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Pressure and temperature dependences of the structural properties of Dy@C82 isomer I
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Crystals of Dy@C82 isomer I are studied by x-ray powder diffraction with synchrotron radiation in wide
temperature and pressure regions. The isomer I of Dy@C82 shows a simple cubic structure with lattice constant
a of 15.85~3! Å at 298 K, while the isomer II shows a face-centered cubic structure witha of 15.75~4! Å. The
structural phase transition of the second order is indicated for the isomer I at 300–310 K by the temperature
dependence of x-ray diffraction and differential scanning calorimetry. Further, the pressure dependence of the
lattice constant is studied for the isomer I up to 60 kbar, which can be fitted by a Murnaghan equation of state.
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Structures and physical properties of metallofullerene
a very exciting research subject, because their novel phys
properties are theoretically predicted.1 However, the study
has hardly been proceeded because of the difficulty in
taining pure samples of metallofullerenes. Among meta
fullerenes, it is relatively easy to obtain the pure samples
metal endohedral C82 (M@C82). The crystal structure of 1:1
toluene solvate of Y@C82 was first determined by a max
mum entropy method~MEM! analysis of x-ray powder
diffraction.2 This shows that the Y atom lies on a si
membered ring of the C82 cage. Further, the MEM analysi
was applied to the structural determination of 1:1 tolue
solvates of Sc@C82 and Sc2@C84.3,4 Subsequently, it has
been found that the crystals of solvent-free La@C82 ~isomer
I! take a face-centered cubic~fcc! structure with the lattice
constanta of 15.78 Å at 300 K.5 The structural transitions to
various phases were observed in a wide temperature re
on the basis of x-ray diffraction for single crystals
La@C82 isomer I: fcc at 180–300 K, rhombohedral at 140
180 K, triclinic at 20–140 K in slow cooling, and simpl
cubic ~sc! at 20–132 K in rapid cooling.5,6 The various
phases are realized by differences in the molecular orie
tion of the C82 cage and the molecular electric dipole m
ment produced by a displacement of metal ion from the c
center. The magnetic property of La@C82(CS2)1.5 with a
body-centered cubic~bcc! structure (I 4̄3d) was recently
reported.7 In these crystals, the C82 cage is disordered.7 Nev-
ertheless, it is suggested that the long axis of the C82 cage is
oriented along the@111# direction and the La atom is als
displaced along@111# inside the C82 cage.7 The magnetic
property shows a strong antiferromagnetic interaction~Weiss
temperatureu;2130 K!. A phase transition was observed
150 K, which originates from an orientational ordering of t
C82 cage.

We recently reported the x-ray powder diffraction and t
x-ray-absorption fine structure~XAFS! of a purified solvent-
free Dy@C82 sample that contains at least two isomers o
and II.8,9 The x-ray-diffraction pattern of the mixed crysta
of the isomers I and II at 298 K and 1 bar was indexed w
a fcc lattice ofa515.86(1) Å. Thea value is close to that o
La@C82.5 The XAFS of the Dy@C82 sample showed tha
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the valence of Dy atom was13. Further, it showed that the
distance between Dy atom and the first-nearest C atoms,
that between the Dy atom and the second-nearest C a
were 2.52~2! and 2.86~2! Å, respectively.8 These results sug
gest that the Dy atom lies on six-membered ring of C82 cage.
In the present paper, the structural property of isomer I
Dy@C82 is reported in wide temperature and pressure
gions on the basis of x-ray powder diffraction. The structu
phase transition is discussed for the isomer I on the basi
x-ray powder diffraction and differential scanning calorim
etry ~DSC!.

Details for separation of Dy@C82 isomers I and II are
described elsewhere.8 The characterization of the isomers
and II were performed by high-performance liquid chrom
tography ~HPLC!, time-of-flight ~TOF! mass spectra, and
UV-VIS-NIR absorption spectra. The molecular symmetry
the isomer I is identified to beC2v ,8 while that of the isomer
II is identified to beCs from the similarity in the UV-VIS-
NIR spectrum to that of La@C82 isomer II for which the
molecular symmetry has been determined from13C NMR.10

The solid samples of isomers I and II were obtained
evaporating toluene from the finally separated toluene s
tion of each isomer after five-step HPLC. A trace of tolue
was removed from the solid sample by a dynamical pump
under a pressure of 1026 Torr for 12 h at room temperature
for 12 h at 473 K, and 48 h at 573 K. The solvent-free so
sample was introduced, without exposure to air in an
glove box, into a glass capillary (f50.5 mm) for x-ray-
diffraction measurement at 1 bar and a diamond-anvil c
for the measurement under high pressure. The x-ray pow
diffraction pattern of the isomer I was measured from 17
463 K at 1 bar, and from 1 bar to 60 kbar at 298 K wi
synchrotron radiation @wavelength l50.8517(5) Å# at
BL-1B of KEK-PF ~Tsukuba, Japan!.11 The x-ray-diffraction
pattern of the isomer II was measured at 298 K. The D
curve was measured for the mixed crystals of isomers I
II from 103 to 473 K at 1 bar by using a differential scannin
calorimeter~Perkin-Elmer DSC Pyris I!.

Figure 1~a! shows the x-ray-diffraction pattern of the iso
mer I at 119 K and 1 bar, which can be indexed with a
lattice of a515.79(4) Å. All x-ray powder-diffraction pat-
terns for the isomer I from 17 to 298 K at 1 bar could
©2002 The American Physical Society05-1
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indexed with the sc lattice. The value ofa at 298 K is
15.85~3! Å. The x-ray-diffraction pattern at 463 K could b
indexed with an fcc lattice ofa515.91(3) Å @Fig. 1~b!#.
Above 298 K no reflections which could be assigned to
sc lattice were observed, and the diffraction patterns could
indexed with the fcc lattice. This shows that the structu
phase transition from the sc to the fcc lattice occurs ab
298 K. The temperature dependence ofa is shown in Fig. 2.
The a value decreases continuously with a decrease in t
perature below 298 K; thea at 17 K is 15.75~3! Å. An
anomaly in thea-T plots is observed in the temperature r
gion from 310 to 383 K, where the plots deviate from t
curve calculated with a Gru¨neisen relation within the Deby
approximation~Fig. 2!.

FIG. 1. X-ray-diffraction patterns for the isomer I of Dy@C82 at
~a! 119 and~b! 463 K at 1 bar. The peaks denoted by! in ~a! are the
sc peaks that appear at low temperature below 300 K, while
peaks denoted by3 in ~b! are the peaks due to sample holder.

FIG. 2. Temperature dependence ofa for the isomer I at 1 bar.
The solid line refers to the Gru¨neisen curve within the Debye ap
proximation: Debye temperatureuD5270 K.
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The temperature dependence of an intensity contribu
from 650 and 643 reflections,I (6501643), which can be
observed in the sc lattice, is shown in Fig. 3. The tempera
dependence can be fitted by the equationI (6501643)
5A(Tm2T)1/2, whereA andTm are constant and the phas
transition temperature, respectively; theTm value is esti-
mated to be 310 K. This implies that the structural pha
transition is the second-order transition. The continuous
viation from the Gru¨neisen curve above 300 K in thea-T
plots can also be understood reasonably by the existenc
the second-order phase transition. TheTm value determined
from the I (6501643)-T plots is consistent with the onse
temperature 300–310 K of the deviation from the Gru¨neisen
curve in thea-T plots.

The DSC curve of the mixed crystals of Dy@C82 isomers
I and II is shown in Fig. 4; the fraction of isomer I is large
than 80% in this sample. The small endothermic peak
observed at 302 K. The value ofDH is estimated to be 2.5
J/g. The small endothermic peak suggests the existenc
the second-order transition around 302 K; the transition te
perature suggested from the DSC curve is consistent w
those from thea-T andI -T plots. These results show that th
structural phase transition occurs from the sc to the fcc ph

e

FIG. 3. Temperature dependence of the peak intensity of
and 643 reflections for the isomer I at 1 bar. The solid line refers
the curve fitted with the equation,I (6501643)5A(Tm2T)1/2.

FIG. 4. DSC curve for the mixed crystals of the Dy@C82 iso-
mers I and II recorded by raising temperature at the rate o
K min21.
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in the isomer I at 300–310 K. This behavior is different fro
that of solvent-free La@C82 in which more complex struc-
tural transitions are observed.5,6 The thermal-expansion co
efficient a @5(1/a)(da/dT)# of the isomer I is evaluated to
be 2.8(1)31025 K21 from thea-T plots in the temperature
range from 53 to 298 K. This value is close to those of C60
and metal-doped C60: 2.131025 K21 for C60, 3.1
31025 K21 for Rb3C60 and 2.431025 K21 for Rb6C60.12,13

All x-ray-diffraction patterns of the isomer I up to 60 kba
can be indexed with the sc lattice as the x-ray-diffracti
pattern at 1 bar; the x-ray-diffraction pattern at 60 kbar
shown in Fig. 5. New Bragg reflections were not observed
to 60 kbar. The pressure dependence ofa for the isomer I is
shown in Fig. 6. The curve fitting for thea-p plots is per-

FIG. 5. X-ray-diffraction pattern for the isomer I of Dy@C82 at
60 kbar and 298 K.

FIG. 6. Pressure dependence ofa for the isomer I at 298 K. The
solid line refers to the curve fitted with Murnaghan EOS.
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formed with a Murnaghan equation of state~EOS!; the a at
60 kbar is 14.89~3! Å. No indication of any structural phas
transition is observed in this pressure region. The bulk mo
lus K0 is estimated to be 284~1! kbar, which is close to the
K0 values of metal-doped C60: 280 kbar for Na2CsC60 and
260 kbar for Li3CsC60.14,15 The compressibilityk of a
@5(1/a)(da/dp)# is estimated to be 2.1(1)31023 kbar21

by a linear approximation for thea-p plots up to 16 kbar,
which is close to thek values of C60 and metal-doped
C60: 2.3(2)31023 kbar for C60 and 1.52(9)31023

kbar21 for Rb3C60.16 These results show that the behavior
metallofullerene crystals under pressure is similar to that
empty fullerenes and metal-doped fullerenes. The x-r
diffraction pattern of the isomer II could be indexed with a
fcc lattice of a515.75(4) Å. However, the information on
details of the structural property was not obtained beca
only poor quality of x-ray-diffraction data was available fo
isomer II.

In this study, the structural phase transition from the sc
the fcc phase is indicated for the isomer I of Dy@C82 at
300–310 K. The jumping in the orientation of the long ax
(C2 axis! of the C82 cage between different@111# axes should
occur randomly in the fcc lattice, if theC2 axis aligns along
the@111# direction and the Dy atom is displaced along theC2
axis inside the C82 cage ofC2v . This implies the orienta-
tional disorder. Such an orientational disorder is found in
structural phase transition fromPa3̄ to Fm3̄m in Na-doped
C60.17 Further, the jumping motion of the C82 cage around
the C2 axis along@111# direction is required among at leas
three preferable orientations to realize a cubic lattice,
cause it should have the symmetry 3 or 3¯ along @111#. The
electric dipole moment is expected to disappear by disord
ing about two orthogonal axes perpendicular to theC2 axis
in the case of fcc lattice ofFm3̄m or Fm3̄. Now, the struc-
tural analyses are tried for the sc and fcc crystals of
isomer I based on the Rietveld refinements.
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