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Cocrystallization of a lithium ion encapsulated fullerene Li*@Cg
with a terbium(lll) phthalocyaninato porphyrinato double-decker
single-molecule magnet [Tb(Pc)(OEP)] is reported. The cocrystal,
containing PFs~ 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)! have unique magnetic
bistabilities on the molecular level, making them useful in
ultra-high density molecular memories, quantum computing
and molecular spintronics.? 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(lll)-bis(tetrapyrrole) double-decker complexes are
known to be excellent SMMs with large activation energies for
spin (~400 cm™ for the bis(phthalocyaninato)-
terbium(lll) double-decker complex TbPc,).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
TbPc, analogues along a magnetic easy axis enhances the SMM
properties.> Controlling the packing structures is an effective
dipole-dipole
interactions. In 2014, three kinds of cocrystals composed of
(phthalocyaninato)-(porphyrinato)-dysprosium(lil)
decker complexes Dy(Pc)(TCIPP) and Cgo were reported,® and
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way to induce intermolecular magnetic
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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,” new SMM-nanocarbon hybrid
materials have been prepared. Some endohedral
lanthanofullerenes have been reported to show unique
magnetic properties, strong lanthanoid-radical
exchange interactions® ° and excellent SMM properties.® Our
group has recently reported that lanthanofullerene-carbon
nanotube hybrid material shows enhanced SMM properties
originating from SMM-SMM interactions.! Not only purely
organic fullerenes but also metal encapsulated fullerene
derivatives have become available for cocrystallization.
Lithium-ion-encapsulated fullerene Li*@Cg is commercially
available owing to improved synthetic methods.!? Various
unique properties of Li*@Cg, such as high ionic conductivity,3
enhancement of chemical reactivity,* and use as a dopant in
perovskite solar cells,'> have been reported so far. In addition,
motion of the Li* ion in the Cg cage has been analyzed by
using NMR analysis, X-ray structural analysis,'® terahertz
spectroscopy and heat capacity analyses.'”> 18 Moreover, the
Ceo cage of Li*@Cgo-PFs is basically neutral,’® enabling the
control of the crystal packing by changing the counter anion.
However, cocrystallization of Li*@Cg and double-decker
complexes has not been reported so far.

In this work, we report the cocrystallization of Li*@Cgo with
the terbium(lll) 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

such as

structures of new cocrystals of Tb(Pc)(OEP) with C;0 and Cgo
units. The OEP unit interacted with fullerene derivatives,?°
forming five different cocrystals: [Tb(Pc)(OEP)]s(Li*@Cso-PF¢)2
(1), [Tb(Pc)(OEP)] (Li*@Ceo'BFs7) (2), [Tb(Pc)(OEP)I(Cso) (3),
[Tb(Pc)(OEP)](Ceo)(CeH14) (4) and [Tb(Pc)(OEP)](Ceo)(Et20) (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(lll) ions are
located on the vertex of the triangle, resulting in
intermolecular ferromagnetic interactions.
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Scheme 1 Synthesis and molecular structures in this work.

Tbh{Pc){OEP) was synthesized by reacting a mononuclear
Th(lll)-Pc-acetate complex Tb(Pc){OAc) with metal-free H,OEP
in the presence of a base catalyst (Scheme 1). Cocrystals of
Lit@Ceo and Tbh{Pc){OEP) were grown via vapor diffusion of
ethyl ether (poor solvents) into a mixture of Lit@Ceo,
Th(Pc){OEP) and an excess amount of the counter anion in o-
dichlorobenzene. Cocrystals 1 and 2 were obtained by using
PF¢~ and BF4; as the counter anions, respectively. In both
cases, the positions of the Li* ions could not be determined
because of the low electron density and motion of the Li* ions
even at low temperature.'® 17 In addition, rotational disorder
in the Cgo cages was found in the crystal structures of 1 and 2.
Cocrystal 1 crystallized in the orthorhombic space group
Cmc2,. Two crystallographically inequivalent Tb(Pc){OEP) units
and Lit@Cgo units are arranged in a 2D layer in the ab-plane. A
Lit@Cgo unit is surrounded by three Th(Pc){OEP) units. One of
the Li*@Cg is coordinated by two OEP and one Pc, and the
other is coordinated by one OEP and two Pc ligands.
Therefore, the Tb(lll) ions are arranged in two kinds of
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isosceles triangles (triangles A and B on Fig. 1a), of which side
lengths ranged from 12.678 to 13.911 A in the packing of 1.
The vertexes of each triangle are shared with neighbouring
triangles, forming a quasi-kagome lattice.

In 2, Tb(Pc){OEP) and Li*@Cgo units stacked alternately to form
a 1D column along the g-axis (Fig. 1b). Similar 1D packing has
been reported in cocrystals of Pc multiple-decker complexes
and Cg by Jiang et al® and Katoh et al.? The inter- and
intracolumn Th{Il)-Th(Ill) distances were 15.189 and 13.880 A,
respectively.

To synthesize 3—5, a mixture of Tb(Pc){OEP) and the fullerene
derivatives Cyo and Cgo dissolved in the halobenzene (o-
dichlorobenzene or 1,2,4-trichlorobenzene) was diffused to
the poor solvent (hexane or diethyl ether). Cocrystal 3 was
composed of Th(Pc){OEP) units and Cy, units, both of which
stacked alternately to form 1D columns along the b-axis (Fig.
1c). The crystal packing of 3 resembles that of 2. However, the
bulky C;, units and the absence of BF,~ ions causes the intra-
and intercolumn Tb(lll)-Th(lll) distances longer and shorter
(15.507 A and 13.664 A), respectively. Cgo and Th{Pc){OEP)
were cocrystallized by diffusing an o-dichlorobenzene solution
into hexane to obtain 4. 4 is composed of dimerized
Tb(Pc){OEP) and dimerized Cg units which are stacked
alternately, forming AABB-type slipped columns in the [101]
direction (Fig. 1d). Cocrystal 5 was obtained from diffusion into
diethyl ether (Et,0). The crystal packing of 5 is similar to that
of 4, although some of the solvent molecules were Et;,0 in 5
(Fig. 1e).

It is known that the face-to-face distance (r) between OEP
and Pc correlates with the redox states of Tb(Pc){OEP).2! The
oxidation of the ligands of the double-decker complexes
decreases the face-to-face electrostatic repulsion of the &-

7.856 A

Fig. 1. Packing structure of (a} 1 (b} 2, (c} 3, (d} 4 and (e} 5. Numbers on the figures are calculated intermolecular Th(Ill}-Th(lll} distances. Counter anions and solvent molecules are
shown in light green and light blue, respectively. Red arrows near the Th(lll} ions in Fig. 1 (a} represent possible directions of the spins.
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ligands, making the r value shorter. The r values for the
cocrystals are summarized in Table S2. In each cocrystal, the r
values are shorter than those in crystals of neutral Tb(Pc){OEP)
(Table S4) because of the chemical pressures induced by the
fullerene derivatives. In addition, the r values in 1 and 2 are
shorter than those in cocrystals containing Cy and Cep,
indicating that the electron withdrawing character of Lit@Cego
decreases the electron repulsion between Pc and OEP among
the Tb{Pc){OEP) units. The twist angles between the Pc and the
OEP ligands (&) were close to 45° (Fig. S1 and Table S$2).22 This
means that coordination geometries around the Tb{(lll) ions are
close to square-antiprismatic {SAP) geometries, which are ideal
for SMMs.22

DC magnetic susceptibility measurements were performed on
1-5. w7 values at room temperature are close to the
theoretical value for a Tb(lll) ion {11.81 cm3® K mol-1). For 1 and
2, xmT increased in the low temperature region, indicating that
there are intermolecular ferromagnetic interactions. To
validate the ferromagnetic interactions between the Tb(lll)
ions in 1, two kinds of isosceles triangle units (triangle A and B
in Fig. 1a) were picked and the magnetic dipole-dipole energy
among three Th(lll) ions (E) were calculated using the following
equation:

E=Ej;+Ey;3+E3z;

E is the sum of the magnetic dipole-dipole energy of a pair of

Tb(lll) ions {E;) in the triangle, and Ej; is written as follows:
Ho

Ej=— P’ '_3{3("11' cey)(m; - ) —my - my}

T
where rj is the distance between two Tb{(lll) ions, m; and m; are
the magnetic moments of the Tb(lll} ions, and e; is the unit
vector connecting two Tb(lll) ions. For simplicity, m; and m;
were set to the vector connecting the centroids of the Pc and
OEP ligands of the Tb(Pc){OEP) units. In other words, m; and m
are the vectors perpendicular to the Pc and OEP plane. In
addition, norms of m; and m; were set to —g,us/,, where g, is
the Lande g-factor (g, = 1.5 for Tb{lll})), and J, is the z-
components of the total angular momentum. In general, J; is
+6 for Tb(lll) double-decker complexes.® This simplified Ising
model is only valid when the magnetic easy axis is
perpendicular to the Pc and OEP plane. The energy diagrams
for the spin configurations of the Tb(lll)-triangles in 1 are
shown in Fig. 3a. For both triangles, there should be doublet
ground states, first quartet excited states, and second doublet
The
antiferromagnetically arranged with a small magnetic moment

excited states. second doublet excited state s
perpendicular to the triangle plane {c-axis in the crystal
packing). In contrast, ground and first excited states have
ferromagnetic spin configurations, affording a large magnetic
moment in the ab-plane, of which the magnitude is ~10 times
larger than those along the c-axis (Fig. S22). Thus, the
interlayer magnetic interactions should be small. yT values
were simulated in a 1 kOe field using the spin configuration,
and they slightly increased with a decrease in T to ~10 K
because of the magnetic dipole-dipole interactions (Fig. 3b).
The decrease in ywT values with a further decrease in
temperature is due to the magnetic anisotropy of Tb(lll) ions,
overestimated The

which was in the present model.

This journal is © The Royal Society of Chemistry 20xx

magnitude of the increase in the yT values is much smaller
than that in the experimental data because only the discrete
triangles were considered in the calculations. The quasi-
kagome lattice configuration of the spins with a large resultant
magnetic moment (Fig. 3c) could be modeled by combining
the ground state spin configurations of triangles A and B.
These ferromagnetic spin configurations appears to have a role
in increasing the yuT values.

124 ADS80000081
PV veTIpUITegTIUery

a
T

£ a

v o D% s =
" a0opeoOeRe SRR EEETN g

g as l-l'l-l‘l»l—l——l’I' S
= 000,

5

—a g

200 300

5

ew ve new ® 8
A‘A

2% 8

£RLE 88

P span !

X
% aZafansd e B

o
01 1 10 100 1000 01 02 03 04 05 06
viHz 71K

Fig. 2 (a) ymT vs T plots for 1-5 in a 1 kOe dc magnetic field. (b} " vs vplots for
1-5 at 2 K in the absence {upper) and in the presence {lower) of a dc magnetic
field. {c) Temperature dependence of 7 in the absence {upper) and presence
{lower) of the dc magnetic field.
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Fig. 3 (a} Energy diagrams of the spin configurations of triangles A and B in a zero dc
magnetic field. Red arrows represent the spin directions. The ground and first excited
states adopt ferromagnetic spin configurations with large magnetic moments in the
triangle plane, whereas the second excited states take an antiferromagnetic spin
configuration with a tiny magnetic moment perpendicular to the triangle plane. (b}
Calculated yuT vs T plots for triangles A and B in a 1 kOe field. {c} A ground spin
configuration for the quasi-kagome lattice.

In the case of 2, the stacking along the ag-axis induces
ferromagnetic interactions (head-to-tail arrangement of the
magnetic dipole). Although interchain magnetic dipole-dipole
interactions should be antiferromagnetic because of the
parallel arrangement of the spins, the columns are separated
from each other due to the steric effects from BF,~. Therefore,
the ym7 values increase in the low temperature region because
of the ferromagnetic arrangement of the spins among the
columns. In contrast to 1 and 2, the T values of the other
cocrystals did not increase. For 3, since the Tb{Pc){OEP) units
are separated from each other because of the bulky Gy, the

J. Name., 2013, 00, 1-3 | 3
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intermolecular Tb(Il)-Tb(lll) interactions in 3 should be weaker
than those in the other cocrystals as evidenced by the
temperature independent yuT values at low temperature. For
4 and 5, the ywT 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,
current (ac) magnetic measurements were performed (Figs.
S5-S21). For all cocrystals, out-of-phase (yu') signals were
frequency (V) dependent in the absence of a dc magnetic field,
indicating that the Tbh(Pc)(OEP) units act as SMMs. For 1-4, a
single peak was observed in y\'" vs vplots, which was analysed
using a generalized Debye model (Eg. S1a and S1b). For 5, dual
peaks (fast and slow relaxations) were fitted using an extended
Debye model (Eg. S2a and S2b). Application of a dc bias field (2
kOe for 1-4 and 3 kOe for 5) caused the xy'" peak to shift
toward the lower v 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 zvalues than 3 and 4 do. The slower zvalue 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,?3 which suppresses QTM
and elongates 7.

In conclusion, a series of cocrystals composed of heteroleptic
Tb(Ill) 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*@Csy (1 and 2), different counter

alternative

anions resulted in different crystal packings. In particular, 1
was found to have a unique quasi-kagome lattice packing
which induces intermolecular 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 Cg, 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.

ferromagnetic
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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.



