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ABSTRACT: The effective magneto−optical properties of novel nonanuclear Tb(III)
complexes with Tb−O lattice (specifically, [Tb9(sal-R)16(μ-OH)10]

+NO3
−, where sal-R

= alkyl salicylate (R = −CH3 (Me), −C2H5 (Et), −C3H7 (Pr), or −C4H9 (Bu)) are
reported. The geometrical structures of these nonanuclear Tb(III) complexes were
characterized using X-ray single-crystal analysis and shape-measure calculation. Optical
Faraday rotation was observed in nonanuclear Tb(III) complexes in the visible region.
The Verdet constant per Tb(III) ion of the Tb9(sal-Me) complex is 150 times larger
than that of general Tb(III) oxide glass. To understand their large Faraday rotation,
electron paramagnetic resonance measurements of Gd(III) complexes were carried out.
In this Report, the magneto−optical relation to the coordination geometry of Tb ions is
discussed.

■ INTRODUCTION

Metal complexes with organic ligands have attracted much
interest for optical,1−4 electronic,5,6 and magnetic7−9 applica-
tions. In particular, polynuclear metal complexes show
characteristic chemical and physical properties such as catalytic
reactions,10,11 magnetic coupling effects for single-molecular
magnets,12,13 and photosensitized luminescence between metal
ions.14,15 The molecular synthesis of polynuclear metal
complexes is expected to open up a new field of advanced
molecular science. Recently, polynuclear metal complexes
composed of lanthanide ions with 4f orbitals have been
synthesized, and their characteristic physical properties have
been explored. Murugesu and Guo described the magnetic
exchange coupling of binuclear Dy(III) complexes.16,17 Piguet
and co-workers reported the enhancement of the luminescence
of polynuclear complexes by effective energy transfer from
Cr(III) to lanthanide(III) ions.18 We also recently demon-
strated temperature-sensitive luminophores composed of Eu-
(III) and Tb(III) complexes.19 Specific metal-to-metal
interactions in polynuclear lanthanide complexes induce active
magnetic and photophysical behavior.
Generally, lanthanide complexes show eight coordination

structures, and their photophysical properties are dependent on
the coordination geometry.20 Additionally, the asymmetric
coordination of lanthanides is also expected to have an effect on
magnetic properties.21 In this Paper, we hypothesize that the
geometrical structures of polynuclear lanthanide complexes are
related to their photomagnetic interaction with lanthanide ions.
Recently, Ohkoshi reported the notable asymmetric structure of
polynuclear Mn(II)−Nb(IV) compounds with metal ions and
CN ligands.22 They suggested that the asymmetric geometrical
structure led to the enhancement of superexchange interactions

in the magnetic field. Coordination geometry in polynuclear
lanthanide complexes could be related to the photophysical and
magneto−optical behaviors.
According to the magneto−optical behaviors of lanthanide

compounds, we previously reported lanthanide inorganic
materials, namely, EuX nanocrystals (X = O, S, and Se)
composed of Eu(II) and chalcogenides ions.23 The inorganic
Eu−X lattices exhibit notable optical Faraday effect. The optical
Faraday effect rotates the plane of polarized light in linear
proportion to the component of the magnetic field in the
direction of propagation. The Faraday effect is important for
the construction of optical isolators for fiber-optic tele-
communication systems.24 The magneto−optical properties
are induced in cubic Eu−X lattices. In contrast, lattice
structures of polynuclear lanthanide complexes are dominated
by organic ligand for construction of coordination structure.
The Ln−O ordering bonds in polynuclear lanthanide
complexes may provide novel aspects for the understanding
of the optical Faraday effect.
The magnitude of the optical Faraday rotation angle is

closely related to the magnetic exchange interaction of the
materials.23a Hence, we focus on three-dimensional polynuclear
Tb(III) complexes with ideal metal−oxygen lattice structures.25

The effective Bohr magneton of Tb(III) ions is p = 9.72, which
is larger than those of other paramagnetic metal ions (Eu(II): p
= 7.94, Mn(II): p = 5.92, Fe(II): p = 4.90, Co(II): p = 3.87).
The effective Bohr magneton of Tb(III) ions is expected to
show specific magneto−optical properties in polynuclear
Tb(III) complexes.
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In this study, novel alkyl salicylate nonanuclear Tb(III)
complexes with hourglass structure, namely, Tb9(sal-R) and
[Tb9(sal-R)16(μ−OH)10]NO3, where sal-R = alkyl salicylate (R
= −CH3 (Me), −C2H5 (Et), −C3H7 (Pr), or −C4H9 (Bu)), are
reported as shown in Figure 1. The Tb(III) complexes were
prepared by the reaction of terbium nitrate with salicylates in
methanol. The geometrical structures were analyzed using X-
ray single-crystal analysis and shape-measure calculations.26 We
have successfully synthesized the Tb−O lattice using derivatives
of salicylate ligands.27 Optical Faraday rotation of nonanuclear
Tb(III) complexes was observed in the visible region. This is
the first observation of optical Faraday rotation in single
lanthanide complexes. We also successfully estimated enhanced
magnetic exchange interaction using electron paramagnetic
resonance (EPR) measurement at room temperature. Novel
nonanuclear Tb(III) complexes with magneto−optical proper-
ties are remarkable single molecules that directly connect with
photophysical chemistry, coordination chemistry, and material
science.

■ EXPERIMENTAL SECTION
Materials. Salicylic acid (C6H4(OH)COOH), methanol

(CH3OH), ethanol (C2H5OH), propanol (C3H7OH), and butanol
(C4H9OH) were purchased from Kanto Chemical Co., Inc. Terbium-
(III) nitrate hexhydrate (Tb(NO3)3·6H2O), sulfuric acid (H2SO4), and
triethylamine (C6H15N) were also purchased from Kanto Chemical
Co., Inc. All other chemicals and solvents were reagent grade and were
used without further purification.
Apparatus. 1H NMR data were measured using an Auto-NMR

JEOL ECS 400 MHz Spectrometer. 1H NMR chemical shifts were
determined using tetramethylsilane (TMS) as an internal standard.
Electrospray ionization mass spectrometry (ESI-MS) measurements
were made using Thermo Scientific Exactive. Fast atom bombardment
mass spectrometry (FAB-MS) spectra were measured on JEOL JMS-
700TZ. Elemental analyses were performed by MICRO CORDER
JM10. Infrared spectra were recorded on a JASCO FT/IR-350
spectrometer. X-ray diffraction (XRD) spectra were characterized by a
RIGAKU X-ray diffractometer RINT 2200. Single-crystal X-ray
diffractions were made on a RIGAKU RAXIS RAPID imaging plate
area detector. Quantitative elemental analysis was performed with
inductively coupled plasma−atomic emission spectroscopy (ICP-
AES). EPR spectra of nuclei Gd(III) complexes were measured
using a JEOL JES-TE200 X-band ESR spectrometer.
Synthesis of Methyl Salicylate (Sal-Me). A solution of salicylic

acid (3.0 g, 21.7 mmol) in 30 mL of methyl alcohol was added to
sulfuric acid (1.0 mL), and after it was stirred and reacted for 5 h,
distilled water (20 mL) was added to the reaction mixture. The pH
value of this solution was adjusted to pH 7 by adding sodium
carbonate. The mixture was extracted with ether (2 × 30 mL). The
organic layer was separated and dried with magnesium sulfate, and the
solvent was evaporated. The residue was chromatographed on silica gel
eluting with ethyl acetate/hexane (35/65). Yield: 62.1%. 1H NMR
(400 MHz, CDCl3, TMS): δ 3.95 (s, 3H: −CH3), δ 6.86−6.99 (m,

2H: Ar), δ 7.43−7.48 (t, 1H: Ar), δ7.82−7.85 (d, 1H: Ar), δ10.7 (s,
1H: −OH) ppm. Selected IR (KBr, cm−1): 1680(-CO), 2960-
(−CH3). Elemental analysis calculated for C8H8O3: C, 63.15%, H,
5.30%. Found: C, 63.12%, H, 5.35%. ESI-MS: m/z 151.04 [M−H]+.
Other salicylate derivatives, namely, Sal-Et, Sal-Pr, and Sal-Bu, were
obtained using a similar synthesis to that of Sal-Me by changing
alcohols EtOH, PrOH, and BuOH for MeOH, respectively.

Synthesis of Ethyl Salicylate (Sal-Et). Yield: 66.5%. 1H NMR
(400 MHz, CDCl3, TMS): δ 1.39−1.42 (t, 3H: −CH3), δ 4.40−4.46
(q, 2H: −CH2), δ 6.92−6.97 (m, 2H: Ar),δ 7.51−7.55 (t, 1H: Ar),δ
7.85−7.88 (d, 1H: Ar), δ 10.8 (s, 1H: −OH) ppm. Selected IR (KBr,
cm−1): 1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental
analysis calculated for C9H10O3: C, 65.05%, H, 6.07%. Found: C,
65.14%, H, 6.18%. ESI-MS: m/z 165.06 [M−H]+.

Synthesis of Propyl Salicylate (Sal-Pr). Yield: 60.1%. 1H NMR
(400 MHz, CDCl3, TMS): δ 1.02−1.06 (t, 3H: −CH3), δ 1.77−1.86
(m, 2H: −CH2), δ 4.29−4.33 (t, 2H: −CH2), δ 6.86−6.99 (m, 2H:
Ar),δ 7.43−7.47 (t, 1H: Ar), δ 7.84−7.87 (d, 1H: Ar), δ 10.8 (s, 1H:
−OH) ppm. Selected IR (KBr, cm−1): 1680(-CO), 2930(−CH2−),
2960(−CH3). Elemental analysis calculated for C10H12O3: C, 66.65%,
H, 6.71%. Found: C, 66.47%, H, 6.76%. ESI-MS: m/z 179.07 [M−
H]+.

Synthesis of Butyl Salicylate (Sal-Bt). Yield: 53.4%. 1H NMR
(400 MHz, CDCl3, TMS): δ 0.97−1.01 (t,3H: −CH3), δ 1.44−1.53
(m, 2H: −CH2), δ 1.74−1.80 (m, 2H: −CH2), δ 4.34−4.37 (t, 2H:
−CH2), δ 6.86−6.99 (m, 2H: Ar), δ 7.43−7.47 (t, 1H: Ar), δ 7.83−
7.86 (d, 1H: Ar), δ 10.8 (s, 1H: −OH) ppm. Selected IR (KBr, cm−1):
1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental analysis
calculated for C11H14O3: C, 68.02%, H, 7.27%. Found: C, 67.99%,
H, 7.33%. ESI-MS: m/z 193.09 [M−H]+.

Synthesis of Tb9(sal-Me). Methyl salicylate (0.41 g, 2.7 mmol)
was dissolved in methanol, and triethylamine (0.44 g, 4.40 mmol) was
added to this solution with stirring at 40 °C. Then, Tb(NO3)3·6H2O
(0.686 g, 1.52 mmol) in methanol was added dropwise to this solution
with further stirring for 20 min. White powder, Tb9(sal-Me), [Tb9(sal-
Me)16(μ-OH)10]

+[NO3]
−, was obtained. Selected IR (KBr, cm−1):

1382(NO3), 1680 (-CO), 2960 (−CH3). Elemental analysis
calculated for C128H122O61NTb9: C, 37.67%, H, 3.01%, N, 0.34%.
Found: C, 37.97%, H, 3.14%, N, 0.31%. FAB-MS: m/z 4018.8
[Tb9(sal-Me)16(μ-OH)10]

+.
Synthesis of Tb9(sal-Et). Ethyl salicylate (0.448 g, 2.7 mmol) was

dissolved in methanol, and triethylamine (0.44 g, 4.40 mmol) was
added to this solution with stirring at 40 °C. Then, Tb(NO3)3·6H2O
(0.686 g, 1.52 mmol) in methanol was added dropwise to this solution
with further stirring for 20 min. White powder, Tb9(sal-Et), [Tb9(sal-
Et)16(μ-OH)10]

+[NO3]
−), was obtained. Selected IR (KBr, cm−1):

1382(NO3), 1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental
analysis calculated for C148H160O61NTb9: C, 40.17%, H, 3.61%, N,
0.33%. Found: C, 39.91%, H, 3.59%, N, 0.34%. FAB-MS: m/z 4242.2
[Tb9(sal-Et)16(μ-OH)10]

+.
Synthesis of Tb9(sal-Pr). Propyl salicylate (0.486 g, 2.7 mmol)

was dissolved in methanol, and triethylamine (0.44 g, 4.39 mmol) was
added to this solution with stirring at 40 °C. Then, Tb(NO3)3·6H2O
(0.686 g, 1.52 mmol) in methanol was added dropwise to this solution
with further stirring for 20 min. White powder, Tb9(sal-Pr), [Tb9(sal-

Figure 1. Preparation scheme of the nonanuclear Tb(III) complexes.
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Pr)16(μ-OH)10]
+[NO3]

−), was obtained. Selected IR (KBr, cm−1):
1382(NO3), 1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental
analysis calculated for C160H186O61NTb9: C, 42.43%, H, 4.14%, N,
0.31%. Found: C, 42.12%, H, 4.10%, N, 0.34%. FAB-MS: m/z 4466.6
[Tb9(sal-Pr)16(μ-OH)10]

+.
Synthesis of Tb9(sal-Bu). Butyl salicylate (0.524 g, 2.7 mmol) was

dissolved in methanol, and triethylamine (0.444 g, 4.39 mmol) was
added to this solution with stirring at 40 °C. Then, Tb(NO3)3·6H2O
(0.686 g, 1.52 mmol) in methanol was added dropwise to this solution
with further stirring for 20 min. White powder, Tb9(sal-Bu), [Tb9(sal-
Bu)16(μ-OH)10]

+[NO3]
−), was obtained. Selected IR (KBr, cm−1):

1382(NO3), 1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental
analysis calculated for C176H218O61NTb9: C, 44.47%, H, 4.62%, N,
0.29%. Found: C, 44.16%, H, 4.57%, N, 0.51%. FAB-MS: m/z 4691.3
[Tb9(sal-Bu)16(μ-OH)10]

+.
Synthesis of Gd9(sal-Me). Gd(III) complexes were synthesized in

a way similar to that of Tb9(sal-Me) by using gadolinium(III) nitrate
hexahydrate (Gd(NO3)3·6H2O) in place of terbium(III) nitrate
hexahydrate (Tb(NO3)3·6H2O). Selected IR (KBr, cm−1): 1382-
(NO3), 1680(-CO), 2960(−CH3). Elemental analysis calculated for
C128H122O61NGd9: C, 37.81%, H, 3.02%, N, 0.34%. Found: C, 37.53%,
H, 3.27%, N, 0.40%. FAB-MS: m/z 4002.0 [Gd9(sal-Me)16(μ-OH)10]

+.
Synthesis of Gd9(sal-Bu). Gd(III) complexes were synthesized in

a way similar to that of Tb9(sal-Bu) by using gadolinium(III) nitrate
hexahydrate (Gd(NO3)3·6H2O) in place of terbium(III) nitrate
hexahydrate (Tb(NO3)3·6H2O). Selected IR (KBr, cm−1): 1382-
(NO3), 1680(-CO), 2930(−CH2−), 2960(−CH3). Elemental
analysis calculated for C176H218O61NGd9: C, 44.61%, H, 4.64%, N,
0.30%. Found: C, 44.40%, H, 4.73%, N, 0.33%. FAB-MS: m/z 4674.7
[Gd9(sal-Bu)16(μ-OH)10]

+.
Synthesis of Tb(acac)3. Terbium(III) acetate tetrahydrate (5.0 g,

12.3 mmol) was dissolved in distilled water (20 mL) by stirring. 2,4-
Pentanedione (acac) (3.74 g, 37.4 mmol) was added dropwise to the
above solution. The pH value of this solution was adjusted to pH 7 by
adding NH3 aqueous solution. The mixture produced a white
precipitate after stirring for 3 h. The reaction mixture was filtered.
The resulting white needle crystals of Tb(acac)3, [Tb(acac)3(H2O)3],
were recrystallized from methanol. Yield: 69.9%. Selected IR (KBr,
cm−1): 920(C−CH3), 1020(−CH3), 1395(−CH3), 1524(CC),
1605(CO). Elemental analysis calculated for C15H27O9Tb: C,
35.31; H, 5.33%. Found: C, 35.31, H, 5.04%. ESI-MS: m/z 357.01
[Tb(acac)2]

+.
Synthesis of Gd(acac)3. Gd(acac)3, Gd(acac)3(H2O)2, was

synthesized in a way similar to that of Tb(acac)3 by using
gadolinium(III) acetate tetrahydrate in place of terbium(III) acetate
tetrahydrate. Yield: 38.1%. Selected IR (KBr, cm−1): 920(C−CH3),
1020(−CH3), 1390(−CH3), 1524(CC), 1605(CO). Elemental
analysis calculated for C15H25O8Gd: C, 36.72; H, 5.14%. Found: C,
36.52, H, 4.94%. ESI-MS: m/z 356.01 [Gd(acac)2]

+.
Crystallography. Colorless single crystals of lanthanide complexes

obtained from the solutions in methanol were mounted on a glass fiber
by using epoxy resin glue. All measurements were made using a Rigaku
RAXIS RAPID imaging plate area detector with graphite-monochro-
mated Mo Ka radiation. Corrections for decay and Lorentz-
polarization effects were made using empirical absorption correction,
solved by direct methods, and expanded using Fourier techniques.
Non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were refined using the riding model. The final cycle of full-matrix least-
squares refinement was based on observed reflections and variable
parameters. All calculations were performed using the crystal-structure
crystallographic software package. We confirmed the CIF data by using
the checkCIF/PLATON service. Additional crystallographic data are
available in the Supporting Information.
Preparation of Polymer Films Containing Tb(III) Complexes

and Faraday Rotation Measurements. The obtained Tb(III)
clusters (70 mg) were added to a chloroform solution (5 mL). Then
the solution (1 mL) was added to chloroform solution (8 mL) of
poly(methyl methacrylate) (PMMA; 2.0 g). PMMA films were
prepared on a glass substrate from the colloidal suspension via a
casting method for the Faraday rotation measurements. The thickness

of PMMA films was around 1.5 mm, and the transmittance was >90%
in the 400−800 nm region. The Faraday effect measurements were
performed using a measurement system for Faraday and Kerr effects
(JASCO, Model K-250). A Xe lamp was used as the light source. The
external magnetic field was 15 000 Oe.

■ RESULTS AND DISCUSSION
Structural Characterization of Nonanuclear Tb(III)

Complexes. Nonanuclear Tb(III) complexes Tb9(sal-R) (R
= −CH3 (Me), −C2H5 (Et), −C3H7 (Pr), and −C4H9 (Bu))
were synthesized by the complexation of the corresponding
alkyl salicylate ligands, Sal-R (R = Me, Et, Pr, or Bu) with
terbium nitrate in methanol under 40 °C. Their chemical
structures were identified using NMR, IR, FAB-MS, and
elemental analysis. All polynuclear Tb(III) complexes were
composed of nine Tb(III) ions, 16 sal-R ligands, 10 OH parts,
and one nitrate anion. The nonanuclear Tb(III) complexes
(Tb9(Sal-Me) and Tb9(Sal-Bu)) were characterized using X-ray
single-crystal analysis.
The resulting crystal data and their coordination structures

are summarized in Figure 2 and Table 1. The nonanuclear

Tb(III) complexes showed characteristic sandglass-shaped
structures composed of nine Tb(III) ions, 16 salicylate ligands,
eight bridged μ3-OH

− parts, and two μ4-OH
− parts. All Tb(III)

ions are surrounded by eight oxygen, which is typical
coordination number of lanthanide(III) complexes.
Selected angles and distances of Tb9(Sal-Me) are shown in

Figure 3a and Supporting Information, Tables S1 and S2.
Selected angles α and γ in Tb9(sal-Me) were found to be 90.39°
and 97.11°, respectively. On the other hand, selected angle β

Figure 2. (a) ORTEP drawing of Tb9(sal-Me). (b) Detailed view of
the Tb−O framework in Tb9(sal-Me). (c) ORTEP drawing of Tb9(sal-
Bu). (d) Detailed view of the Tb−O framework in Tb9(sal-Bu).
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was estimated to be 169.20°. These Tb−O−Tb angles with
nearly 90° or 180° lead to enhancement of magnetic interaction
such as superexchange coupling of transition metal ions28 and
indirect exchange coupling of lanthanide ions.29 Selected α, β,

and γ angles for Tb9(sal-Bu) are also listed in Supporting
Information, Tables S3 and S4. The α, β, and γ angles are
dependent on the chemical structures of the organic salicylate
ligands. We also observed that the α, β, and γ angles of upper
Tb(III) units (Tb1, 2, 3 and 4) are different than those of lower
Tb(III) units (Tb6, 7, 8 and 9) in Tb9(sal-Me) (Figure 3a). In
contrast, the structures of the upper Tb units (Tb1, 2, 3 and 4) in
Tb9(sal-Bu) are the same as those of the lower Tb units. The
structural differences between Tb9(sal-Me) and Tb9(sal-Bu)
may result from the magnitude of the intramolecular CH−π,
π−π interaction (Figure 3b and Supporting Information, Figure
S5).
The selected distances and angles (Supporting Information,

Tables S1−S4) are directly linked to the coordination
geometry. On the basis of the crystal data, we carried out
calculations on the shape factor S to estimate the degree of
distortion for an ideal coordination structure.26 The S value is
given by

∑ δ θ= −
=

⎜ ⎟⎛
⎝

⎞
⎠S

m
min

1
( )

i

m

i i
1

2

(1)

where m, δi, and θi are the number of possible edges (m = 18 in
this study), the observed dihedral angle between planes along
the edge, and the dihedral angle for the ideal structure,
respectively. The estimated S values of the complexes are
summarized in Table 2. The coordination geometry of typical
lanthanide complex has two characteristic geometries around
the Tb(III) ions: the trigonal dodecahedron (8-TDH) with a
D2d point group and the square antiprism (8-SAP) with a D4d
point group, as shown in Figure 3c. The S values of the central
Tb ions in Tb9(sal-Me) were found to be 1.34° for 8-SAP and
14.45° for 8-TDH. From these results, the center Tb ion was

Table 1. Crystal Data of Tb(III) Complexes

Tb9(sal-Me) Tb9(sal-Bu)

chemical formula C128H112NO61Tb9 C176H218NO61Tb9
formula weight 4070.59 4753.96
crystal color, habit colorless, block colorless, block
crystal system monoclinic orthorhombic
space group P21/n (#14) Pbcn (#60)
a/Ǻ 21.5343(4) 29.0611(5)
b/Ǻ 33.2157(7) 20.9836(4)
c/Ǻ 21.7860(4) 31.5583(6)
α/deg 90.000 90.000
β/deg 90.0205(7) 90.000
γ/deg 90.000 90.000
V/Ǻ3 15583.0(5) 19244.5(6)
Z 4 4
dcalc/g cm−3 1.735 1.641
T/°C −150.0 −150.0
m (Mo Kα)/cm−1 41.021 33.345
max 2θ/deg 50.0 55.0
no. of measured reflections 119 678 184 917
no. of unique reflections 27 342 22 000
R (I > 2s(I))a 0.0657 0.0693
Rw (I > 2s(I))b 0.1574 0.1609

aR = Σ||Fo| − |FC||/Σ|Fo|. bRw = [(Σw(|Fo| − |Fc|)
2)/ΣwFo2]1/2

Figure 3. (a) Sandglass-shaped structure of Tb9(sal-Me) and detailed
view of the Tb−O−Tb angle. (b) Intramolecular CH−π interaction in
Tb9(sal-Bu). (c) Coordination structures of eight-coordinated square-
antiprism (8-SAP) and eight-coordinated trigonal dodecahedron (8-
TDH).

Table 2. Summary of Shape-Measure Calculations of the
Tb9(sal-Me) and Tb9(sal-Bu)

Tb number of
Tb9(sal-Me)

S value for 8-TDHa:
S(D2d)/deg.

S value for 8-SAPb:
S(D4d)/deg.

Tb1 (upper unit) 12.24° 16.84°
Tb2 (upper unit) 13.13° 16.37°
Tb3 (upper unit) 12.58° 16.16°
Tb4 (upper unit) 12.37° 16.08°
Tb6 (lower unit) 9.785° 17.85°
Tb7 (lower unit) 11.36° 16.92°
Tb8 (lower unit) 10.93° 17.21°
Tb9 (lower unit) 10.73° 17.26°
Tb1−4 and 6−9 ave. 16.84° ave. 11.64°
Tb5 (center) 14.45° 1.34°
Tb number of
Tb9(sal-Bu)

S value for 8-TDHa:
S(D2d)/deg.

S value for 8-SAPb:
S(D4d)/deg.

Tb1 (upper unit) 11.75° 18.58°
Tb2 (upper unit) 11.33° 17.55°
Tb3 (upper unit) 11.44° 19.38°
Tb4 (upper unit) 11.07° 18.76°
Tb6 (lower unit) 11.44° 19.38°
Tb7 (lower unit) 11.07° 18.76°
Tb8 (lower unit) 11.75° 18.58°
Tb9 (lower unit) 11.33° 17.55°
Tb1−4 and 6−9 ave. 18.57° ave. 11.40°
Tb5 (center) 15.76° 1.92°

a8-TDH: eight-coordinated trigonal dodecahedron. b8-SAP: eight-
coordinated square antiprism.
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identified as 8-SAP with small S value. On the other hand, the S
values of the eight Tb(III) ions of Tb9(sal-Me) in the upper
and lower units were found to be ave. 16.84° for 8-SAP and ave.
11.64° for 8-TDH. The eight Tb(III) ions in the upper and
lower square units were classified as having 8-TDH structure.
We also found that the S value of 8-TDH in the upper Tb unit
of Tb9(sal-Me) (ave. S value = 12.58°) was larger than those of
the lower Tb units (ave. S value = 10.70°). The S values in the
upper Tb unit in Tb9(Sal-Bu) (ave. S value = 11.40°) were
similar to those of the lower Tb units in Tb9(sal-Bu) (ave. S
value = 11.40°). The S value of the shape measure calculation is
directly linked to the magnitude of the structural strain in
coordination geometry. We propose that the structural strain of
Tb9(sal-Me) is larger than that of Tb9(sal-Bu).
Faraday Effect on Nonanuclear Tb(III) Complexes. The

wavelength dependence of the Faraday rotation angles was
measured for PMMA thin films containing nonanuclear
complexes Tb9(sal-R) and mononuclear complex [Tb-
(acac)3(H2O)2] (Figure 4). The Faraday spectrum at room

temperature with 15 000 Oe had clear negative peaks, which
could have contributed to the 4f−4f transitions of Tb(III) ions
in the Tb9(sal-R) complexes. The Verdet constant V, which
indicates the strength of the Faraday rotation, is calculated
using

θ=V Hl/ (3)

where θ, H, and l are the Faraday rotation angle (degrees), the
external magnetic field, and the thickness of the thin film (cm),
respectively. To estimate the Faraday rotation efficiency of
nonanuclear Tb9(sal-R) complexes, we normalize the Verdet
constant in proportion to the Tb(III) concentrations, which are
estimated by ICP-AES, and thus define Faraday rotation
normalized by Tb(III) concentration (FRC) as

θ= × ×H l CFRC /( ) (4)

where C is the Tb(III) concentration in the PMMA film
containing Tb9(sal-R) complexes. Tb9(sal-Me) has the largest
FRC value, which is −16 ± 2.0 × 10−4/deg Oe1− cm−1 mol−1 L,
at around 511 nm (Table 3). On the other hand, the FRC
values for Tb9(Sal-Et), Tb9(Sal-Pr), and Tb9(Sal-Bu) are −7 ±
1.0 × 10−4, −6 ± 1.0 × 10−4, and 4 ± 1.0 × 10−4 /deg Oe1−

cm−1 mol−1 L, respectively. We also could not observe the
effective Faraday effect of mononuclear [Tb(acac)3(H2O)2].
From these results, we found that the Faraday rotation was
enhanced with Tb−O clustering frameworks. The FRC value of
standard optical borosilicate glass with Tb(III) ions is −0.10 ×
10−4/deg Oe1− cm−1 mol−1 L at 633 nm. The Verdet value per
Tb(III) ion of the Tb9(sal-Me) complex is 150 times larger
than that of general Tb(III) oxide glasses.30 The orders of the
FRC values for Tb9(sal-R) complexes are consistent with that
of inorganic single-crystal Tb3Al5O12(TAG) and Tb3Ga5O12
(TGG) with Tb−O lattices of cubic structure.31 We have
successfully observed the effective Faraday effects of single
molecules. The Faraday rotation of Tb3Al5O12 and Tb3Ga5O12
are contributed to the edge of 4f−5d transitions. In contrast,
the Faraday rotation of nonanuclear Tb(III) complexes might
be due to the 4f−4f transition of Tb(III) ions, because of their
characteristic Faraday rotation spectral shape at around 500 nm.
We also observed that the optical Faraday rotation of Tb9(Sal-
Me) is larger than those of Tb9(Sal-Et), Tb9(Sal-Pr), and
Tb9(Sal-Bu). The magnitude of Faraday rotation might be
related to the coordination geometry of Tb(III) ions. We
consider that large strain of crystal structure of Tb9(Sal-Me)
affects the enhancement of Faraday rotation angles. The
Faraday rotation angle is also based on the magnetic exchange
interaction of materials.23a

Magnetic Exchange Interaction Estimated Using EPR
Spectra. Magnetic exchange interaction at room temperature
is a key factor for understanding the optical Faraday rotation of
nonanuclear Tb(III) complexes. However, it is well-understood
that the EPR signal of Tb(III) ions is not observed at T > 30 K
because of the fast spin−lattice relaxation times that these ions
have.32 Here, we carried out EPR analysis using mononuclear
[Gd(acac)3(H2O)2] and nonanuclear Gd9(sal-Me). The geo-
metrical structure of nonanuclear Gd(III) clusters is the same
as that of Tb9(sal-Me) (see Supporting Information, Figure
S1). The magnetic exchange interaction between lanthanide
metals, He, is given by

Δ =H H H/1/2 d
2

e (2)

where Hd and ΔH1/2 are the magnetic dipole interaction and
the fwhm (full width at half-maximum) of the EPR spectrum,
respectively. He can be estimated from ΔH1/2 using the EPR
measurement. We observed the drastic difference of EPR signal

Figure 4. Faraday rotation spectra of PMMA film with Tb complexes
(a) Tb9(sal-Me), (b) Tb9(sal-Et), (c) Tb9(sal-Pr), (d) Tb9(sal-Bu),
and (e) Tb(acac)3. (inset) Images of PMMA thin film containing
Tb9(sal-Me).

Table 3. Photomagnetic Properties of Tb(III) Complexes

sample FRCa (10−4 deg Oe1− cm−1 mol−1 L) (at λmax nm) FRC 10−4 deg Oe1− cm−1 mol−1 L (at 633 nm)

Tb(acac)3(H2O)2 −1.5 ± 0.5 (at 537 nm) −0.4 ± 0.1
Tb9(sal-Me) −16 ± 2.0 (at 511 nm) −2.5 ± 0.5
Tb9(sal-Et) −7 ± 1.0 (at 511 nm) −1.2 ± 0.5
Tb9(sal-Pr) −6 ± 1.0 (at 511 nm) −0.6 ± 0.5
Tb9(sal-Bu) −4 ± 1.0 (at 511 nm) −0.4 ± 0.5
borosilicate glassb(concentration of terbium: 26.5 mol %) −0.10

aTb(III) concentration-normalized Verdet constant. bVerdet constant of borosilicate glass is based on Tb(III) oxide.30
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between mononuclear and nonanuclear Tb(III) complexes.
The normal EPR spectra are shown in Figure 5. From this

observation, we consider that the equation can be applied to
magnetic exchange interaction. The EPR spectra provide ΔH1/2
of Gd9(sal-Me) was found to be 64.0 mT, which is smaller than
114.0 mT, the value for mononuclear [Gd(acac)3(H2O)2].
Thus, we consider that magnetic exchange interaction He of
Gd9(Sal-Me) is much larger than that of mononuclear
[Gd(acac)3(H2O)2]. We consider that the nonanuclear Tb
clusters with Tb−O lattices show through-space interaction
(e.g., dipole−dipole interaction) for enhancement of the optical
Faraday effect at room temperature.

■ SUMMARY AND CONCLUSIONS
We successfully observed the effective optical Faraday rotations
of single Tb9(sal-R) molecules. The nonanuclear Tb(III)
clusters are much larger than those of previous Tb(III) oxide
glass. On the other hand, Dy(III) or Ho(III) ions also have
larger magnetic moments than Tb(III) ions (Dy(III): p =
10.63, Ho(III): p = 10.60). We are now studying the
magnetization of Dy(III) and Ho(III) nonanuclear clusters
and nonmagnetic Y(III) or Lu(III) nonanuclear clusters.
Polynuclear molecules composed of Ln−O lattices are expected
to open the novel Faraday materials with magneto−optical
properties, using molecular science.
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