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The ESR properties and crystal structures of solid-state La@C82 in empty fullerene matrices were

investigated by changing the concentration of La@C82 and the species of an empty fullerene

matrix: C60, C70, C78(C2v(3)), C82(C2) and C84(D2d(4)). The rotational correlation time of La@C82

molecules tended to be shorter when La@C82 is dispersed in larger fullerene matrices because

large C2n molecules provide more space for La@C82 molecules for rotating. La@C82 dispersed in

a hcp-C82 matrix showed the narrowest hyperfine structure (hfs) due to the ordered nature of

La@C82 molecules in the C82 crystal. On the other hand, in a C60 matrix, La@C82 molecules

formed clusters because of the large different solubility, which leads to the ESR spectra being

broad sloping features due to strong dipole–dipole and exchange interactions.

1. Introduction

Mono-metallofullerenes (MFs) M@C82 (M = Sc, Y and La)
and endohedral nitrogen fullerene N@C60 have appealing
electron spin states and magnetic properties which have a
potential for solid-state quantum information processing
(QIP) and spintronics.1–3 The associated radical electron spins
on the C82 cage or nitrogen atom in C60 cage have been shown
to possess long T1 and T2 times.3–9 Fullerenes are almost
spherical molecular structures and can be arranged in one-,
two- or three-dimensional arrays1,10–12 which are very promising
as building blocks for compact solid-state carbon-based
architectures.

Since their discovery in 1991, the magnetic properties of
solution and solid state mono-MFs have been the subject of
much investigation. The electron spin resonance (ESR) spectra
of M@C82 in solution can be identified by its hyperfine
interaction with I = 7/2 of 45Sc,4,13–16 1/2 of 89Y17,18 and
7/2 of 141La.4,15,19–22 The magnetic properties of pure solid-state
Sc@C82 and La@C82 powders have been studied using ESR
and superconducting quantum interference device (SQUID)
magnetic measurements.23,24 The temperature dependent ESR

and magnetic susceptibilities of Sc@C82 and La@C82 powder
samples exhibit changes in the magnetic behaviour between
100 and 200 K due to a structural phase transition related to
uniaxial molecular rotation.24,25 However, hfs has not been
reported in pure crystal powders due to the presence of the
exchange and dipole–dipole interaction between M@C82

molecules. A key step in utilizing spin-active endohedral
fullerenes in solid-state architectures is the understanding of
the behaviour of isolated spins in the solid state, and the ability
to control spin–spin interactions.
Recently, Jakes et al. reported that the hfs of La@C82

dispersed in a solid C60 matrix can be measured.26 However,
the hfs in this case was not as well resolved as one might expect
from well-isolated spins, presumably due to a combination of
residual exchange and dipole–dipole interactions. This indicates
that La@C82 molecules formed cluster-like structures and
were not well isolated. C60 may not be the ideal matrix to
disperse mono-MF due to the mismatch in cage sizes and
shapes. Larger cage structures such as C78, C80, C82 and C84

may provide better dispersion of the mono-MFs and enable
the solid-state electron spin properties of well-dispersed
mono-MFs to be revealed.
Here, we report the concentration dependent ESR properties

and hfs of La@C82 diluted in a variety of empty fullerene (C2n)
matrices: C60(Ih), C70(D5h), C78(C2v(3)), C82(C2)

27 and
C84(D2d(4)).

28 We examine concentrations in the range of
0.1–1 mol% in order to explore the highly diluted regime
necessary to obtain isolated spins. We find that the inter-
molecular dipole–dipole interaction between La@C82 molecules
can be controlled by changing the concentration of La@C82

and the cage size of the empty fullerene matrix. For cage
sizes larger than C60, we find no evidence for cluster formation
at 0.1 mol% La@C82 concentration. We correlate our ESR
studies with structural analysis using X-ray diffraction (XRD)
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and show that the crystal phase of the fullerene matrix plays
an important role in the spin properties, such as spin relaxation.

2. Experimental

Empty fullerenes and La@C82 were produced by direct-
current arc discharge of La2O3/graphite composite rods (Toyo
Tanso Co., Ltd.) under helium flow at 80 Torr.18 Fullerenes
were extracted from the carbon soot by carbon disulfide and
dimethylformamide. Pure empty fullerenes and La@C82 were
isolated by high performance liquid chromatography (HPLC,
LC-9103, Japan Analytical Industry Co., Ltd.) with three
complementary 5PYE, Buckyprep and Buchyprep-M (Nacalai
Tesque Co., Ltd.) columns. The purities of these fullerenes
were confirmed by laser-desorption time of flight (LD-TOF)
mass spectroscopy.

Three kinds of concentration (0.1, 0.5 and 1 mol%) La@C82

samples in empty fullerene matrices in quartz tubes (3 mm
inside diameter) were prepared by evaporating fullerene
solutions in carbon disulfide after ten times of freeze-pump-
thaw cycles and sealing under vacuum. ESR measurements
were performed on an EMX X-band CW EPR spectrometer
(Bruker Co., Ltd.) at room temperature. ESR spectra were
simulated by the EasySpin software package.30

Pulsed ESR experiments were performed using an X-band
(9–10 GHz) Bruker EPR spectrometer (Elexsys 580) with T2

measured by a standard Hahn echo technique (p/2-t-p-t-echo,
where t is incremented) and T1 by an inversion recovery
experiment (p-t-p/2-T-p-T-echo, where t is incremented and
T is short and fixed). The pulse lengths of p/2 and p were
80 and 160 ns for the 1 mol% samples, and 16 and 32 ns for the
0.1 mol% samples, respectively.

Characterization with X-rays was performed using a
rotating anode generator (Cu Ka radiation collimated and
monochromated from crossed Göbel mirrors, Nanostar, Bruker
AXS, Karlsruhe), equipped with a pinhole camera and a 2D
position sensitive detector (VANTEC2000, gas detector with
microgap technology). All X-ray patterns were radially averaged
and corrected for background scattering to obtain the scattering
intensity in dependence on the scattering vector q, where q =
4psiny/l with 2y being the scattering angle and l= 0.1542 nm
the X-ray wavelength. The specimens were measured in
transmission at a sample to detector distance of 13 cm and
a measuring time of either 2 or 6 h. Measurements were
performed at least at two different positions of the crystal
powder.

3. Results and discussion

3.1 ESR spectra measurements of La@C82 in C2n matrices

If it is assumed that La@C82 molecules are uniformly
dispersed in C2n matrices (i.e. La@C82 molecules are located
at the centre of C2n fcc-crystals) then the average distance
between La@C82 molecules can be varied between 4 to
9.5 nm as the concentration is varied from 1 to 0.1 mol%
(Fig. S1, ESIw)29 with a resulting influence on the magnetic
interactions between La@C82 molecules. Fig. 1 shows the ESR
spectra of La@C82 in 0.1, 0.5 and 1 mol% concentration in

C2n matrices (C60, C70, C78, C82 and C84) at room temperature
accompanied by simulated spectra. The ESR spectra were
simulated by taking into account the constant anisotropic g
tensor (2.0021 2.0013 2.0010), a tensor (2.15 2.25 4.85), the
rotational correlation time (4 ns), and different linewidth and
exchange frequency (0.050 B 0.102) (see Table S1, ESI).wThe
hfs of a radical electron on the C82 cage of La@C82 shows
eight lines due to the hyperfine interaction with I = 7/2 of
141La. Dipole–dipole interactions between La@C82 molecules
will broaden the full width at half maximum (FWHM) of the
hfs (Fig. 1 and S2b, ESIw).30 In all cases, broader linewidths
are observed at 0.5 and 1 mol% concentrations than that for
0.1 mol% concentration. This broadening stems from increasing
dipole–dipole interactions between La@C82 molecules, due to
the average distances between La@C82 molecules in 0.5 and
1 mol% concentrations being about 4.1 and 5.3 nm less than
that in 0.1 mol% concentration, respectively (Fig. S1).wThe
sample of 0.1 mol% La@C82 in C82 matrix gives the narrowest
linewidth, indicating that La@C82 molecules are well
dispersed in the C82 matrix. Furthermore, the ESR spectra
of La@C82 in 0.5 and 1 mol% concentrations in a C60 matrix
show a sloping background across the hfs. The broad sloping
features can be simulated by using a combination of strong
exchange interactions and broad FWHM linewidth, indicating
that La@C82 molecules form cluster-like structures in C60

matrix (see Fig. S2, ESI).w

3.2 Rotational correlation time analysis by Kivelson’s equation

In order to obtain further information such as rotational
properties of the electron spin behaviour of La@C82 molecules
in C2n matrices, we investigated the individual linewidths of
the eight hyperfine peaks by fitting the integrated ESR spectra
with Lorentzian curves. The linewidth DH1/2,I of the eight lines
in the hfs can be fitted to Kivelson’s equation:31

DH1/2,I = k0 + k1mI + k2m
2 + k4mI

4 (1)

where mI is the nuclear spin quantum number. The concentra-
tion and matrix dependences of ki against the molecular
diameter of C2n molecules are shown in Fig. 2. According to
previous studies,15 k0 is related not only to the rotational
correlation time but also to exchange and dipole–dipole inter-
actions. k0 in C70, C78, C82 (0.5 and 1 mol%) and C84 matrices
depend on the concentration, suggesting that the dipole–dipole
interactions between La@C82 molecules in these matrices can
be controlled. However, k0 in 0.1 mol% concentration in C82

matrix was lower than those in other fullerene matrices, which
suggests that La@C82 molecules have weaker dipole–dipole
interactions with other La@C82 molecules, or possibly a
shorter rotational correlation time, (i.e. La@C82 molecules
rotate faster than in other concentrations or matrices). k0 in
C60 matrix is the largest in all matrices, consistent with poor
dispersion of La@C82 molecules in the C60 matrix and the
resulting strong exchange and dipole–dipole interactions.
Information about the rotational behaviour of La@C82

molecules in C2n matrices can be extracted from k1,
15 as k1 is

independent of exchange and dipole–dipole interactions.
Fig. 2b shows that the rotational correlation time tends to
be shorter when La@C82 is dispersed in larger fullerene
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matrices, indicating that large C2n molecules provide more
space for La@C82 molecules to rotate. In the C60 matrix,
La@C82 molecules rotate slowly because of the significant
difference in cage size. The rotational correlation time tr can
be calculated by follows:26
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where mB, B0, !h, o are Bohr magneton, the magnetic field,
Planck’s constant and the microwave frequency of measure-
ments, respectively. Differences of principle values of the g
matrix and the hfi tensor have been determined previously as
Dg = g8 & g> = 0.007 and Da = a8 & a> = 5 MHz.15 The
numerical data of the rotational correlation time is shown in
Table S2 (ESI).w These values were 0.14 B 0.52 ns which
are close to the rotational correlation time by the spectral
simulation (4 ns) and in agreement with the previous report
(1.1 ns).26 The slight difference may be due to some unspecified
interactions such as p-orbital hybridization between La@C82

and C2n molecules in the solid-state. We have to consider that
k4 in 0.5 and 1 mol% concentration in C60 matrix were
positive, which are unphysical values. ESR spectra for
0.5 and 1 mol% concentration in C60 matrix are very difficult
to analyze because of a sloping background structure which
stems from strong exchange interaction and very broad hfs
due to a strong dipole–dipole interaction. We examine the
qualitative change in k4, but do not extract any quantitative
information due to the unphysical negative values.

3.3 Spin relaxation time analysis of La@C82 in C2n matrices

In order to confirm the existence of a cluster-like structure
of La@C82 molecules in C60 matrix, we investigated the
spin-lattice (T1) relaxation time. Information regarding the
spin relaxation properties can be obtained by power dependent
saturation measurements of the ESR spectra which are
obtained by recording the total integrated area at the micro-
wave absorption from the ESR spectra as a function of the
microwave power; we studied powers from 0.02 to 63.25 mW
(0.14 to 7.95 (mW)1/2). Fig. 3 shows the saturation curves of
La@C82 in C60 and C82 matrices (Fig. S3 shows for C70, C78

and C84, ESI).wThe saturation curves for the C70, C78, C82 and
C84 matrices did not depend on the concentration and all
showed saturation between 2–4 (mW)1/2. This indicates that
the time T1 is similar for each concentration. T1 and T2 times
can also be investigated by pulsed ESR measurements. We
measured T1 and T2 times of 0.1 and 1 mol% in C82 matrix. T1

time of 0.1 and 1 mol% were 876 and 751 ns and T2 time were
674 and 385 ns, respectively. The relaxation time of 0.1 mol%
sample was longer than 1 mol% sample. The longer spin
relaxation time of La@C82 in 0.1 mol% in C82 matrix causes
narrower hfi lines of CW ESR.
In the case of the C60 matrix, the curves for 0.5 and 1 mol%

concentration were noticeably non-saturated, which indicates
that the T1 time of La@C82 in the C60 matrix is shorter than

Fig. 1 ESR (black) and simulated ESR (gray) spectra of La@C82 in

0.1, 0.5 and 1 mol% in (a) C60; (b) C70; (c) C78; (d) C82; and (e) C84

matrices at room temperature. Microwave frequency, power

and modulation amplitude are 9.867 GHz, 0.2 mW and 0.025 mT,

respectively.

Fig. 2 Matrix dependence of the ki values: (a) k0; (b) k1; (c) k2; and
(d) k4. The horizontal axis is the diameter of empty fullerene molecules

which is calculated by equation S4.
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those in other matrices. The curves for 0.5 and 1% concentra-
tions were very different from those in other matrices. The
difference in saturation curves stems not only from stronger
dipole–dipole interactions but also from exchange interactions
between La@C82 molecules in the cluster. This is confirmed by
the microwave power dependent ESR spectra of La@C82 in
C60, shown in Fig. 4 (Fig. S4 shows for C70, C78 and C84, ESI).w
The ESR spectra in 0.5 and 1 mol% in C60 matrix with 20 mW
microwave power were different from those in other fullerene
matrices. These spectra show the emergence of a peak in the
central region associated with exchange narrowing in La@C82

cluster, that is, the spins with short T1 in La@C82 cluster are
picked at higher microwave power (Fig. S2).wUnderstanding
the local physical environment surrounding the spin-active
disordered La@C82 molecules in the solid-state crystals is
important for correlating ESR with structure.

We measured the CW ESR spectra of La@C82 in C60 at
concentrations from 1 to 60 mol%. At 60 mol% concentra-
tion, this ESR spectrum showed only one narrow peak due to
strong exchange interactions occurring in the clusters. We
were not able to get a Hahn echo signal from this sample.
The presence of strong exchange interactions leads to the
electrons being delocalized and consequently experiencing
different local magnetic fields. Thus it is difficult to refocus
delocalized electrons to obtain the Hahn echo signal. This
makes it difficult to compare quantitatively T1 and T2 times of
La@C82 in C60 and C82 matrices due to different degrees at
clustering. Although we were able to get T1 and T2 times at
low concentrations from 0.1 to 1 mol%, these values may not
be representative of the ensemble and instead we believe power
dependent saturation curve measurements are adequate to
compare the changes of the T1 and T2 times for La@C82 in
different matrices.

3.4 Crystal structure analysis of C2n solid with La@C82

molecules

The crystal structure of the fullerene solids was examined
using XRD. Fig. 5 shows the X-ray diffraction patterns
of the solid powder of C2n molecules with La@C82. The
numerical data of the crystal structure are shown in
Table S2 (ESI).wThe diffraction patterns of C78 and C84 solids
with La@C82 were indexed to face centre cubic (fcc) with a
rhombohedral distortion. This distortion is similar to previous

observations in Fe-doped C70 crystals.32 No influence of the
amount of La@C82 on the crystal structure of C78 and C84 was
observed. This suggests that La@C82 molecules are well
dispersed in C78 and C84 matrices. However, the crystal
structures of C60 and C82 with La@C82 were different between
0.1 and 1 mol% concentrations, indicating that the presence of
La@C82 modifies the inherent crystal structure being formed.
The diffraction pattern of C60 solid with 0.1 mol% La@C82

was indexed to fcc. On the other hand, C60 solid with 1 mol%
La@C82 formed hexagonal closed packing (hcp). Our ESR
measurements showed that La@C82 molecules form clusters in
the C60 matrix. According to previous studies, M@C82 MFs
can form not only fcc but also hcp structures. The solubilities
of C60 and La@C82 in CS2 are B7 mg ml&1 and less than
1 mg ml&1, respectively. In highly concentrated C60/1mol%
La@C82 CS2 solution, if a La@C82 molecule is close to
another La@C82 molecule, the La@C82 molecules form a
cluster because the amount of CS2 molecule is not enough
for La@C82 to be isolated. However C60 molecules do not
crystallize because of the high solubility to CS2 and the
weak interaction between C60 molecules (only van der Waals
interaction). Therefore La@C82 molecules crystallize faster
than C60. The hcp-La@C82 clusters may affect the crystal
growth of C60 molecules by acting as crystal seeds. In the case

Fig. 3 Saturation curves of La@C82 in 0.1, 0.5 and 1 mol% in

(a) C60; and (b) C82 matrices at room temperature. The microwave

frequency and modulation amplitude are 9.867 GHz and 0.025 mT,

respectively.

Fig. 4 Microwave power dependence of the ESR spectra of La@C82

in (a) 0.1; (b) 0.5; (c) 1 mol% in C60 matrix; (d) 0.1; (e) 0.5; (f) 1 mol%

in C82 matrix at room temperature. Microwave frequency and

modulation amplitude are 9.867 GHz and 0.025 mT, respectively.
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of C82, the diffraction patterns of C82 solid with 0.1 and
1 mol% La@C82 were indexed to hcp and rhombohedral-fcc,
respectively.

Crystal structural analysis shows that La@C82 can be
orientated in any direction within a rhombohedral-fcc-C82

solid. La@C82 in an hcp-C82 solid has restricted uniaxial
rotation in the crystal. La@C82 molecules in the hcp-C82 can
be ordered better than in the rhombohedral-fcc-C82. The
larger degrees of disorder in the rhombohedral-fcc (1 mol%)
structure lead to increased inhomogeneous broadening in the
ESR spectrum as compared to the hcp crystal structure. It is
most likely that the change in the crystal structure of C82 arises
from slight variations that may occur during the crystal
formation process, such as rate of solvent evaporation.
However, the conclusions drawn by correlating the XRD
and ESR remain valid and show that variation in the crystal
structure of the host matrix affects the spin properties of
La@C82.

4. Conclusions

We have investigated the ESR properties and crystal structures
of solid-state La@C82 in various types of empty fullerene
matrices. The dipole–dipole and exchange interactions
between La@C82 molecules can be controlled by changing
the concentration of La@C82 and the species of the empty
fullerene matrix. The crystal structures of empty fullerenes
containing trace quantities of La@C82 were measured using
XRD and correlated with the ESR studies. The ordered nature
of the hcp crystal structure of La@C82 in a C82 matrix leads to
the narrowest linewidth of La@C82 in the solid state. The C60

matrix, used in earlier studies, has a low dispersion ability
because of the large different solubility, resulting in clustering

of La@C82 within the C60 matrix. We conclude that C82 is the
best observed matrix for M@C82 type MFs in 3D arrays and
propose that the diamagnetic (M2C2)@C82 type MFs33,34 with
the same cage structure as La@C82 may also be excellent
matrices for dispersion.
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