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Cocrystals of Li+ Encapsulated Fullerenes and Tb(III) Double-

Decker Single Molecule Magnet in a Quasi-Kagome Lattice

Hikaru Iwami,a Junfei Xing,b Ryo Nakanishi,b Yoji Horii,�*b Keiichi Katoh,*a Brian K. Breedlove,a 

Kazuhiko Kawachi,c Yasuhiko Kasama,c Eunsang Kwon,d and Masahiro Yamashita*a,b,e,f 

Cocrystallization of a lithium ion encapsulated fullerene Li+@C60 

with a terbium(III) phthalocyaninato porphyrinato double-decker 

single-molecule magnet [Tb(Pc)(OEP)] is reported. The cocrystal, 

containing PF6
1 as a counter anion, packs in a quasi-kagome 

lattice, which leads to intermolecular ferromagnetic interactions 

as well as the modulation of the single-molecule magnet (SMM) 

properties.

Single-molecule magnets (SMMs)1 have unique magnetic 

bistabilities on the molecular level, making them useful in 

ultra-high density molecular memories, quantum computing 

and molecular spintronics.2 In particular, lanthanoid ion-based 

SMMs have high operating temperatures because of large 

spin-orbital coupling and ligand field splitting.3, 4 In addition, 

terbium(III)-bis(tetrapyrrole) double-decker complexes are 

known to be excellent SMMs with large activation energies for 

spin reversal (~400 cmF7 for the bis(phthalocyaninato)-

terbium(III) double-decker complex TbPc2).3 Not only the 

electronic structures of the isolated molecules but also the 

crystal packings of SMMs greatly affect the magnetic 

properties. Katoh et. al. have reported that 1D packing of 

TbPc2 analogues along a magnetic easy axis enhances the SMM 

properties.5 Controlling the packing structures is an effective 

way to induce intermolecular magnetic dipole-dipole 

interactions. In 2014, three kinds of cocrystals composed of 

(phthalocyaninato)-(porphyrinato)-dysprosium(III) double-

decker complexes Dy(Pc)(TClPP) and C60 were reported,6 and 

their SMM properties were modulated by subtly changing the 

molecular structures and crystal packings. From detailed 

analyses of the association of the multiple-decker complexes 

and the fullerene derivatives,7 new SMM-nanocarbon hybrid 

materials have been prepared. Some endohedral 

lanthanofullerenes have been reported to show unique 

magnetic properties, such as strong lanthanoid-radical 

exchange interactions8, 9 and excellent SMM properties.10 Our 

group has recently reported that lanthanofullerene-carbon 

nanotube hybrid material shows enhanced SMM properties 

originating from SMM-SMM interactions.11 Not only purely 

organic fullerenes but also metal encapsulated fullerene 

derivatives have become available for cocrystallization. 

Lithium-ion-encapsulated fullerene Li+@C60 is commercially 

available owing to improved synthetic methods.12 Various 

unique properties of Li+@C60, such as high ionic conductivity,13 

enhancement of chemical reactivity,14 and use as a dopant in 

perovskite solar cells,15 have been reported so far. In addition, 

motion of the Li+ ion in the C60 cage has been analyzed by 

using NMR analysis, X-ray structural analysis,16 terahertz 

spectroscopy and heat capacity analyses.17, 18 Moreover, the 

C60 cage of Li+@C60·PF6
F is basically neutral,19 enabling the 

control of the crystal packing by changing the counter anion. 

However, cocrystallization of Li+@C60 and double-decker 

complexes has not been reported so far.

 In this work, we report the cocrystallization of Li+@C60 with 

the terbium(III) double-decker complex Tb(Pc)(OEP), which 

contains 2,3,7,8,12,13,17,18-octaethylporphyrinato (OEP) and 

phthalocyaninato (Pc) ligands. In addition, we present the 

structures of new cocrystals of Tb(Pc)(OEP) with C70 and C60 

units. The OEP unit interacted with fullerene derivatives,20 

forming five different cocrystals: [Tb(Pc)(OEP)]3(Li+@C60·PF6
F)2 

(1), [Tb(Pc)(OEP)] (Li+@C60·BF4
F) (2), [Tb(Pc)(OEP)](C70) (3), 

[Tb(Pc)(OEP)](C60)(C6H14) (4) and [Tb(Pc)(OEP)](C60)(Et2O) (5). 

All cocrystals were characterized by using X-ray structural 

analyses and magnetic properties measurements. 1 packs in a 

quasi-kagome lattice arrangement in which the Tb(III) ions are 

located on the vertex of the triangle, resulting in 

intermolecular ferromagnetic interactions.
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intermolecular Tb(III)-Tb(III) interactions in 3 should be weaker 

than those in the other cocrystals as evidenced by the 

temperature independent �MT values at low temperature. For 

4 and 5, the 9MT values decreased in the low temperature 

region, which is due to the antiferromagnetic interactions 

among the dimerized Tb(Pc)(OEP) units.

 To determine dynamic magnetic properties, alternative 

current (ac) magnetic measurements were performed (Figs. 

S5�S21). For all cocrystals, out-of-phase (�M'') signals were 

frequency (	) dependent in the absence of a dc magnetic field, 

indicating that the Tb(Pc)(OEP) units act as SMMs. For 1�4, a 

single peak was observed in �M'' vs 	 plots, which was analysed 

using a generalized Debye model (Eq. S1a and S1b). For 5, dual 

peaks (fast and slow relaxations) were fitted using an extended 

Debye model (Eq. S2a and S2b). Application of a dc bias field (2 

kOe for 1�4 and 3 kOe for 5) caused the 9M'' peak to shift 

toward the lower 	 region. This means that the quantum 

tunnelling of the magnetisation (QTM) in the doublet ground 

state can be suppressed. As shown in Fig. 2c, 1 and 2 have 

longer 
 values than 3 and 4 do. The slower 
 value for 5 is the 

longest among the present cocrystals. Our results indicate that 

the ac magnetic properties of the Tb(Pc)(OEP) units can be 

modulated via cocrystallization. Although the mechanism for 

the drastic changes in the spin dynamics is currently being 

investigated, the intermolecular ferromagnetic interactions in 

1 and 2 likely act as an exchange-bias,23 which suppresses QTM 

and elongates 
.  

 In conclusion, a series of cocrystals composed of heteroleptic 

Tb(III) double-decker complex and various fullerene derivatives 

were synthesized and characterized by using single crystal X-

ray diffraction analyses and magnetic measurements. For 

cocrystals containing Li+@C60 (1 and 2), different counter 

anions resulted in different crystal packings. In particular, 1 

was found to have a unique quasi-kagome lattice packing 

which induces intermolecular ferromagnetic interactions. 

Depending on the crystallization conditions, different packings, 

i.e., 1D column packings for 2 and 3 and AABB-type arrays of 

Tb(Pc)(OEP) and C60 dimers for 4 and 5, formed. In addition, 

the magnetic properties of the Tb(Pc)(OEP) units were 

modulated via cocrystallization. Our results provide 

information for constructing new SMM-nanocarbon hybrid 

materials. 
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Cocrystallization of a lithium ion encapsulated fullerene with a terbium(III) 
phthalocyaninato porphyrinato double-decker single-molecule magnet results in a quasi-
kagome lattice packing showing ferromagnetic spin arrangement.
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