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Pressure and temperature dependences of the structural properties of Dy@gisomer |
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Crystals of Dy@ G, isomer | are studied by x-ray powder diffraction with synchrotron radiation in wide
temperature and pressure regions. The isomer | of Dy@ltws a simple cubic structure with lattice constant
aof 15.853) A at 298 K, while the isomer Il shows a face-centered cubic structureanithl5.754) A. The
structural phase transition of the second order is indicated for the isomer | 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 | up to 60 kbar, which can be fitted by a Murnaghan equation of state.
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Structures and physical properties of metallofullerenes ishe valence of Dy atom was 3. Further, it showed that the
a very exciting research subject, because their novel physicaistance between Dy atom and the first-nearest C atoms, and
properties are theoretically predicttddowever, the study that between the Dy atom and the second-nearest C atoms
has hardly been proceeded because of the difficulty in obwere 2.522) and 2.862) A, respectively’ These results sug-
taining pure samples of metallofullerenes. Among metallo-gest that the Dy atom lies on six-membered ring gf €age.
fullerenes, it is relatively easy to obtain the pure samples ofn the present paper, the structural property of isomer | of
metal endohedral & (M@ Cy,). The crystal structure of 1:1 Dy@Gs; is reported in wide temperature and pressure re-
toluene solvate of Y@ was first determined by a maxi- 9ions on the_ _ba5|_s of_ X-ray powder dlffractlon. The structu_ral
mum entropy methodMEM) analysis of x-ray powder phase transmon_ is d|_scussed f(_)r the isomer I on the ba_5|s of
diffraction? This shows that the Y atom lies on a six- <&y powder diffraction and differential scanning calorim-
membered ring of the & cage. Further, the MEM analysis et%(DS.IC)'f . D : | and I
was applied to the structural detgmination of 1:1 toluene descer;[t?lez ;;;ﬁﬁggg}lﬁg ghara)\/ﬁ%zlzg(r)nnei)sf thaenisomzrrg |
solvates of Sc@§; and Se@ Cy4.>" Subsequently, it has

and Il were performed by high-performance liquid chroma-
been found that the crystals of solvent-free La@@omer o b (HPLO). time-of-flight (TOP mass spectra. and
I) take a face-centered cubifcc) structure with the lattice graphy ( ), U ight (TOF) P '

A 5 - UV-VIS-NIR absorption spectra. The molecular symmetry of
constanta of 15.78 A at 300 K The structural transitions t0 e isomer I is identified to be,, 8 while that of the isomer

various phases were observed in a wide temperature regiqjs jgentified to beC, from the similarity in the UV-VIS-

on the basis of x-ray diffraction for single crystals of \r spectrum to that of La@d isomer Il for which the
La@ G, isomer I: fcc at 180—300 K, rhombohedral at 140— mgjecular symmetry has been determined friii@ NMR.1°

180 K, triclinic at 20-140 K in slow cooling, and simple The solid samples of isomers | and Il were obtained by
cubic (sg at 20-132 K in rapid cpolm@z The various  eyaporating toluene from the finally separated toluene solu-
phases are realized by differences in the molecular orientgon of each isomer after five-step HPLC. A trace of toluene
tion of the G, cage and the molecular electric dipole mo-yas removed from the solid sample by a dynamical pumping
ment produced by a displacement of metal ion from the cagginger a pressure of 16 Torr for 12 h at room temperature,
center. The magnetic property of La@{CS,)15 With @ for 12 h at 473 K, and 48 h at 573 K. The solvent-free solid
body-centered cubigbcc) structure (43d) was recently sample was introduced, without exposure to air in an Ar
reported” In these crystals, thedgcage is disorderefiNev-  glove box, into a glass capillaryg(=0.5 mm) for x-ray-
ertheless, it is suggested that the long axis of theodge is  diffraction measurement at 1 bar and a diamond-anvil cell
oriented along th¢111] direction and the La atom is also for the measurement under high pressure. The x-ray powder-
displaced alond111] inside the G, cage’ The magnetic diffraction pattern of the isomer | was measured from 17 to
property shows a strong antiferromagnetic interacfideiss 463 K at 1 bar, and from 1 bar to 60 kbar at 298 K with
temperaturgd~ — 130 K). A phase transition was observed at synchrotron radiation[wavelength A=0.8517(5) Al at

150 K, which originates from an orientational ordering of the BL-1B of KEK-PF (Tsukuba, Japart! The x-ray-diffraction

Cg, Ccage. pattern of the isomer Il was measured at 298 K. The DSC
We recently reported the x-ray powder diffraction and thecurve was measured for the mixed crystals of isomers | and
x-ray-absorption fine structulXAFS) of a purified solvent- Il from 103 to 473 K at 1 bar by using a differential scanning

free Dy@ G, sample that contains at least two isomers of Icalorimeter(Perkin-Elmer DSC Pyris)l

and 118° The x-ray-diffraction pattern of the mixed crystals  Figure Xa) shows the x-ray-diffraction pattern of the iso-
of the isomers | and Il at 298 K and 1 bar was indexed withmer | at 119 K and 1 bar, which can be indexed with a sc
a fcc lattice ofa=15.86(1) A. Theavalue is close to that of lattice of a=15.79(4) A. All x-ray powder-diffraction pat-
La@ G,.° The XAFS of the Dy@ @, sample showed that terns for the isomer | from 17 to 298 K at 1 bar could be
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FIG. 3. Temperature dependence of the peak intensity of 650
and 643 reflections for the isomer | at 1 bar. The solid line refers to
the curve fitted with the equatioh(650+ 643)=A(T,,—T)Y2

Intensity (arb. units)
[—
7]
T

ot
=)

The temperature dependence of an intensity contributed
from 650 and 643 reflectiond(650+643), which can be
20 (degree) observed in the sc lattice, is shown in Fig. 3. The temperature
dependence can be fitted by the equatidi®50+ 643)
=A(T,,—T)¥? whereA andT,, are constant and the phase-
transition temperature, respectively; tAg, value is esti-
fhated to be 310 K. This implies that the structural phase
transition is the second-order transition. The continuous de-
viation from the Grueisen curve above 300 K in tle T
indexed with the sc lattice. The value af at 298 K is  plots can also be understood reasonably by the existence of
15.853) A. The x-ray-diffraction pattern at 463 K could be the second-order phase transition. The value determined
indexed with an fcc lattice of=15.91(3) A[Fig. 1(b)].  from the I(650+ 643)-T plots is consistent with the onset
Above 298 K no reflections which could be assigned to theemperature 300—310 K of the deviation from the Gisen
sc lattice were observed, and the diffraction patterns could bgyrve in thea-T plots.

indexed with the fcc lattice. This shows that the structural The DSC curve of the mixed Crysta|s of Dy@zcsomers
phase transition from the sc to the fcc lattice occurs above and I is shown in Fig. 4; the fraction of isomer | is larger
298 K. The temperature dependencead$ shown in Fig. 2. than 80% in this sample. The small endothermic peak is
The a value decreases continuously with a decrease in temgpserved at 302 K. The value afH is estimated to be 2.5
perature below 298 K; the at 17 K is 15.783) A. An j/g. The small endothermic peak suggests the existence of
anomaly in thea-T plots is observed in the temperature re-the second-order transition around 302 K; the transition tem-
gion from 310 to 383 K, where the plots deviate from theperature suggested from the DSC curve is consistent with
curve calculated with a Gneisen relation within the Debye  those from thea-T and|-T plots. These results show that the

<

FIG. 1. X-ray-diffraction patterns for the isomer | of Dy@Jfat
(a) 119 and(b) 463 K at 1 bar. The peaks denoted-bin (a) are the
sc peaks that appear at low temperature below 300 K, while th
peaks denoted b in (b) are the peaks due to sample holder.

approximation(Fig. 2). structural phase transition occurs from the sc to the fcc phase
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FIG. 2. Temperature dependenceaofor the isomer | at 1 bar. FIG. 4. DSC curve for the mixed crystals of the Dy@ Go-
The solid line refers to the Gneisen curve within the Debye ap- mers | and Il recorded by raising temperature at the rate of 5
proximation: Debye temperatuig, =270 K. Kmin™t,
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formed with a Murnaghan equation of stdf€09); the a at
60 kbar is 14.8@) A. No indication of any structural phase
transition is observed in this pressure region. The bulk modu-
lus K; is estimated to be 282) kbar, which is close to the
K, values of metal-dopeddg: 280 kbar for NaCsG;, and
260 kbar for LiCsGy.'*™ The compressibilityx of a
[=(1/a)(da/dp)] is estimated to be 2.1(¥)10 3 kbar !
by a linear approximation for tha-p plots up to 16 kbar,
, , which is close to thex values of Gy and metal-doped
10 15 20 25 30 Ceo: 2.3(2)x10 3 kbar for G, and 1.52(9x10 3

20 (degree) kbar ! for RbyCq.° These results show that the behavior of
metallofullerene crystals under pressure is similar to that of
empty fullerenes and metal-doped fullerenes. The x-ray-
diffraction pattern of the isomer Il could be indexed with an
fcc lattice ofa=15.75(4) A. However, the information on
details of the structural property was not obtained because

in the isomer | at 300-310 K ThIS behavior is different from Only poor quallty of X'ray'diffraction data was available for
that of solvent-free La@4; in which more complex struc- isomer II.

tural transitions are observéd.The thermal-expansion co- | this study, the structural phase transition from the sc to
efficienta [=(1/a)(da/dT)] of the isomer | is evaluated to the fcc phase is indicated for the isomer | of Dy@ @t
be 2.8(1)<10°° K™ from thea-T plots in the temperature 300-310 K. The jumping in the orientation of the long axis
range from 53 to 298 K. This value is close to those gf C (C, axis) of the G, cage between differef111] axes should
and metal-doped f: 2.1x10°°K™' for Cg, 3.1  occur randomly in the fcc lattice, if th€, axis aligns along
X107° K™ for RbyCgpand 2.4<10°° K~ for RbsCgp.***®  the[111] direction and the Dy atom is displaced along @e

All x-ray-diffraction patterns of the isomer I up to 60 kbar axis inside the g, cage ofC,,. This implies the orienta-
can be indexed with the sc lattice as the x-ray-diffractiontional disorder. Such an orientational disorder is found in the
pattern at 1 bar; the x-ray-diffraction pattern at 60 kbar iSgyctyral phase transition froma3 to Fm3m in Na-doped
shown in Fig. 5. New Bragg reflections were not observed URS,,.Y7 Further, the jumping motion of theEcage around
to 60 kbar. The pressure dependence &r the isomer |is  ihe ¢, axis along[111] direction is required among at least
shown in Fig. 6. The curve fitting for tha-p plots is per-  {hree preferable orientations to realize a cubic lattice, be-

cause it should have the symmetry 3 oal®ng[111]. The
16.00 electric dipole moment is expected to disappear by disorder-
ing about two orthogonal axes perpendicular to @eaxis
in the case of fcc lattice dFm3m or Fm3. Now, the struc-
tural analyses are tried for the sc and fcc crystals of the
isomer | based on the Rietveld refinements.
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FIG. 5. X-ray-diffraction pattern for the isomer | of Dy@4£at
60 kbar and 298 K.
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