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ABSTRACT: Three seven-coordinate lanthanide(III) sand- s
wich-type mononuclear complexes with #-conjugated TTE- 4
Schiff base ligand H,L (L*~ = 2,2'-((2-(4,5-bis(methylthio)-1,3-
dithiol-2-ylidene)-1,3-benzodithiole-5,6-diyl)bis-
(nitrilomethylidyne ) bis(4-chlorophenolate)) and the tripodal
ligand Lo (Lop = [(#°-CsHs)Co(P(=O0)(OEt),);]7),
[(Lop)Ln(L)]-025H,0 (Ln** = Dy*, 1; Tb*, 2; Ho™", 3),
have been synthesized and structurally characterized. All of the &~
complexes are also characterized by absorption spectra and ¢

electrochemical, spectroelectrochemical, and magnetic studies.
The Dy complex exhibits the field-induced slow relaxation of
magnetization with an energy barrier of 41.6 K, indicating it
shows single lanthanide-based SMM behavior. Introduction of
the redox-active TTF unit into the sandwich-type lanthanide-
(WII) complexes with interesting magnetic properties renders them promising for elaboration of new hybrid inorganic—organic
materials.
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B INTRODUCTION tional materials with intriguing structures and interesting
properties.”® The reasons for the choice of the 7-conjugated
sulfur-rich compounds are as follows: (1) a conjugated sulfur-
rich moiety that may show interchalcogen—atom interactions,
which is often observed in molecule-based conductors; (2)
investigation of the steric effects of the bulky ligand, which can
have pronounced effects on the SMMs behavior; (3) attempts
to construct conductive SMMs or molecular magnetic semi-
conductors. Moreover, comparing with the common 3d—n
SMMs, it is particularly noteworthy that the 4f—m systems
based on lanthanide ions may be good candidates for obtaining
higher anisotropic barrier SMMs, which exhibit superparamag-
net-like behavior of slow magnetic relaxation at low temper-
ature.”

Recently, a series of mononuclear Ln—SMMs with the
characteristic structures sandwiched by common Schiff base
ligand, tetrapyrrole ligands (porphyrin or phthalocyanine), and
the Kldui’s tripodal ligand Log~ (Log™ = [(7*-CsHs)Co(P(=
0O)(OEt),);]™, Scheme 1, right) were reported by us.®” In this
paper, for the first time, the planar 7-extended Schiff base ligand
containing an electrochemically active TTF unit, 2,2"-((2-(4,5-

Single-molecule magnets (SMMs) are molecular species that
combine intramolecular properties of a high-spin ground state
and large easy axis type magnetic anisotropy and exhibit out of
phase contribution of the magnetic susceptibility. They are
potentially useful in high-density data storage devices, quantum
information processing, and molecular spintronics.1 Thus far,
many SMMs with various structures and magnetic properties
have been reported.>*

The need for new molecule-based materials that have more
diversified properties is continuously increasing. One of the
goals from scientists is to prepare materials that not only
possess one expected property of function but also combine
two or more of them in a multifunctional system. In particular,
due to the important applications in molecular spintronics, the
design and synthesis of new materials with both conductivity
and magnetism has attracted more attention in recent years.”"
The objective of this combination is to establish a coupling
between mobile and localized electrons, which mainly arise
from organic moieties assembled in networks and paramagnetic
metal ions. For preparation of conductive SMMs, one of
representative strategies is to assemble redox-active tetrathia-
fulvalene (TTF) derivatives with the paramagnetic metal (3d Received: June S, 2013
transiton or 4f lanthanide) ions to construct new multifunc- Published: September 24, 2013
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Scheme 1. Structures of the TTF-Schiff Base Ligand H,L and
Klaui’s Tripodal Ligand Log,~
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bis(methylthio)-1,3-dithiol-2-ylidene)-1,3-benzodithiole-$,6-
diyl)bis(nitrilomethylidyne )bis(4-chlorophenol) (H,L, Scheme
1, left), is introduced into this double-decker sandwich-type
SMMs system. Three new lanthanide sandwich-type mono-
nuclear complexes [(Log)Ln(L)]-0.25H,0 (Ln*" = Dy*, 1;
Tb*, 2; Ho™, 3) were obtained by reacting the TTF derivative
and the tripodal ligand Ly~ with paramagnetic lanthanide
ions. All of the complexes were structurally characterized, and
their spectroscopic, electrochemical, and magnetic properties
were studied. As is known, besides in SMMs, lanthanide
sandwich-type multidecker complexes are also of interest in
different areas such as molecular electronic sensors,”® field-
effect transistor devices,'' etc. The synthetic method in this
paper will extend further research on new multifunctional
molecular materials, such as conductive sandwich-type SMMs.

B EXPERIMENTAL SECTION

General Methods. All reagents were obtained from commercial
sources and used without further purification. Starting materials

Na[(7>-CH;)Co{P(=0)(OEt),};] (NaLgyg,), S,6-diamino-2-(4,5-
bis(methylthio)-1,3-dithio-2-ylidene)benzo[d]-1,3-dithiole (diamino-
TTF), and TTF-Schiff base ligand (H,L) were synthesized according
to the literature.'*”** Elemental analyses for C, H, and N were carried
out with a Perkin-Elmer 240C analyzer. 'H NMR spectra were
recorded on a Bruker DRX 500 spectrometer. Melting points were
determined with an X-4 digital micromelting-point apparatus. Infrared
spectra were recorded with a Vector22 Bruker spectrophotometer with
KBr pellets in the range 400—4000 cm™'. Cyclic voltammetry was
performed with an Im6eX electrochemical analytical instrument using
platinum as the working and counter electrodes, a Ag/AgCl electrode
containing saturated KCI solution serving as the reference electrode,
and 0.1 M n-Bu/NCIO, as the supporting electrolyte. UV—vis spectra
were obtained with a UV-3600 spectrophotometer. Spectroelectro-
chemical measurements were performed by assembly of the electro-
chemical analytical instrument and UV—vis spectrophotometer.
Magnetic susceptibility measurements were performed with a
Quantum Design MPMS-SQUID-VSM magnetometer in the temper-
ature range 1.8—300 K. The field dependence of magnetization was
measured using a Quantum Design MPMS-SQUID-VSM system in an
applied field of up to 70 kOe. Diamagnetic corrections were calculated
using Pascal’s constants,"> and an experimental correction for the
diamagnetic sample holder was applied.

X-ray Crystallography. Crystal structures were determined with a
Siemens (Bruker) SMART CCD diffractometer using monochro-
mated Mo Ka radiation (4 = 0.71073 A) at 123 K. Cell parameters
were retrieved using SMART software and refined using SAINT'® for
all observed reflections. Data was collected using a narrow-frame
method with scan widths of 0.30° in @ and an exposure time of 10 s/
frame. The highly redundant data sets were reduced using SAINT"
and corrected for both Lorentz and polarization effects. Absorption
corrections were applied using SADABS'” supplied by Bruker.
Structures were solved by direct methods using the program
SHELXL-97."® Positions of metal atoms and their first coordination
spheres were located from direct methods E-maps. Other non-
hydrogen atoms were found in alternating difference Fourier syntheses
and least-squares refinement cycles and, during the final cycles, refined

Table 1. Summary of Crystallographic Data for 1-3

1:0.25H,0
formula C,3H;,CoDyN,0,,P;S4Cl,-0.25H,0
fw 1353.96
cryst syst monoclinic
space group P2,/n
a, A 14.9211(15)
b A 19.9947(14)
oA 19.9744(14)
a, deg 90.00
B, deg 105.086(3)
7, deg 90.00
v, A3 5753.8(8)
V4 4
Pedleay € CM° 1.563
T/K 123(2)
u, mm™! 2.024
0, deg 1.47—26.00
F(000) 2726
index ranges -10<h<18
-24<k<22
24 <1<24
data/restraints/params 11327/0/639
GOF (F?) 1.068

R, wR (I > 20(1))
R, wR," (all data)

0.0607, 0.1489
0.0714, 0.1506

“R,% = 2IF,| — IFJI/ZF,l. wR, = [Zw(F,2 — F2)*/=w(F,2)*]"%

2:0.25H,0 3-0.25H,0
C,3H;,CoTbN,0,,P;S4ClL,-0.25H,0 C,3H;,CoHoN, 0, ,P;S,Cl,-0.25H,0
1350.38 1356.39
monoclinic monoclinic
P2,/n P2,/n
14.8268(17) 14.9021(19)
19.9048(16) 20.1141(11)
20.3778(17) 20.2924(15)
90.00 90.00
105.300(3) 105.571(4)
90.00 90.00
5800.8(9) 5859.3(9)
4 4
1.546 1.538
123(2) 123(2)
1.939 2.063
1.46—26.00 1.45-26.00
2722 2730
-15<h<18 -17<h <18
24 <k<24 -18<k<24
-25<1<24 -25<1<22
11272/0/639 11496/0/639
1.072 1.036

0.0487, 0.1094
0.0591, 0.1112

11165

0.0524, 0.1351
0.0604, 0.1370
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Scheme 2. Synthetic Route to the TTF-Schiff Base Ligand H,L
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anisotropically. Hydrogen atoms were placed in calculated positions
and refined as riding atoms with a uniform value of U, Final
crystallographic data and values of R, and wR, are listed in Table 1.
CCDC reference numbers are 942329 (1), 942330 (2), and 942331
@3).

Computational Details. All calculations were carried out with
Gaussian03 programs.' DFT and time-dependent DFT (TD-DFT)
with the three-parameter B3LYP hybrid functional were employed.”’
Calculations were carried out using with a 6-31G* basis set for all
atoms. All geometries were characterized as minima by frequency
analysis (Nirnag =0).

Synthesis of TTF-Schiff Base Ligand (H,L). 5,6-Diamino-2-(4,5-
bis(methylthio)-1,3-dithio-2-ylidene)benzo[d]-1,3-dithiole (155 mg,
0.41 mmol) and S-chloro-2-hydroxybenzaldehyde (128.9 mg, 0.82
mmol) were mixed in 50 mL of CH,Cl,/C,H;OH (1:4 v/v). The
resulting mixture was stirred and heated at 70 °C for about 6 h, and
the red precipitate was collected by filtration, washed with methanol,
and then dried in air. Yield = 88%. Mp 275—277 °C. Anal. Calcd for
CyH,sCLN,O,S¢: C, 47.77; H, 2.78; N, 4.29. Found: C, 48.11; H,
2.99; N, 4.57. '"H NMR (500 MHz, C;D;N, 293 K): & (ppm) 2.35 (s,
6H, SCH,), 7.07 (d, 2H, ] = 9.0 Hz, Ar-H), 7.31 (s, 2H, Ar-H), 7.37
(dd, 2H, J; = 9.0 Hz, ], = 1.5 Hz, Ar-H), 7.75 (d, 2H, ] = 1.5 Hz, Ar-
H), 883 (s, 2H, CH=N). IR (KBr, cm™): 3421(w), 2915(w),
1611(s), 1568(m), 1474(s), 1272(s), 1180(m), 1120(m), 922(s),
866(m), 774(m), 685(m). UV—vis {(CH,Cl,, A,./nm, [log (&/dm?
mol™ cm™)] in parentheses}: 269(4.62), 300(4.64), 332(4.62),
430(4.16).

Synthesis of [(Log)Dy(L)] (1). TTF-Schiff base Ligand (H,L)
(13.1 mg, 0.02 mmol), NaLyg, (11.5 mg, 0.02 mmol), and Dy(acac),-
2H,0 (9.2 mg, 0.02 mmol) were mixed in 10 mL of CH;OH/MeCN
(1:1 v/v). The reaction mixture was stirred and heated at 85 °C for 6 h
and then filtered at room temperature. Orange block-shaped crystals of
1 were collected by filtration after slow evaporation of the resulting
solution for several days. Yield = 45%. Mp > 300 °C. Anal. Calcd for
C,3H;CoDyN,0,,P,S,ClL,: C, 3827; H, 3.81; N, 2.08. Found: C,
38.49; H, 4.02; N, 2.25. IR (KBr, cm™"): 3414(w), 2972(w), 1608(s),
1516(m), 1457(m), 1374(m), 1241(w), 1130(s), 1031(m), 929(m),
830(m), 761(m), 584(m). UV—vis {(CH,Cl,, A,./nm, [log (&/dm?
mol™ cm™)] in parentheses}: 244(4.96), 300(4.68), 326(4.58),
414(4.53).

Synthesis of [(Log)Tb(L)] (2). Orange block-shaped crystals of 2
were obtained by following the same procedure as that described for 1
except that Tb(acac);:2H,0 was used in place of Dy(acac);2H,0.
Yield = 47%. Mp > 300 °C. Anal. Calcd for
C3H,,CoTbN,0,,P,S,Cl,: C, 38.37; H, 3.82; N, 2.08. Found: C,
38.55; H, 4.01; N, 2.23. IR (KBr, cm™): 3412(w), 2972(w), 1607(s),
1515(m), 1457(m), 1375(m), 1128(s), 1030(m), 928(m), 829(m),
760(m), 584(m). UV—vis {(CH,Cl,, Ap./nm, [log (¢/dm*® mol™
cm™)] in parentheses}: 243(4.98), 301(4.68), 326(4.61), 411(4.49).

Synthesis of [(Log)HO(L)] (3). Orange block-shaped crystals of 3
were obtained by following the same procedure as that described for 1
except that Ho(acac);2H,0 was used in place of Dy(acac);2H,0.
Yield = 45%. Mp > 300 °C. Anal. Calcd for
C,3H,, CoHoN,O,,P;S,Cl,: C, 38.20; H, 3.80; N, 2.07. Found: C,
38.41; H, 4.05; N, 2.31. IR (KBr, cm™"): 3410(w), 2972(w), 1609(s),
1514(m), 1458(m), 1377(m), 1130(s), 1030(m), 928(m), 830(m),

761(m), 584(m). UV—vis {(CH,Cl,, Ap./nm, [log (¢/dm® mol™
cm™)] in parentheses}: 244(5.01), 300(4.73), 326(4.64), 416(4.60).

B RESULTS AND DISCUSSION

Synthesis and Characterization. As indicated in Scheme
2, TTF-Schiff base ligand was synthesized by condensation
reaction of S-chlorosalicylaldehyde and the diamino-TTF
derivative, which was developed by Liu et al.'* Lanthanide
complexes were successfully prepared by reaction of the TTE-
Schiff base ligand, Kldui’s ligand, and lanthanide acetylaceto-
nates in methanol and acetonitrile. Introduction of the CI atom
into the ligand is to improve the solubility of the organic ligand,
resulting in a straightforward synthesis of the complexes with
moderate yield. All complexes are soluble in most organic
solvents and air stable in both solution and the solid state.
Characterization of these complexes has been accomplished by
elemental analysis, IR, UV—vis, cyclic voltammetry, and single-
crystal X-ray diffraction analysis.

Structural Description. Single-crystal X-ray diffraction
analysis shows that all of the complexes crystallize in the
monoclinic space group P2,/n with isostructual double-decker
sandwich molecular structures. Selected bond lengths and
angles are shown in Table 2. The Ln(III) ions (Ln** = Dy**, 1;
Tb*, 2; Ho*, 3) are seven coordinated and bonded with two
nitrogen atoms from H,L and five oxygen atoms (three from
Log and two from phenolic oxygen) (Figure 1la). An
interesting 3:4 pseudo-piano-stool conformation can be used
to describe the coordination geometry of the metallic core,”
with the triangular plane formed by O3, O6, and O9 atoms
from the Log,~ and the square base formed by 010, O11, N1,
and N2 atoms from H,L (Figure 1b). The Ln(III)-N bond
length ranges from 2.498(S) to 2.512(6) A, 2.489(4) to
2.520(4) A, and 2.513(4) to 2.493(5) A for 1, 2, and 3,
respectively, while the Ln(III)-O bond length is in the range
2.219(5)—2.296(4) A for 1, 2.219(4)—2.341(4) A for 2, and
2.212(5)—2.331(4) A for 3. Detailed structural parameters
about average distances for Ln—N and Ln—O bond, Ln(III) to
plane center distances (d;, d,), plane center distances (1), and
bending angles of center—Ln(III)—center () for 1-3 are
summarized in the Table 3. It is noted that the TTF core
adopts a slightly boat-like conformation, and the dihedral angles
between the two five-membered rings containing S atoms are
7.14(7)° for 1, 7.02(4)° for 2, and 6.78(5)° for 3, whereas the
intramolecular benzo-1,3-dithiole group is almost coplanar with
a deviation of 2.39(8)°, 2.10(5)°, and 2.50(5)° for 1, 2, and 3,
respectively. In the crystal packing (Figure 2), the two
neighboring TTF units are stacked head-to-tail with their
molecular planes almost parallelly aligned, in which the
centroid---centroid distance of the intermolecular benzene
ring and 1,3-dithiole ring is 3.828(4) A for 1, 3.801(4) A for
2, and 3.806(5) A for 3. There is no obvious intermolecular
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Table 2. Selected Bond Lengths (Angstroms) and Angles
(degrees) for 1-3

1 2 3
bond distances (A)
Lnl-03 2.266(5) 2.251(3) 2.242(4)
Lnl-06 2.271(4) 2.256(3) 2.275(4)
Lnl1-09 2.296(4) 2.341(4) 2.331(4)
Ln1-010 2.219(5) 2.263(3) 2.242(4)
Lnl-011 2.233(5) 2.219(4) 2.212(5)
Lnl-N1 2.498(5) 2.489(4) 2.513(4)
Lnl-N2 2.512(6) 2.520(4) 2.493(5)
bond angles (deg)
03-Lnl-06 80.08(18) 80.41(13) 79.96(15)
06—Ln1—09 77.42(17) 77.57(12) 75.76(14)
03-Ln1-09 78.92(18) 79.81(13) 79.46(15)
03-Ln1-010 89.90(18) 89.51(13) 89.24(15)
03-Lnl-011 84.79(18) 84.50(14) 84.15(15)
06-Ln1-010 98.45(18) 98.47(13) 99.91(15)
06—Lnl1-011 161.63(18) 161.54(12) 160.35(16)
09—-Ln1-010 168.56(18) 169.07(13) 168.41(15)
09-Ln1-011 89.54(18) 89.39(13) 90.09(16)
010-Ln1-011 91.85(18) 91.93(13) 91.30(17)
03-Lnl-N1 150.83(19) 150.49(14) 150.47(16)
06—Lnl1-N1 80.51(18) 80.39(12) 81.08(15)
09-Ln1-N1 117.50(18) 117.32(12) 117.22(15)
010-Ln1-N1 71.70(18) 71.46(12) 72.01(15)
O11-Lnl-NI1 117.34(19) 117.55(13) 117.95(16)
03-Lnl1-N2 144.27(19) 143.85(14) 145.21(16)
06—Ln1-N2 114.16(18) 113.78(13) 112.65(14)
09-Lnl1-N2 73.16(19) 71.86(13) 73.14(15)
010-Ln1-N2 118.1(2) 118.88(13) 118.30(16)
O11-Lnl1-N2 73.30(19) 73.42(13) 75.01(16)
NI-Lnl-N2 64.42(18) 65.23(13) 63.80(15)

shorter S---S contacts for them. The shortest intermolecular
Ln*—Ln3* distances are 10.845(8), 10.827(8), and 10.930(6)
A for 1, 2, and 3, respectively.

Electrochemical Properties. Electrochemical properties of
the compounds H,L and 1-3 were investigated by cyclic
voltammetry in CH,Cl, as illustrated in Figure 3, and their
electrochemical data are collected in Table 4. All compounds

exhibit two well-separated reversible single-electron oxidation
processes corresponding to successive oxidation of neutral TTF
(TTF°) to the radical cation (TTF**) and then to the dication
(TTF**). Moreover, the observed redox potentials of the
oxidation processes for all of the complexes are slightly
negatively shifted relative to H,L. These potential shifts,
although not very large, indicate that the electron-donating
properties are changed due to the collaborative interaction of
the deprotonation and coordination effects from the Schiff base
(from phenol to phenolate) ligand, which are probably
responsible for the small charge effects on the oxidation
potential.'***

Spectroscopic Properties. UV—vis absorption spectra for
all of the reported compounds were measured in dichloro-
methane solution at room temperature (Figure 4). For the
ligand H,L, the electronic absorption spectrum displays intense
transitions in the range 225—340 nm and a less intense broad
absorption band around 430 nm, which mainly come from the
spin-allowed z—7* transitions."**® For complexes 1-3,
absorption spectra are quite similar to that of the free ligand
H,L. The absorption bands at low energy (4 > 350 nm) are
slightly blue shifted, and the intensities are increased around
410—420 nm, which may be related to metalation of the
ligand."*

To further investigate the redox process involving the TTF
unit, spectroelectrochemical measurements were also carried
out during electrolysis of the solution of H,L and complexes
1-3 at suitable constant potentials (Figures S and SI,
Supporting Information). The first stage of the electrochemical
oxidation at the potential of about 1.0 V leads to formation of
TTF radical cation with a broad absorption band emerging at
about 830 nm for H,L**, 878 nm for 1**, 881 nm for 2*°, and
879 nm for 3"%; meanwhile, the increase in the absorption
intensity was observed around 440 nm for H,L"®, 425 nm for
1**, 427 nm for 2*°, and 424 nm for 3*°, respectively. Upon
application of a potential of about 1.5 V, the electronic
spectrum shows a decrease of the characteristic absorption of
the radical cation bands and the broad absorption band around
830—880 nm is slightly blue shifted (around 718 nm for H,L*",
732 nm for 1**, 735 nm for 2**, and 738 nm for 3**), which is
the characteristic absorption band for the TTF dication. All

(a)

(b)

Figure 1. (a) Molecular structure of complexes [(Log)Ln(L)] (Ln = Dy, 1; Tb, 2; Ho, 3). Solvates and H atoms are omitted for clarity: Ln, sky
blue; Co, brown; O, red; N, blue; P, purple; S, yellow; C, gray; Cl, green. (b) Coordination geometry of Ln(III) core with d, and d, representing the
distance of Ln(III) to the centers of the O3—06—09 plane and N1-N2—010—011 plane and the bending angle @, defined as the angle of center—

Ln(III)—center.
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Table 3. Summary of Average Distances for Ln—N and Ln—O Bond, Ln to Plane Center Distances, Plane Center Distances,

Bending Angles, and Energy Barrier for 1, 2, 3, and Dy-salphen

average Ln—N bond distance (A)

average Ln—O bond distance (A)

Ln to O3—06—09 plane center distance (d;, A)

Ln to N1-N2—010-011 plane center distance (d,, A)

center distance between 03—06—09 and N1-N2—010—011 planes (I, A)
bending angle (a, deg)

Ad® = 1d, — dyl (A)

A/ky” (K)

1-Dy 2—Tb 3—Ho Dy—salphen
2.505 2.509 2.503 2478
2257 2266 2.260 2274
1.549(4) 1.544(3) 1.561(3) 1.586(6)
1.222(3) 1.216(3) 1.214(3) 1.168(6)
2.749(3) 2.737(3) 2.751(3) 2.717(5)
165.30(15) 165.02(16) 164.91(15) 160.88(20)
0.327 0.328 0.347 0.418
41.60 24.61

“Distance difference between the Ln(IIl) ion to centers of two planes. bEnergy barrier based on the Arrhenius law [z = 75 exp(A/kzT)].

Figure 2. Crystal packing of complexes [(Log)Ln(L)] (Ln = Dy, 1;
Tb, 2; Ho, 3). Solvates and H atoms are also omitted for clarity:
(dashed line) centroid---centroid distance of the intermolecular
benzene ring and 1,3-dithiole ring.

0.4 0.8 1.2 1.6
E /V (vs Ag/AgCl)

Figure 3. Cyclic voltammograms for compounds H,L and 1-3 in
CH,Cl, (1.6 X 10™* M) with n-Bu,NCIO, (0.1 M) at a sweep rate of
100 mV s~

Table 4. Summary of Redox Potentials (V) for Compounds
H,L and 1-3

Epcoxl EPaoxl El/zox[ Epcoxz Epaoxz EI/ZOXZ
H,L 0.87 0.94 091 122 128 125
1 0.81 0.92 0.87 113 124 119
2 0.84 091 0.88 1.14 1.23 119
3 0.81 091 0.86 113 123 118

results suggest that the oxidation occurs at the TTF moiety in
the present system.”*

Computational Studies. DFT and TD-DFT calculations
were performed to rationalize assignment of experimental
absorption bands for H,L and Lgg, . Calculated absorption
spectra match well with the experimental ones.

11168

Absorbance

400 600 800
Wavelengh / nm

Figure 4. UV—vis absorption spectra for compounds H,L and 1-3 in
CH,CL, (2 X 1075 M).

Molecular orbitals for H,L involved in the main excited states
are shown in Table 5 and Figures 6 and 7. The experimental
absorption band around 430 nm corresponds to the predicted
absorptions at 498, 460, and 427 nm, which mainly come from
HOMO — LUMO, HOMO — LUMO+1, and HOMO —
LUMO+2. These transitions dominantly possess mprp —
T sepir base A0d Tprp = ¥ prp character. While the absorption
peak at 332 nm can be attributed to combined transitions of
Tprp = TR Tschitfbase > 7 Schiff baser AN TR Schiff base
T g i baser A0d the peak center at 300 nm is of Zprp.gahift base —
¥ chiff base AN T TE-Schiff base — 7 character. In addition, the
absorption at 269 nm mainly originates from mgyigpae —
¥ s hiff base transitions, relevant to the calculated peak at 288 nm.

As shown in Table S1 and Figures S2 and S3 (Supporting
Information), the absorption peak for Log~ at 349 nm is
assigned to 7,— 7%, and MLCT transitions, which mainly
involve HOMO, HOMO-1 to LUMO transitions at 404 nm.
Calculations suggest the intense absorption at 250 nm is
attributable to a combination of HOMO-2 — LUMO, HOMO-
2 — LUMO+1, HOMO-3 — LUMO, and HOMO-4 —
LUMO excitations, coming from combined 7, — #*_, and
N0 oms = ¥ transitions.

Static Magnetic Properties. Temperature-dependent
molar susceptibility data were measured for all of the complexes
in the temperature range 1.8—300 K under an applied direct
current (dc) field of 100 Oe. Room-temperature y,,T values are
13.27 ecm® K mol™ for 1, 11.74 cm® K mol™ for 2, and 13.79
cm® K mol™ for 3, which are slightly smaller than the
theoretical values of 14.17 cm® K mol™" for one uncoupled
Dy(Ill) (°*Hys, S=5/2,L=5,g=4/3,]=15/2),11.82 cm®* K
mol ™ for Tb(IT) ("F,, S=3,L =3,g=3/2,] =6), and 14.07
cm® K mol™" for Ho(Ill) (’I;, S=2,L =6,g=5/4,]=38)
(Figure 8). On cooling, each yyT value gradually decreases,
originating from depopulation of M; states of the multiple
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Figure S. Spectroelectrochemistry for compounds H,L and 1 in CH,Cl,/CH,CN (1:1 v/v) (0.1 M n-Bu,NCIO,).

Table 5. Main Calculated Optical Transitions for H,L

orbital excitation composition main character A/nm (caled) f A/nm (exptl)
HOMO — LUMO 070432 Tprr = T bt base 498 0.0845 430
HOMO — LUMO+1 0.67387 Trtr = Tt base 460 0.1802
HOMO — LUMO+2 0.19229 Tore = oo
HOMO — LUMO+1 —0.18894 TrTE = TFSehiff base A0 Tprp = T¥prp 427 0.0244
HOMO — LUMO+2 0.67336
HOMO — LUMO+2 0.68216 Trre = T 378 02031 332
HOMO-7 — LUMO —0.10353 Tschifi base — 70" Schiff base AN PTTE Schiff base > 77 schiff base 346 0.4658
HOMO-2 — LUMO —0.45011
HOMO-1 - LUMO+1 0.48056
HOMO-7 - LUMO 0.12630 Tt base = 7 Schiff e 329 0.0750
HOMO-2 - LUMO 0.64673
HOMO-3 — LUMO 0.63406 Trrrsehift base = 7 el base 322 02925
HOMO-6 — LUMO 030861 T rEsehiff base. = T sttt base AN TrTE-schiff base — TF 1 296 03091 300
HOMO-1 - LUMO+2 0.30477
HOMO-7 - LUMO 0.41134 Tttt base — 7% Schif bace 288 0.1242 269
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Figure 6. Molecular orbital energy diagram for H,L. Pink bars
represent unoccupied orbitals, and blue bars represent occupied

orbitals.

temperature range 1.8—300 K under an applied dc field of 100 Oe.

5¢,72,25,26
ground state™"®

¢ . 27
interactions between molecules.

and/or possible weak antiferromagnetic

M versus H plots for 1—3 from a zero dc field to 70 kOe at
1.8 K (Figure 9) show rapid increase in the magnetization at
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Figure 9. Field dependence of the magnetization data for 1-3 at 1.8
K

low fields and then slowly reach a value of 5.54, 5.00, and 5.42
Np at 7 T for 1, 2, and 3, respectively, which are lower than the
expected saturation values of 10 N for Dy and Ho and 9 Nj
for Tb, attributed to ligand-field-induced splitting of the M,
states of the multiple ground state.”**®

Dynamic Magnetic Properties. To investigate the
magnetization dynamics, alternative current (ac) magnetic
susceptibility measurements were performed on all of the
complexes in the temperature range 1.8—10.0 K at zero dc field.
As the temperature is decreased, no out-of-phase (y”)
susceptibilities can be observed at a frequency of 999 Hz
(Figures S4—S6, Supporting Information). By applying a dc
field of 2 kOe, only the y” signals for 1 were enlarged above 1.8
K, showing a thermally activated dc-field-dependent relaxation
phenomenon (Figure S7, Supporting Information). This
behavior is attributed to suppression of quantum tunneling of
magnetization (QTM) between sublevels, which is effective for
Kramers® system with odd numbers of 4f electrons.”® The Dy
complex 1 belongs to this system, which has double-degenerate
ground states at zero static field, and magnetization relaxation
can occur through QTM mechanism. Upon application of a
static field, the possibility of relaxation by this process
disappears as the two states are not degenerate any longer,
showing that the relaxation of such a two-level system may be
governed bz the second fastest path, such as Orbach or direct
processes.s’ ° In contrast, for 2 and 3, no similar X" signals
under the same external dc field were observed above 1.8 K
(Figures S8 and S9, Supporting Information). The reason is
that Tb(III) and Ho(III) are non-Kramers’ ions with a larger

energy gap between the ground and the first excited states,
along with their fast magnetization relaxation in SMMs.***

For 1, the temperature dependence of the in-phase (y’) and
X" signals above a frequency of 666 Hz can be found under 2
kOe dc field. Unfortunately, the maximum peaks of y” in the
temperature range 1.8—10.0 K were not obviously observed. In
order to reduce the QTM effect, ac measurements were
performed at 5.0 K with various applied dc field in the
frequency range 1-999 Hz on complex 1 (Figure S10,
Supporting Information). The results indicate that the QTM
effect was minimized at 4 kQOe static field, at which the ac
susceptibilities become temperature and frequency dependent.
This behavior characterizes a cross over from a direct phonon-
induced tunneling process to an Orbach mechanism involving
excited states.”'

Under this optimum field, the peaks of y” signal can be
observed at frequencies above 132 Hz in the temperature range
1.8—14.0 K (Figure 10a), and the relaxation process above 4.0
K follows a field-induced thermally activated mechanism.
Fitting to the Arrhenius law [z = 7, exp(A/kgT)] afforded an
energy barrier A/kp = 41.60 K and the pre-exponential factor 7,
=92 X 107 s (R = 0.9995) (Figure 10b), which is consistent
with the expected 7, of 107°~107"" s for similar SMMs.>>~>*

Variable-frequency ac magnetic susceptibility measurements
were also carried out under 4 kOe dc field in the temperature
range 4.0—6.0 K (Figure S11, Supporting Information). On
cooling, the peaks of the y” signal show a slight shift from the
high-frequency to the low-frequency region. The corresponding
Cole—Cole plots show asymmetrically semicircular shapes and
small tails in the high-frequency and low-frequency region,
respectively (Figure S12, Supporting Information). Data in the
high-frequency region can be fitted with a generalized Debye
model,* affording @ values of 0.20—0.31, which suggest the
relaxation process followed a narrow width of the distribution
above 4.0 K (Table S2, Supporting Information).

Recent studies indicate that slow relaxation of the magnet-
ization in monometallic Ln—SMM:s is closely related to 4f ion
anisotropy and crystal field symmetry.”*® As summarized in
Table 3, the following parameters d}, d,, |, and & can be used to
effectively analyze the ligand-field effect on controlling the
magnetic anisotropy of single-lanthanide SMMs. The energy
barrier for 1 is higher than that of similar mononuclear
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Figure 10. (a) Temperature-dependent in-phase (') and out-of-phase (y”) ac susceptibilities for 1 under 4 kOe dc field. (b) Plots of In 7 vs T~" for

1. Red line represents the best fit to the Arrhenius law.
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lanthanide complex based on common Schiff base ligand (Dy-
salphen) as we previously reported,® suggesting the larger local
symmetry and ligand-field effect in our present system. It may
result from the improved planarity of the tetradendate Schiff
base ligand after introduction of 7-conjugated TTF unit. For 1,
the distances of Dy(III) to the O3—06—09 plane center and
N1-N2-010—011 plane center are 1.549(4) and 1.222(3) A,
resulting in the difference Ad = 0.327 A, whereas the related Ad
for Dy-salphen is 0.418 A. Additionally, the bending angles (a)
for 1 (165.30(15)°) is higher than that of Dy-salphen
(160.88(20)°). However, the energy barrier for 1 is still
lower than that of classical eight-coordinate mononuclear
lanthanide phthalocyaninato complexes.”® It is possibly
attributed to the decreased coordination numbers and
molecular symmetry, as well as the weakened strength of the
ligand field for Log,~ compared to that of the phthalocyanine,
that is, a slight structural difference may affect the nature of
single-axial anisotropy of the Dy(III) ion through the single-
axial ligand-field symmetry and therefore generate the different
dynamic magnetic behavior.

Bl CONCLUSION

Three new seven-coordinate paramagnetic lanthanide com-
plexes with a planar 7-conjugated Schiff base ligand containing
an electrochemically active TTF unit and Kldui’s tripodal ligand
have been successfully synthesized. They exhibit the interesting
double-decker sandwich coordination geometry, and spectro-
scopic and electrochemical studies suggest their reversible
redox properties for classical TTF units. Only the Dy complex
exhibits field-induced slow relaxation of magnetization,
indicating that it shows single lanthanide-based SMM behavior.
Introduction of a redox-active TTF unit into the sandwich-type
lanthanide(III) complexes with interesting magnetic properties
is helpful for further syntheses and studies on new hybrid
inorganic—organic materials. More work to increase electric
conductivity and enhance the d or f (metal)—z (radical)
couplings as well as construct new molecular-based magnetic
semiconductors is underway in our laboratory.
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