ These advantages
promote lanthanides as good candidates in the design of Single
Molecule Magnets (SMMs)"? all the more since lanthanide-
based SMMs show better dynamic parameters than transition-
metal-based ones.®> Such behavior can also be observed for a
magnetically isolated 4f ion; in this case, we talk about Single
Ion Magnets (SIMs). The latter phenomenon is observed with
axial electron density for Tb™/Dy™* ions or equatorial
electron density for Er"'*/Yb™"¢ jons."”

In these lines, we report the functionalization of the two
4',5'-ethylenedithiotetrathiafulvalene (EDT-TTF) and 4/,5'-
methyldithiotetrathiafulvalene (BMT-TTF) cores with two 2-
pyridyl-N-oxidemethylthio arms to guarantee the coordination
with the lanthanide ions and to permit the sensitization of the
NIR luminescence. The reaction between the 4,5-bis(2-pyridyl-
N-oxidemethylthio)-4’,5'-ethylenedithiotetrathiafulvene (L';
Scheme 1) or 4,5-bis(2-pyridyl-N-oxidemethylthio)-4',5"-meth-
yldithiotetrathiafulvene (L?*; Scheme 1) and the Ln-
(hfac);-nH,O precursors (where hfac™ = 1,1,1,5,5,5-hexafluor-
oacetylacetonate anion and Ln = e, T, D};H, Er', and
Yb™) lead to the formation of seven dinuclear complexes of
formula [Ln,(hfac)s(H,0),(L”),] (x =2 and y = 1 for Ln =
P (1); x=0and y = 1 for Ln = Tb™ (2), Dy"™ (3), Er'™" (4)
and Yb™ (5); x = 0 and y = 2 for Ln = Tb™ (6) and Dy" (7)).
The samples have been characterized by X-ray diffraction on
single crystals, magnetic measurements, UV—visible absorption,
and TR emission spectroscopy. In case of L', the optical
properties have been rationalized by DFT and TD-DFT
calculations. The influence of the nature of the EDT-TTF or
BMT-TTF core on the crystal packing, arrangement of the
arms, and so on the symmetry of the coordination sphere
around the metal center is studied. In particular, we will
correlate the consequences that the structural changes have on
the magnetic and luminescence properties. Both properties
were correlated in the case of S.

B EXPERIMENTAL SECTION

General Procedures and Materials. All solvents were dried
using standard procedures for the synthesis of L' and L? while
standard solvents were used for the reactions of coordination. The
precursors Ln(hfac);«H,0 (x = 3 for Ln™ = Pr and x = 2 for Ln"™ =
Tb, Dy, Er, and Yb; hfac™ = 1,1,1,5,5,5-hexafluoroacetylacetonate
anion)'® were synthesized following previously reported methods. All
other reagents were purchased from Aldrich Co., Ltd. and used
without further purification.

Crystallography. Single crystals of 1-5 were mounted on an
APEXII Bruker-AXS diffractometer (Mo Ka radiation source, A =
0.71073 A, T = 150(2) K) while single crystals of L% 6, and 7 were
mounted on a Nonius four circle diffractometer equipped with a CCD
camera and a graphite monochromated Mo K radiation source (4 =
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0.71073 A, T = 293(2) K) for data collection, from the Centre de
Diffractométrie (CDIFX), Université de Rennes 1, France. The space
groups were checked with the PLATON/ADDSYM program,'* and
the structures were solved via 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 3 while only a cell
determination was performed for 2, 4, and S. Despite all structures
contain solvent accessible voids, no SQUEEZE procedure was
performed. Crystallographic data are summarized in Table 1.

Physical Measurements. Elemental analyses of the L'—L* ligands
and 1-7 compounds were performed at the Centre Régional de
Mesures Physiques de 'Ouest, Rennes. 'H NMR was recorded on a
Bruker AC 400 spectrometer. Chemical shifts are reported in parts per
million referenced to TMS for '"H NMR. Absorption spectra were
recorded on a Varian Cary 5000 UV-—visible—=NIR spectrometer
equipped with an integration sphere. The luminescence spectra were
measured using a Horiba-Jobin Yvon Fluorolog-3 spectrofluorimeter,
equipped with a three slit double grating excitation and emission
monochromator with dispersions of 2.1 nm/mm (1200 grooves/ mm).
The steady-state luminescence was excited by unpolarized light from a
450 W xenon CW lamp and detected at 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 intensity variation (lamp and grating) and the emission spectral
response (detector and grating). Uncorrected near-infrared spectra
were recorded at an angle of 45° using a liquid nitrogen cooled, solid
indium/gallium/arsenic detector (850—1600 nm). The ac and dc
magnetic susceptibility measurements were performed with ground
single crystals pelletized in Teflon tape with a Quantum Design
MPMS-XL SQUID magnetometer between 2 and 300 K in applied
magnetic field of 0.2 T for temperatures of 2—20 K and 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' were carried out
with the Gaussian 09 (revision A.02) package*® employing the PBEO
hybrid functional.”' All atoms were described with the SVP basis
sets.”> The first 50 monoelectronic excitations were calculated for
ligand L". In all steps, a modeling of bulk solvent effects (solvent =
chloroform) was included through the Polarizable Continuum Model
(PCM),>* using a linear-response nonequilibrium approach for the
TD-DFT step.”* Molecular orbitals were sketched using the Gabedit
graphical interface.>®

Synthesis of 4,5-Bis(2-pyridyl-N-oxidemethylthio)-4',5'-eth-
ylenedithiotetrathiafulvene (L'). A solution of 0.5 M EtONa/
EtOH (14 mL) was added to a suspension of 4,5-bis(2’-cyano-
ethylthio)-4',5-ethylenedithiotetrathiafulvene®® (0.640 g, 1.38 mmol)
in anhydrous degassed EtOH (41 mL) under argon. After being stirred
at room temperature for 4 h, the mixture was reacted with a solution of
2-(chloromethyl)pyridine-l-oxide27 (0.593 g, 4.13 mmol) in anhy-
drous degassed EtOH (27 mL), and then the mixture was stirred for
16 h. H,0 (41 mL) was added to quench the reaction, and the mixture
was poured into CH,Cl, (345 mL), washed with saturated NaHCO;
(3 x 55 mL), and water (210 mL). The organic extract was
concentrated in a vacuum to give a red-brown oil which was purified
by chromatography on alumina gel, initially with CH,Cl, (to remove
the unreacted alkyl halide) and then with CH,Cl,/MeOH (10:1) to
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Table 1. X-Ray Crystallographic Data for the Ligand (L*)-H,O and the Complexes 1, 3, 6, and 7 and Cell Parameters for 2, 4,

and §

formula
M/g mol™!
cryst syst
space group

cell params

volume/A?

cell formula units
T/K

diffraction refln

-3
Pealcty § €M

Hy mm™"

number of reflns
independent reflns
F? > 20(F,)*
number of variables
Riw Ry, wR,

formula
M/g mol ™!
cryst syst
space group

cell params

volume/A3

cell formula units
T/K

diffraction refln
Peilor gem™

Hy mm™

number of reflns
independent reflns
F? > 20(F,)?
number of variables
Ripy Ry, R,

formula
M/g mol™!
cryst syst
space group

cell parameters

volume/A3

cell formula units
T/K

diffraction refln
Pelo § cm™

u, mm™*

number of reflns
independent reflns
F? > 20(F,)?

[Prz(hfac)s(Hzo)z(Ll)z] (1)

CyoHypPryF3gN, 015516
2705.8

orthorhombic

Praa (No. 56)

a =203152(8) A

b = 282622(10) A

¢ =39.7252(14) A

22808(2)

8

150 (2)

1.76 < 20 < 55.02
1.576

1.251

17013S

26176

14216

1318

0.1048, 0.0827, 0.2291
[Ery(hfac)s(L"),] (4)
CroH35ErF36N4016516
2720.5

monoclinic

a = 37.9900(71) A
b = 19.8700(41) A
¢ = 38.2800(72) A
B = 120.9700(19)°

24777(17)

150 (2)

[sz(hfac)s(Ll)z] (2)
CroH3sTh,F36N, 016516
2705.8

monoclinic

a = 38.0400(26) A
b = 19.9480(15) A
¢ = 37.8400(27) A
B = 119.1290(14)°
25082(8)

150(2)

[Yb,(hfac)s(L').] (5)
CroHsgYb,F3gN4O16516
2732.0

monoclinic

a=37.7139(6) A
b =19.7700(2) A
¢ = 38.1188(6) A
B = 120.8612(3)°

24397(2)

150 (2)

[DY2(hfaC)s(Ll)z] (3)
CroH3sDy,F3N4O16516
2713.0
monoclinic
C2/c (No. 15)
a = 38.2055(16) A
b = 19.9095(7) A
¢ = 37.6513(16) A
B = 119.3738(19)°
24958(2)
4
150 (2)
2.38 < 20 < 54.90
1.444
1.558
99372
28413
17610
1297
0.0589, 0.0688, 0.2063
(L*)-H,0
Cy0H0N,0384
592
triclinic
PT (No. 2)
a=83312(3) A
b =9.1008(2) A
c=17.5597(7) A
a = 82.012(2)°
B = 80.795(2)°
y = 77.391(2)°
1275.04(7)
2
293 (2)
2.36° < 20 < 66.42°
1.497
0.722
13472
9644
4629
298
0.0314, 0.0699, 0.1926

[Tb(hfac); (L)1, (6)
CroHy ThyF36N, 016816
2710.0
monoclinic
P2,/n (No. 14)
a=119756(2) A
b = 31.2646(8) A
¢ =13.7018(3) A
B =101.5144(12)°
5026.9(2)

2
293 (2)
2.30° < 26 < 52.02°

1.790
1.854
17596
9837
6281

5980

[Dy(hfac);(L)], (7)
Cr0H4Dy,F3eN,O16516
2715.0
monoclinic
P2,/n (No. 14)
a=119724(1) A
b =312383(4) A
c=13.7112(2) A
B =101.5104(6)°
5024.8(1)

2
293 (2)
2.60° < 26 < 55.78°

1.796
1.934
65305
11954
7307
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Table 1. continued

[Tb(hfac)3(Lz)]2 (6)
714
0.0366, 0.0545, 0.1431

number of variables
Ripy Ry, R,

[DY(hfaC)s(Lz)]z (7)
761
0.0668, 0.0521, 0.1360

give the pure desired ligand. Yield: 477 mg (61%). Anal. Calcd (%) for
CyoH (N,0,Ss: C, 41.96; H, 2.80; N, 4.90. Found: C, 42.23; H, 2.95;
N, 4.80. 'H NMR (CDCl,): 8.29—8.27 (m, 4H), 7.35—7.24 (m, 4H),
4.13 (s, 4H), 3.32 (s, 4H).

Synthesis of 4,5-Bis(2-pyridyl-N-oxidemethylthio)-4’,5'-
methyldithiotetrathiafulvene (L?).L%is synthesized using a similar
method to the one used for L, but 4,5-bis(2’-cyano-ethylthio)-4’,5'-
methyldithiotetrathiafulvene is used instead of 4,5-bis(2’-cyano-
ethylthio)-4’,5'-ethylenedithiotetrathiafulvene. Yield: 360 mg (46%).
Orange single crystals suitable for X-ray study of L>H,O were
obtained by slow evaporation of a saturated CH,Cl,/n-hexane (1:1 in
volume) mixture of L% Anal. Caled (%) for C,gH,oN,05Ss: C, 40.54;
H, 3.38; N, 4.73. Found: C, 40.40; H, 3.49; N, 4.70. (CDCL,): 8.17—
8.11 (m, 4H), 7.25—7.12 (m, 4H), 3.36 (s, 4H), 2.37 (s, 6H).

Synthesis of Complexes 1-5. [Pr,(hfac)s(H,0),(L"),] (1). A total
of 32.8 mg of Pr(hfac);:3H,0 (0.04 mmol) was dissolved in S mL of
CHCl; and then added to a solution of 10 mL of CHCI; containing
22.9 mg of L' (0.04 mmol). After 15 min of stirring, n-hexane was
layered at 4 °C to give orange single crystals which are suitable for X-
ray study. Yield: 42 mg (39%). Anal. Caled (%) for
CroHPrFyN,0,4S,6: C, 31.07; H, 1.55; N, 2.07. Found: C, 30.81;
H, 1.64; N, 2.09.

[Lny(hfac)s(L),] (Ln = Tb (2), Dy (3), Er (4), and Yb (5)). A total of
0.04 mmol of Ln(hfac);2H,0 was dissolved in 5§ mL of CHCl; and
then added to a solution of 10 mL of CHCl, containing 22.9 mg of L'
(0.04 mmol). After 15 min of stirring, n-hexane was layered at room
temperature to give yellow single crystals which are suitable for X-ray
studies. Yield: S1 mg (47%), SS mg (51%), 78 mg (72%), and 44 mg
(40%), respectively, for compounds 2—5. Anal. Caled (%) for
C,oH33Tb,F3gN,O4S1s: C, 31.07; H, 141; N, 2.07. Found: C,
31.31; H, 1.49; N, 2.00. Anal. Calcd (%) for C;oH3sDy,F3¢N,O14S6:
C, 30.98; H, 1.40; N, 2.07. Found: C, 31.04; H, 1.41; N, 2.10. Anal.
Caled (%) for C,0HsEr,FiN,06S,: C, 30.88; H, 1.40; N, 2.06.
Found: C, 31.00; H, 1.52; N, 2.04. Anal. Calcd (%) for
C,oH;5Yb,F36N,O S C, 30.75; H, 1.39; N, 2.0S. Found: C, 30.97;
H, 1.44; N, 1.99.

[Tb(hfac);(L?)], (Ln = Tb (6) and Dy (7)). A total of 0.04 mmol of
Ln(hfac);2H,0 was dissolved in 10 mL of boiling n-heptane and then
added to a solution of 10 mL of CHCl, containing 23.0 mg of L* (0.04
mmol). After 15 min of stirring, the reaction mixture was slowly
evaporated to give orange single crystals which are suitable for X-ray
studies. Yield: 80 mg (74%) and 84 mg (77%), respectively, for
compounds 6 and 7. Anal. Calcd (%) for C;oH,Tb,F36N,014S,4: C,
31.00; H, 1.55; N, 2.07. Found: C, 31.21; H, 1.60; N, 2.10. Anal. Calcd
(%) for C,oH,,Dy,F36N,0,6S,6: C, 30.94; H, 1.55; N, 2.06. Found: C,
31.07; H, 1.51; N, 2.14.

B RESULTS AND DISCUSSION

Crystal Structure Analysis. [Pry(hfac)s(H,0),(L),] (1).
Compound 1 crystallizes in the Pnaa (No. 56) orthorhombic
space group (Table 1). The asymmetric unit is composed of
two Pr(hfac);(H,0) moieties and two L' ligands (Figure 1).
Each Pr'" ion is surrounded by nine oxygen atoms that belong
to three hfac™ ligands, one water molecule, and two
crystallographically independent monochelating L' ligands.
The average Pr—O;' distances are shorter (2.46(3) A) than
the average Pr—Oy, distances (2.50(4) A; Table 2) due to the
difference of Lewis base character. In any case, the longest
distances are observed for Pr—O,,,, with an average bond
length of 2.532(7) A. This should be due to the optimization of
possible weak hydrogen bonds between both coordinated water
molecules (09-+018 = 3.16(1) A). The arrangement of the
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Figure 1. ORTEP view of the dinuclear complex 1. Thermal ellipsoids
are drawn at 30% probability. Hydrogen atoms are omitted for clarity.

Table 2. Selected Bond Lengths (A) for Complexes 1, 3, 6,
and 7

1 3 6 7

Lnl-05 2.511(7) 2.338(6) 2.386(5) 2.370(4)
Lnl-01 2.429(7) 2.298(6) 2.326(4) 2.321(3)
Lnl1-02 2.483(7) 2.329(6) 2.330(5) 2.314(4)
Lnl1-03 2.473(8) 2.380(6) 2.392(5) 2.378(4)
Lnl-04 2.607(8) 2.325(6) 2.388(5) 2.373(4)
Lnl-06 2.457(8) 2.423(6) 2.354(S) 2.334(4)
Lnl-07 2.507(8) 2.388(6) 2.364(6) 2.342(4)
Lnl-08 2.521(8) 2.362(6) 2.411(5) 2.314(4)
Lnl1-09 2.531(7) 2.347(6)

Ln2—-010 2.481(7) 2.291(6)

Ln2—011 2.439(7) 2.353(7)

Ln2—-012 2.458(8) 2.382(7)

Ln2—-013 2.490(7) 2.327(7)

Ln2—-014 2.465(9) 2.347(6)

Ln2-015 2.546(8) 2.403(7)

Ln2—016 2.496(8) 2.363(6)

Ln2—-017 2.532(8)

Ln2—018 2.533(7)

ligands leads to a 4,4,4-tricapped trigonal prism as a
coordination polyhedron of the lanthanide ions (D;, symmetry;
Figure S1). Such geometry for the Pr'' ions is communally
observed in molecular structures.'® The two Pr(hfac);(H,0)
moieties are bridged by two L' ligands leading to the formation
of a dinuclear complex. The intramolecular Pr---Pr distance is
equal to 6.407(2) A. The central C=C bonds of the TTF core
are equal to the average value of 1.337(15) A, attesting to the
neutral form of both L' ligands. The angle between the planes
formed by the TTF cores of the EDT-TTF derivatives is equal
to 21.69(7)°. It is worth to notice that the two 2-pyridine-N-
oxide-methyl-thio arms of L' are oriented on the same side of
the TTF core. Thus, the Pr(hfac);(H,0) moieties are localized
out of the plane formed by the EDT-TTF fragments, which
leads to the formation of a dimer of 1 (Figure 2). Each dimer of
1 interacts through short contacts between the ethylenedithio
fragment and the 2-pyridine-N-oxide ring. These intermolecular
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Figure 2. A dimer of complex 1.

interactions between four dimers results in the formation of a
pseudo-cyclic architecture (Figure 3a). Finally, organic (space-
filling representation in Figure 3b) and metallo-organic (ball
and stick representation in Figure 3b) networks are formed.
[Ln,(hfac)s(L),] (Ln = Tb (2), Dy (3), Er (4), and Yb (5)). All
compounds 2—35 are isostructural. The full data collection and
the refinement of the structure have been done only for 3,
while the cell parameters have been determined for the other

Figure 3. (a) Cyclic architecture formed by the intermolecular
interactions between four dimers of 1. (b) Crystal packing of 1
highlighting the formation of organic (spacefilling) and metallo-
organic (ball and stick) networks.

5982

remaining derivatives in order to confirm the isomorphism of
the four compounds (Table 1).

Compound 3 crystallizes in the C2/c (No. 15) monoclinic
space group (Table 1). The asymmetric unit is composed of
two Dy(hfac); moieties and two L' ligands (Figure 4). Each

Figure 4. ORTEP view of the dinuclear complex 3. Thermal ellipsoids
are drawn at 30% probability. Hydrogen atoms are omitted for clarity.

Dy" ion is surrounded by eight oxygen atoms that belong to
three hfac™ ligands and two crystallographically independent
monochelating L' ligands. The average Dy—O, distances are
shorter (2.31(2) A) than the average Dy—Oy. distances
(2.37(3) A; Table 2) due to the difference of Lewis base
character. The arrangement of the ligands leads to a strongly
distorted bicapped square face trigonal prism (C,, symmetry)
and a square antiprism (D,; symmetry) as coordination
polyhedra for Dyl and Dy2 lanthanide ions, respectively
(Figure S2). The characteristic angles (al, a2, a3, and a4;
Figure S3) for Dyl are equal to 4.0(2), 19.5(2), 48.0(2), and
40.2(3)° compared to 0, 21.8, 48.2, and 48.2° for a regular
bicapped square face trigonal prism.”® The characteristic angles
for Dy2 are equal to 3.4(2), 8.4(3), 49.0(3), and 50.6(3)°
compare to 0, 0, 52.4, and 52.4° for a regular square
antiprism.”> The coordination number and the resulting
polyhedra in the complexes 2—5 are different than in 1 due
to the smaller ionic radii of Tb, Dy, Er, and Yb than the one of
Pr. The two Dy(hfac); moieties are bridged by two L' ligands
leading to the formation of a dinuclear complex. In 3, the 2-
pyridine-N-oxide-methylthio arms occupy both sides of the
TTF core, and the intramolecular Dy---Dy distance is equal to
10.054(2) A, that is much longer than in 1. The differences of
arrangement of LY in particular the orientation of the arms, and
the possible role of both coordinated water molecules in 1 can
explain this observation. The central C=C bonds of the TTF
core are equal to the average value of 1.350(15) A that attests
the neutral form of both L' ligands. In contrast with 1, an angle
of about 49.33(7)° is measured between the planes formed by
the TTF cores of the EDT-TTF derivatives. The crystal
packing reveals the formation of a monodimensional organic
network along the b axis (Figure Sa) due to S6--S14 contacts
(3.373(4) A) that are shorter than the sum of their van der
Waals radii. The organic chains composed of the ligands L' are
structurally isolated by the perfluorated moieties (Figure Sb).
The shortest intermolecular Dy---Dy distance is found to be
equal to 8.507(2) A and shorter than the intramolecular
Dy---Dy distance.

L2.H,0. The ligand L? crystallizes in the triclinic PT (No. 2)
space group (Table 1). The asymmetric unit is composed of
one molecule of L* and one water molecule (Figure S4). The

dx.doi.org/10.1021/ic400253m | Inorg. Chem. 2013, 52, 5978—-5990
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Figure 5. (a) Crystal packing of 3 highlighting the monodimensional
organic network along the b axis. (b) View in the [101] plane showing
the role of the perfluorated ligands in the isolation of the organic
chains.

central C5—C6 bond length (1.344(4) A) confirms the neutral
form of the ligand. Both 2-pyridine-N-oxide-methylthio arms
are oriented on the same side compared to the plane formed by
the TTF core. The two N-oxide have the same orientation,
yielding two hydrogen bonds (01-03w = 2.995(6) A and
02—03w = 2.901(6) A) with the water molecule (Figure S3).
One methyl group is localized in the plane formed by the TTF
core, while the second one is oriented on the same side as the
two 2-pyridine-N-oxide-methylthio arms. The L* donors are
“head-to-tail” stacked, resulting in dimers with a short $2---S5
contact (3.757(2) A) and organic columns along the a axis
(Figure SS). The cohesion between the columns of donors is
ensured by the hydrogen bonds network which runs along the a
axis (Figure SS). The organic columns interact together along
the b axis through the short S2:-:S3 contact (3.558(2) A).
[Ln(hfac);(L?)], (Ln = Tb (6) and Dy (7). Both compounds
are isostructural, and the description is done for 7 while the
values for 6 are given between brackets. The series of
compounds based on L' and L” ligands are similar with the
formation of dinuclear units in which the two metallic centers
are bridged by a donor through the 2-pyridine-N-oxide-
methylthio arms. Nevertheless, the substitution of the terminal
ethylene moieties (L') by two methyl groups (L*) leads to
significant structural modifications. Compounds 6 and 7
crystallize in the P2,;/n (No. 14) monoclinic space group
(Table 1), and the asymmetric unit is composed of one-half of
the dinuclear unit (Figures 6 and S6). Consequently, both Dy
[Tb] centers are now crystallographically equivalent. The value
of the mean Dy—O,. [Tb—Og.] distances is 2.34(3)
[2.38(2)] A, which is comparable to what is observed in 3
(Table 2). The difference can be attributed to the data
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Figure 6. ORTEP view of the dinuclear compound 7. Thermal
ellipsoids are drawn at 30% probability. Hydrogen atoms are omitted
for clarity.

collection temperature. The arrangement around the Dyl
[Tbl] ion leads to a strongly distorted coordination
polyhedron with characteristic angles of 16.5(2), 22.7(2),
40.2(2), and 38.4(1)° [16.5(2), 22.7(2), 39.8(2), and
38.1(2)°]. In other words, the square face of the polyhedron
observed in the L'-based series (al) is folded by an angle of
16.5(2)° in the L*-based series, and consequently the value of
the a3 angle decreases to 40.0(2)° (Figure S7). The symmetry
of the coordination sphere cannot be any more attributed to a
C,, one. The influence of such a change of symmetry on the
magnetic properties is studied in the following. The
substitution of the ethylene moiety by two methyl groups
leads to drastic changes of the intermolecular contacts between
the L* donors and indirectly in the orientation of the 2-
pyridine-N-oxide-methylthio arms, which are localized now on
the same side of the TTF core. The orientation of the methyl
groups and the 2-pyridine-N-oxide-methylthio arms are the
same in the free L” ligand than in the coordination complexes.
The L? donors are “head-to-tail” stacked to form dimers, and
each of these dimers interacts through a S6---S8 short contact
(3.829(3) A) [3.823(4) A] to form a monodimensional organic
network along the ¢ axis (Figure 7). The shortest intra- and
intermolecular Dy—Dy distances have been found equal to
9.1236(5) [9.1092(7)] A and 10.4570(3) [10.4723(5)] A,
which is respectively shorter and longer than in 3. Thus, the
dinuclear compound 7 is better isolated than 3 from a magnetic
point of view.

Figure 7. Crystal packing of 7 highlighting the organic (spacefill) and
metallo-organic network (ball and stick).

dx.doi.org/10.1021/ic400253m | Inorg. Chem. 2013, 52, 5978—-5990
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Electrochemical Properties. The redox properties of L'
and L? and the related complexes 1—5 and 6 and 7 are
investigated with cyclic voltametry, and the values of the
oxidation potentials are listed in Table 3. The cyclic

Table 3. Oxidation Potentials (V vs SCE, nBu,NPF,, 0.1 M
in CH,Cl, at 100 mV.s™") of the Ligands L' and L* and
Complexes 1—-7

El/ 21 El/ 22
L 0.514 0.907
L? 0.514 0.847
1 0.544 0.932
2 0.557 0.934
3 0.529 0.933
4 0.535 0.936
5 0.538 0.929
6 0.530 0.894
7 0.513 0.886

voltamograms show two monoelectronic oxidations at about
0.51 and 091 V for L' and 0.51 and 0.85 V for L2
corresponding to the formation of a TTF radical cation and a
dication, respectively (Figures S8 and S9). These oxidation
potentials are very similar to those found for the BEDT-TTF
donor (0.52 and 0.94 V).*° Upon coordination of the
lanthanide, both E, ,' and E,/,* are anodically shifted by 0.02
to 0.05 V compared with the potentials of the free ligands.>*>'
Complexation to the electron attracting Ln(hfac); fragments
enhances the electron acceptor effect of the pyridine-N-oxide
ring, leading to a decrease of the electronic density of the TTF
core, and so, positive shifts of E;,' and E,/,* are observed
(Table 3). No duplication of the oxidation waves is observed,
signifying that the oxidation and the reduction are simultaneous
for the two donors of a complex. The electrochemical
properties attest the redox-activity of L' and L? in the
complexes.

Magnetic Properties. Static Measurements. The thermal
variations of the y\T products for 1—5 are given in Figure 8.
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Figure 8. Thermal variation of y\T for 1 (lozenges), 2 (left triangles),
3 (circles), 4 (squares), and S (right triangles). The red line
corresponds to best fitted curve for compounds 3 and S (see text).

All the yuT products show a monotonic decrease in the
temperature range 300—2 K, taking the values of 2.92 and 0.21
cm® K mol ™, 24.37 and 15.91 cm® K mol ™}, 27.23 and 20.85
cm® K mol ™, 22.70 and 10.13 em® K mol ™, and 4.80 and 1.98
cm® K mol ™, respectively, at 300 and 2 K for complexes 1-35.
The experimental room temperature values of yyT are in
agreement with the theoretical value of 3.20, 23.64, 28.34,
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2293, and 5.14 cm® K mol™" expected for two magnetically
isolated Pr'™, Tb', Dym, Er™ and Yb™ ions, respectively.32 As
one can expect from the long magnetic pathway and/or metal—
metal distances, no significant exchange interactions between
the paramagnetic carriers have been observed. The first
magnetization curves at 2 K are depicted in Figure S10 and
show classic behavior in the field range 0—5 T for magnetically
isolated lanthanides such as those involved in complexes 1-S.
The thermal variations of the yyT products for 6 and 7 are
given in Figure 9. Both yyT products show a monotonic
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Figure 9. Thermal variation of yy,T for 6 (triangles) and 7 (circles)
with the best fitted curve (red line) for compound 7 (see text).

decrease upon cooling in the temperature range 300—2 K with
the values of 24.36 and 17.06 cm® K mol™" and 27.1S and 20.56
cm® K mol™ at 2 and 300 K for the complexes 6 and 7,
respectively. The room temperature values are in agreement
with the theoretical predictions for two magnetically isolated
Tb™ and Dy" ions. The first magnetization curves at 2 K are
given in Figure S11. They are very similar to those of
compounds 2 and 3 with, however, a saturation at lower field in
7 compared to 3.

Dynamic Measurements. Among the seven investigated
compounds, only compound 7 shows a significant out-of-phase
component (yy,") in a zero dc field (Figure S12) at the lowest
temperature (1.8 K). However, the amplitude of y/~
corresponds to only few percent (~3%) of the in-phase
component at 1000 Hz. The application of a small external dc
field dramatically modifies the relaxation process. Indeed, the
maximum on the y” vs v (v is the frequency in Hertz of the
oscillating ac field) at 1.8 K is shifted to lower frequency on
applying external dc field (Figure S13). The optimum field for
which the relaxation at a given temperature is the slowest is
found around 1200 Oe. The frequency dependence of the ac
susceptibility can be analyzed in the framework of the extended
Debye model both for field and temperature variations.*® The
striking feature at 1.8 K is that the relaxing fraction of the
magnetization (yr — xs)/¥r (where yr and yg represent the
adiabatic and the isothermal susceptibilities) increases drasti-
cally with the field from 39% at 200 Oe up to 90% at the
optimum field. There is one crystallographic Dy site in
compound 7; thus all magnetic moments should relax at the
same rate as far as spin—lattice relaxation is concerned. The
temperature dependence of the relaxation time at 1200 Oe
extracted from the extended Debye model between 1.8 and 4 K
is shown in Figure 10 (Table S2). The relaxation time follows
the Arrhenius law 7 = 7, exp(A/kT) only above 3 K with 7, =
62(5) X 10 s and A = 8.7(2) cm™". The Cole—Cole plot533b
normalized to their isothermal value are represented in Figure
11. Clearly, the plots do not collapse on a single master curve,

dx.doi.org/10.1021/ic400253m | Inorg. Chem. 2013, 52, 5978—5990
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Figure 10. Temperature dependence of the relaxation time of
compound 7 measured at 1200 Oe between 1.8 and 4 K. The red
line corresponds to the best fit with a Arrhenius law in the range 3—4
K
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Figure 11. Normalized Cole—Cole plots in the temperature range
1.8—4 K.

and the deviation to the usual flattened semicircle is
pronounced at high frequency (left side in Figure 11) and at
lower temperature than 3 K. It indicates a deviation from the
standard extended Debye model, and it coincides with the
temperature at which the relaxation time deviates from the
Arrhenius law in Figure 10. Dynamical behavior of the
magnetism of compound 7 shows characteristics of a Single
Ion Magnet (SIM). In lanthanide based SIMs the barrier
height, A, is related to the splitting of the M; states due to the
crystal field effects on the 2S“LJ multiplets. In the first
approximation, the slowing down of the magnetization reversal
occurs when the lowest state corresponds to the highest M;
value (Ising type anisotropy). A is then the energy of the levels
with the smallest M; values (0 or +£1/2 for non-Kramers and
Kramers ions, respectively). In the equivalent operators model,
the crystal field effect, which describes the zero-field splitting, is
expressed as polynomials of the total angular momentum

matrices (J% J,, J,, and J_):
H,zs = B, O3 + B, O + B; O) + B, O} + B/ O]
+ B 0} + B 02 + B{ O} + BS O°

where the Op’s are the operators equivalents and the Bf’s
connected to the crystal field parameters.** Mj's are good

quantum numbers of Oﬁ (k =2, 4, 6), while a mixing occurs
for q # 0. In a square antiprism environment (D,,), only the B,
are nonvanishing, while in D, B,* and Bs* must be added.”
We attempted to reproduce the temperature dependence of
static measurements (y,T) for compound 7 and to compare it
with the energy barrier from the dynamic measurements. The
minimization procedure uses MIGRAD in the MINUIT
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Fortran program.36 The minimization procedure converges
with five free parameters with the fitted parameters g5/, = 4/3
(fixed), B, = —0.9594 cm™, B,° = 0.009952 cm™!, B,*
—0.0434 cm™, B® = 9.724 X 10™° cm™, and B¢* = 7.273 X
107 em™" (R = 1/Npts[ (T = tuTeie)*/2mTe]'* = 8.12
X 1075; Figure 9). With this set of parameters, it is possible to
reproduce the field dependence of the magnetization at 2 K.
The ground state corresponds to the almost pure IM; = + 13/
2) (99%), while the first excited state (+0.77|+11/2) + 0.50I
+3/2) + 0.391+5/2)) is located at 26.9 cm™. This value should
in principle define the energy barrier height, and it must be
compared with the value determined from dynamic measure-
ments (A = 8.7(2) cm™). The barriers are on the same order
of magnitude but differ significantly. This difference may have
several origins: (1) The fitting of the dc magnetization might be
overparametrized and might therefore provide poor informa-
tion concerning energy levels. However, it is highly improbable
that energy levels condense to a few wavenumbers like it is
suggested from dynamic measurements. (2) The barrier height
might be underestimated because additional processes are still
operating at the measured field (1200 Oe). Zero-field
measurements show that fast processes occur which might be
related with the weak mixing of the different M; states in this
low symmetry environment. It must be mentioned that the
fitting procedure can be applied to compound 3 in considering
that the polyhedron symmetry remains D,; The best fitted
curve is represented in Figure 8 with g5, = 4/3 (fixed), B," =
—0.6371 cm™, B,® = 0.008360 cm™, B,* = —0.03498 cm™', B,
=9274 X 107 cm™, and Bs* = 5.706 X 107" cm™ (R = 1/
Npts[(tmTep — XuTete)/dniTegy’ 1> = 4.1 X 107°). In 3, the
barrier is smaller (19 cm™) than in 7, which might explain why
we do not observe any slowing down in zero-field down to 1.8
K

Photophysical Properties. Absorption Properties. The
UV—visible absorption properties of L' have been studied in a
CHCI; solution (Figure 12a). Rationalization by TD-DFT
calculations was performed following a computational strategy
already used successfully on TTF-based systems.>” The
molecular orbital diagram and UV—visible absorption spectra
were determined for L' (Figures 12b and 13, Table 4). The
experimental absorption curve of L' has been deconvoluted
into five bands (Figure 12a and Table 4).

The calculated UV—visible absorption spectrum for L' well
reproduces the experimental curve (Figure 12a and b). The
lowest energy band was calculated at the value of 24 976 cm™'
(experimental value found at 25600 cm™, red Gaussian
deconvolution) and attributed to z—z* HOMO — LUMO and
HOMO — LUMO+1 TTF to methyl-2-Py-N-oxide charge
transfers (ILCT; Figures 12a and 13, Table 4). The absorption
band centered at 29100 cm™' (red deconvolution) was
calculated at 31002 cm™' and attributed to ILCT transition
HOMO — LUMO+S. The following five absorption bands
centered at 31800 cm™' and 36 100 cm™" (orange Gaussian
deconvolution) were calculated at the energy of 31 867 cm™
and 34 470 cm ™. They were mainly attributed to 7—z* Intra-
Donor excitations (ID) (HOMO — LUMO+6/+7). An ILCT
contribution (34470 cm™") was found for this absorption band
(Table 4). Finally, the highest energy absorption band centered
at 43 600 cm™" (purple deconvolution) was attributed to Intra-
Ligand (IL) transitions. They are mainly described by the
HOMO—-4 — LUMO+3 (40 956 cm™'), HOMO—-3 — LUMO
+4 (41518 cm™), and HOMO—8 — LUMO (43783 cm™)

dx.doi.org/10.1021/ic400253m | Inorg. Chem. 2013, 52, 5978—5990
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Figure 12. (a) Experimental UV—visible absorption spectra in a
CHCI, solution of L' (C = 4 X 107 mol L™'; open gray circles).
Respective Gaussian deconvolutions (dashed lines) and best fit (full
black line; R = 0.99905). (b) Theoretical absorption spectra of
compounds L' (black line). The sticks represent the main
contributions of the absorption spectra for L.
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Figure 13. MO diagram of L'. Energy levels of the centered TTF
donor and methyl-2-Py-N-oxide acceptor are represented in orange
and blue color, respectively.

excitations. The HOMO—8, LUMO+3, and LUMO+4 orbitals
are delocalized on the whole ligand (Figure 13).

The UV-—visible absorption properties of the coordination
complexes 4 and S have been first studied in the solid-state
(Figures 14a and 1S5a) and then in CHCl; solution for §
(Figure S15a). In all cases, the absorption spectra have been
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deconvoluted into six bands and are very similar (Table S).
They show a new intense absorption excitation centered at 33
300/33400 cm™' that corresponds to z—z* intrahfac™
excitations.® Complexations induce a weak red shift of the
ligand-centered ILCT transition due to the Lewis acid behavior
of the Ln(hfac); moieties enforcing the electron withdrawing
character of the 2-pyridine-N-oxide fragments even if the
electronic communication through the methylthio arms is
expected very weak. Thus, the absorption bands are red-shifted
to 700 cm™" in coordination complexes compared to those in
L'. Since the shift value is determined from the data in CHCI,
solution, this is a first indication of the stability of the dinuclear
complexes in such solvent.

Emission Properties. Emission properties of 4 were
measured in the solid state at room temperature (Figure
14b). Upon irradiation at 20 835 cm™' in the lowest-energy
absorption band, which was attributed to the HOMO—LUMO
ILCT transition, an emission centered at 6660 cm™ (1502 nm)
characteristic of the Er'*I;;, — *I;, transition is
observed.*®* No emission centered on the ligand is observed
at lower energy, a sign that an efficient energy transfer occurs
between the donor excited state and the luminescent state of
the Er'" ion. Emission properties of 5 were first measured in the
solid state at room temperature (Figure S14) and 77 K (Figure
15b), and in CHCl; solution (Figure S1Sb). In all cases, the
characteristic luminescence profile of Yb™ corresponding to the
*F;/, — ’F,), transition is observed upon irradiation between
20 and 25 000 cm™" (400—500 nm) without any residual ligand
centered emission, indicating as for the Er'' derivative an
efficient sensitization process. In solution, the signal is clearly
observed, proof of the complex stability in CHCl,, but remains
broad and poorly resolved. The solid state luminescence spectra
are better resolved in particular at low temperatures. Their
comparison indicates that at room temperature, additional
emission bands at higher energy are displayed at 10 39S cm™
and 10590 cm™' (Figure S14). These emissions could be
assigned to transitions from thermally populated higher crystal-
field sublevel of the °F;,, excited state (+191 cm™' and +386
em™).?® At 77 K, the signal is well resolved (Figure 15b), and
four transitions are clearly identified at the energies of 9728
em™, 9852 em™, 9980 cm™), and 10215 cm™! that correspond
to the degeneracy of the ’F,, ground state (Kramer’s
doublets). The total splitting is determined equal to 487
cm™". The values of this splitting for a Yb™ ion in a distorted
and regular®® D; symmetry are 455 cm™' and 372 cm™,
respectively, while a splitting of 528 cm™ is found for a Yb
complex in a low symmetry. The value of 487 cm™ seems to
correspond to a quite low symmetry that is in agreement with
the lowest symmetry of the coordination sphere around the
Yb™ ions in 4 (distorted bicapped square face trigonal prism).
In addition, emission spectroscopy provides a direct probe of
the ground state multiplet splitting which can be confronted to
magnetic data, with the same model we have used for
compound 7. The best agreement is obtained for g;,, = 8/7
(fixed), B,® = 0.4826 cm™, B,” = 0.316 cm™, B,* = 0.520 cm ™,
B =2313 X107 cm ™" and Bg* = 6.954 X 10 ecm™ (R =1/
Npl‘s[()(MTexp - )(MTcalc)2/)(1\,[Texp2]1/2 = 1123 x 1074 Figure
8). The agreement is satisfactory, and the simulated first
magnetization curve at 2 K with this set of parameters almost
coincides with the experiment (Figure S9). The diagram of
energy levels is represented in Figure 16. The energy states
correspond almost (99.9%) to pure M; states, the ground state
being 1+5/2). The emission spectrum at 77 K can be directly
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Table 4. TD-DFT Calculated Excitation Energies and Main Compositions of the Low-Lying Electronic Transitions for L'*

energy exp (em™)  energy theo (em™) osc. type
L' 25600 24976 0.03 ILCT
29100 31002 0.06 ILCT
31800 31867 0.19 ID
36100 33758 0.28 ID
+ + +
34470 0.12 ILCT
43600 40956 0.10
41518 0.04 IL
43783 0.16

assignment

*
TorTE ™ py-N-oxide

*
TTTE > 7py-N-oxide

transition
H-L (49%)
H-L+1 (25%)
H-L+5 (33%)

Tprp— ™ H—-L+6/+7 (18/36%)
= Fopre™ H-L+6/+7 (19/11%)H—4—L (14%)H—1-L/+1 (8/23%)
TrrEo T H—4-L+3 (41%)

*
Tpy-N-oxide 77T L
o

H-3-L+4 (43%)

Py-N-oxide H-8—L (44%)

“In addition, the charge transfer and the pure intramolecular transitions are reported. ID, IL, and H, L represent the intramolecular TTF (donor) or
intramolecular transitions involving the whole ligand, the HOMO, and the LUMO, respectively. Therefore, ILCT for Intra-Ligand Charge Transfer.
The theoretical values are evaluated at the PCM(CHCL,)-PBE0/SVP level of approximation.
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Figure 14. Experimental solid-state absorption and emission for 4 at
room temperature. (a) UV-—visible absorption spectrum (open
circles), respective Gaussian deconvolutions (dashed lines), and best
fit (full black line) R = 0.9990. (b) Emission spectrum in the near-
infrared for A, = 20835 cm™ (480 nm).

compared with the diagram obtained from magnetic measur-
ements."*™ In the Russell—Saunders coupling scheme, the
emission spectrum is a picture of the ground state multiplet
splitting.** The high energy transition corresponds to transition
to the ground state and the low energy transition to a transition
to the highest excited state of the *F,/, multiplet. The emission
spectrum is also represented in Figure 16. The first excited level
corresponding to M; = +3/2 fits exactly (225 cm™") the second
emission line (+234 cm™'), while the last two (405 and 408
cm™!) fall in the middle of the third (+362 cm™) and fourth
(+486 cm™') lines. The most probable origin of this
disagreement is due to the fact that the thermal population at
room temperature of such a high energy state is very weak and
therefore might not be localized precisely by thermal variation
of the magnetic susceptibility. Then, to avoid this problem, we
have decided to tackle the determination of the energy levels
starting from the energies of the emission lines of the *Fs/, —
*F,, transition. To do so, D,; symmetry is considered because
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Figure 15. Experimental solid-state absorption and emission for 5. (a)
UV—visible absorption spectrum (open circles), respective Gaussian
deconvolutions (dashed lines), and best fit (full black line) R = 0.9997.
(b) Emission spectrum in the near-infrared for A, = 20 835 cm™ (480
nm) at 77 K.

Table 5. Absorption Data for Coordination Complexes 4 and
5

4 in solid S in solid S in CHCl;

state state solution

ex%aerimental energies 22600 22500 24900
cm 26700 26400 29100
30000 29700 31300

33400 33300 33900

39000 39000 37700

47400 46800 44000

only three Stevens operators have to be considered: those with
g = 0. In this frame, M; is a good quantum number, and the
energy levels can be easily calculated as a function of the three
parameters B,’, B,%, and B’ (see the SI). If one considers that
the energy of the emission lines represents a picture of the
ground state multiplet splitting, the energy gaps between the

dx.doi.org/10.1021/ic400253m | Inorg. Chem. 2013, 52, 5978—5990
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Figure 16. Splitting of the fundamental *F,/, Yb centered level for
compound § calculated with parameters in the main text. Labels
correspond to the M; values. On the right, the solid state 77 K
emission spectrum is represented with an appropriate shift of the
energy scale.

emission lines are a function of B,’, B,’, and B with not less
than 24 possible arrangements of the M; states. Then the
system of three equations with three unknowns can be solved.
The temperature dependence of yyT can be simulated with
these new sets of parameters and compared with the
experimental results (Figure S16). First, there is no doubt
that the ground state is M; = +5/2 with the first excited state
M; = +3/2. Second, the magnetic susceptibility can be
reproduced starting from luminescence data in providing a
clear view of the constitution (in term of M; states) of ground
state splitting. In fine, the combination of magnetism and
luminescence provides a fairly good description of the ground
state splitting.

B CONCLUSIONS

Seven dinuclear complexes of the formula
[Ln, (hfac)s(H,0),(L?),] (x =2 and y = 1 for Ln = Pr'™" (1);
x=0andy =1 for Ln = Tb™ (2), Dy™ (3), Er'"" (4), and Yb™
(5); x=0and y = 2 for Ln = Tb™ (6) and Dy™ (7)) have been
synthesized. Their X-ray structures reveal that the surroundings
of each Ln™ center are filled by two N-oxide groups coming
from two different ligands I”. The temperature dependences of
static measurements for compounds 3, §, and 7 have been fitted
considering the Dy™ and Yb™ in a D,; environment. The
ground state corresponds to the almost pure IM; = + 13/2),
while the first excited state (+0.77|+11/2) + 0.501+3/2) +
0.391£5/2)) is located at 19 cm™ and 26.9 cm™ for 3 and 7,
respectively. UV—visible absorption has been experimentally
measured and rationalized by TD-DFT calculations. Upon
irradiation in the range 25 000—20 835 cm ™/, both compounds
4 and S display a metal-centered luminescence respectively
attributed to *I;;;, — *Ij5, (6660 cm™) and °F;,, — °F,),
(9972 cm™) excitations at 77 K and room temperature.
Emission spectroscopy provides a direct probe of the ground
state multiplet splitting which has been correlated to magnetic
data. The ground state being 1+5/2) with the first excited level
(M; = + 3/2) has been calculated at +225 em™! fitting exactly
the second emission line (+234 cm™). The energy splitting of
the M; states of the °F,, ground state have been determined
from both the fit of the magnetic data and the energies of the
emission lines. While no out-of-phase-signal is detected for 3,
the change of ligand L' for L* induces a single molecule magnet
behavior for 7 which is in agreement with the increase of energy
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between the ground and first excited states in 7 compared to 3.
The direct correlation between magnetic and optic properties
confirms the key roles played by the first excited state in
molecular magnetism.
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© Supporting Information

Crystallographic information in CIF format, molecular
structures of 1 (Figure S1), 3 (Figure S2), and 7 (Figure S7)
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view (Figure S4) and crystal packing (Figure SS) of L**H,0;
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and 1-7 (Figure S8 and S9); first magnetization for 1-7
(Figures S10 and S11); additional ac measurements for 7
(Figures S12 and S13); absorption and emission spectrum for §
at room temperature (Figures S14 and S15); dc fits for §
(Figure S16); dynamic parameters for 7 (Tables S1 and S2).
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