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Novel Dynamic Behavior ofCe @Cg, at Low Temperature
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Dynamic motion of C&Csy, in the forms of powder and-dichlorobenzene solution is discussed
based on time-differential perturbed angular correlation measurements. The observed angular
correlations show the presence of two different chemical species @Cge The temperature
dependence of the reorientational correlation time abruptly changes at specific temperatures, implying
the freezing of the molecular rotation. The data at low temperatures reveal that Ce stays at a
certain site for one of the species, whereas for the other the atom has an intramolecular dynamic
motion. [S0031-9007(97)04915-6]

PACS numbers: 61.48.+c, 36.40.Sx, 76.80.+y

Molecular dynamics of fullerenes has been investigated Carbon soot containing La fullerenes was generated by
with various spectroscopic techniques [1—-6] since the firsa dc arc discharge of lanthanum-carbon composite rods
macroscopic production of the species in 1990 [7], and iin 250 torr He atmosphere. After solvent extraction of
has generally been accepted that those inspected fulleretiee fullerene ingredients from the soot, a two-step high-
molecules have rapid and isotropic rotational motion aperformance liquid chromatography (HPLC) separation
about room temperature even in solid form whether thevas carried out with two different columns (a buckyprep
carbon cages are encapsulating metal atom(s) or not. column and a polystyrene column) in order to purify

In connection with molecular dynamics, the next con-the fraction of interest. The fraction was identified as
cern is in the dynamic behavior of the encaged atom regenuine L&Cyg, by its UV-visible absorption spectrum
lated to its intrinsic physical and chemical properties ag§8]. About 3 mg of the purified sample was irradiated with
in the carbon cage. Because the mobility of the encagerkactor neutrons, with the neutron fluence ratel 6f X
atom should highly depend on the strength of the chemii0'* cm™2s~! for 10 h, and radioactivé*’La@Cg, was
cal interaction between the ambient cage and the atom ithereby produced. The samples in the forms of powder
self, we considered that the information pertaining to theand o-dichlorobenzene solution (hereafter called “solid”
dynamic motion of the encaged atom can be a significardnd “solution” samples) were finally prepared by a HPLC
clue to its chemical properties. purification with a buckyprep column to get rid of the

In order to elucidate the nature of fullerene dynamicampurities produced by hot atom effects and/or radiation
and the chemical properties of an encapsulated atom a&sfects [9].
well as a carbon cage, a time-differential perturbed angular The TDPAC measurements were performed at various
correlation (TDPAC) method was applied t§Ce@Cg,,  temperatures (298, 240, 200, 160, 120, 100, 80, 40, and
a8~ decay product of*’La@Cjy,, which is produced by 10 K for the solid and 298, 280, 260, 240, 80, 40, and 10 K
the neutron capture reaction 6fLa@Cg,. The TDPAC for the solution samples) on the 329-487 keV cascade
method was employed for the present paper as an excluays from '4°Ce nucleus, whose 2083 keV intermediate
sively useful spectroscopy among various analytical methstate with its nuclear spin and parity éf has a half-
ods because it can provide direct information concernindife of 3.45 ns [10], by coincident detection of the two
the fluctuation of the principal axis of the electric field rays emitted toward 90and 180 directions using Baf
gradient (EFG) produced at the site of the probe nucleuscintillation counters. The TDPAC is expressed by the
which possibly allows the evaluation of the magnitude ofquantity A»,G»,(¢), whereA,, (= —0.14 for the present
the EFG and/or the reorientational correlation time of thecase) is a coefficient characteristic of the relevant cascade
probe nucleus. Taking advantage of this method, we sudransition andGx(r) is a time-differential perturbation
ceeded in observing the dynamic motion of the encaged Cractor. TheA;,G,,(¢) was obtained from the number of
atom relative to the ambient cage. coincident eventsN (6, t), observed at the angles, of
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90° and 180 by an equationA» G (t) = 2{N(m,t) —
N(7/2,0)}/{N(7,t) + 2N (7 /2,1)} [11]. The details on
the apparatus are described elsewhere [12,13].

A»n Gy () spectra obtained for the solid and solution
Ce@Cyg, at various temperatures are shown in Fig. 1. For
the two Ca&@Cg, samples in different forms, the observed
TDPAC spectra show the temperature dependence that re-
flects the effects of dynamic and static perturbation on the
nuclear spin orientation by the extranuclear field [14—-16].
At higher temperatures, respective spectra show exponen-
tial time-dependent attenuation of the angular correlation,
which is typically observed when the reorientational cor-
relation time of the EFGy,, is sufficiently shorter than
the reciprocal of the nuclear quadrupole frequerigyy,.

In this case(G2; (1) is expressed by the following equation
based on the diffusion approximation [17]:

G22(l) = exd-)ﬁ) , (1) - 5 10 15 20Ti;51§ (nss) 76 15 20 25
where FIG. 1. Time variation of TDPAC of*°Ce in Ce@Cg,. The
) temperature-variant data on the left are for the solid@Cg,
A = 26370y . (2)  and those on the right are for @€s, o-dichlorobenzene

solution. Solid curves are best fitted with least squares using
Here A is the relaxation constant [18], which is propor- ggs. (4) and (5) in the text.

tional to rch in the case of electric quadrupole interac-

tion, andz is the duration for which the nucleus is in the

intermediate state of the cascade. At lower temperaturestatic perturbation. In the limiting static case for axial
on the other hand, the TDPAC spectra show oscillatornsymmetry, G,(¢) is defined by the conservation law of
structures, implying the nuclear precession caused b’y angular momentum as

G3tic(r) = —[993 + 30cog3wpt) + 243 cod9wpt) + 540 cog12wpt)
3465 ¢ ¢ ¢

+ 525co915wpt) + 588 cod2lwpt) + 378 c0q24wpt) + 168 cOL36wp1)]. 3)

Although the A;,G»,(¢) values for the higher tem- typical exponential attenuation, at the higher temperatures,
peratures are, according to Eq. (1), expected to becomand those with the oscillatory structures, at the lower
asymptotic to zero after a considerably long stay in thdemperatures, respectively,
intermediate state, it appears that all of the spectra do no _ _ _ _
reach the asymptote. This observation evidently indicates 20n(t) = ~0.14[Pexp(=hi1) + (1 = P)exp(=ar)]
that two different chemical species are present in the 4)
samples that give rise to a rapidly attenuating anisotropwand
and a slowly attenuating anisotro This interpretation static
could also bye true of thg data forFt?\/e lower temgeratures 2G() = —0.14[PG™ () + (1 = P)exp(—A31)],
because the first dips of the anisotropy at about 3 ns ()
do not reach zero in spite of the intrinsic properties ofwhere the subscnpt numbers 1 and 2 stand for the first and
G53(1), and because the slow attenuation of the angulasecond species; is the relaxation constant of the second
anisotropy observed at the higher temperatures can also Bpecies observed at the lower temperatures, Raigl the
seen in the data. Moreover, we verified the presence dfaction of the first species. The fitted curves are shown
two different species by the fact that tentative simulatedn Fig. 1.
lines, assuming the presence of only one species, with an The w, values optimized by the fits with Eq. (5) vary
adiabatic approximation [16] do not reproduce the lowerdittle in the low-temperature region and the average value
temperature spectra. Therefore, taking these two differerwy) for solid Ce@Cg, [= (6.5 = 0.3) X 107 rads ']
species into consideration and applying the above-statdd in good agreement with that for the @€y, o-
two differentG,,(r) expressions by Egs. (1) and (3), leastdichlorobenzene solutiof= (7.2 + 0.7) X 107 rads ']
squares fits were performed using the following equationsvithin their uncertainties. The same consequence was
[Egs. (4) and (5)] for thed,, G2y (¢) data which show the also obtained for the value @f: The average value&pP),
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for the solid and solution GeCg, are0.40 = 0.03 and activation energies in the range of the presumed molecular
0.42 = 0.04, respectively. The values of eaghobtained rotation were estimated by least squares fits on an Arrhe-
for the solid and solution samples are plotted as a functionius type equation a$.3 + 0.1 and5.9 = 1.4 kJmol!
of reciprocal temperaturd,/T in Fig. 2. for the solid and solution samples, respectively. The dif-
From the observation that the relaxation constants, ference in the values might indicate that@€g, solvated
and A3, show smooth continuities from the higher to lower by o-dichlorobenzene molecules needs more energy for its
temperatures for both of the samples, the species whictmermal rotation.
gives a slower relaxation constant, at the higher tem- At the temperatures lower than the freezing point of
peratures is considered to correspond to the exponentialtie rotational motion, the observdd,G,,(¢) data clearly
attenuating species at the lower temperatures. It is obvindicate that both statically and dynamically perturbed
ous for the higher temperatures that the valuea,odnd  species coexist in each of the samples. Taking into
A, show almost the same temperature dependence, givir@pnsideration the freezing of the molecular rotation, it can
constant ratios ofi; to A, at each observed temperature be inferred that for the first chemical species the encaged
for both solid and solution samples of @€g,, which  Ce atom has a tight bonding with the ambient carbon cage
could be proof that the two different chemical species havevhile staying at the intermediate state of the cascade, and
the same molecular rotational mode. By analogy with theherefore they are statically perturbed to make a nuclear
rotational motion ofCgy, it is reasonable to assume that precession. On the other hand, the second species, with its
not only Ce@Csg; in o-dichlorobenzene solution but solid angular correlation exponentially attenuating, undoubtedly
Ce@Cyg; is also rotating randomly at the higher tempera-has a dynamic motion even after the freezing of the
tures, and that the abrupt change of the temperature deiolecular rotation. Below the freezing point, however,
pendence betweeky and A3 at about 80 K is attributed to the cause of the dynamic perturbation on the Ce nucleus
the freeze of the molecular rotation. This presumption ian not be ascribed to the motion of the whole molecule,
strongly supported by the observation that the temperaturguch as its hopping among the lattice sites, because despite
dependence of thegefor the solution C&Cg, changes at different interactions with the surrounding molecules, the
about the melting point af-dichlorobenzene, 256 K. The observed data give the same values for the solid and
solution samples within their uncertainties. In addition, it
is difficult to regard the movement as thermally activated
motion because little, if any, temperature dependence was

=T rrrJ Iyt

1 o Al (a) E observed in the low-temperature range for both samples.
F 2 « A2 ] From this inductive inference, intramolecular dynamic
£ o A3 ] motion of the encapsulated Ce atom lasting at least for the

time scale of a nanosecond is nominated for certain as the
cause of the attenuation of the angular correlation. Taking
<— 1.3k mol'! E into account the little, if any, temperature dependence at
Bt eanaeeas 2 ] the lower temperatures, this novel dynamic behavior of
] the encaged atom is considered to be caused by the recoil
effect triggered by th@ ~ decay from*’La and, to a lesser
. degree, by the emission of the firgtray, namely, the Ce
e R B e atom jumps out of the potential produced by the interaction
1 L (b) between the atom itself and the ambient carbon cage. (It
; o M ] should be noted that carbon cages are already reported to
[ . A2 b . . ..
5 . A3 e very stab_le against the impact of the CO||I_SIOI’1 of atoms
[ with its recoil energy of3~ decay [19].) Inthis case, itis
most plausible to consider that the Ce ion is making a loop
. motion along the wall of the cage [20,21] because irregular
g ] movement by elastic and/or inelastic collisions against the
-$--%--- = SRR PTEEP R TR R P TEEPP PR 3 ] wall of the carbon cage would completely dissipate the
[ ] initial recoil energy within the femtosecond or picosecond
time scale [22]. In this way, the atom is considered to
0.01 Mo b roll along the wall of the cage for enough time to allow the
0 002 004 0.06 008 01 012 TDPAC to be measured even though there are electrostatic
UT (K'Y energy barriers along the path of the atom.

FIG. 2. Temperature dependence of the relaxation constants Assuming a model with theP) values for each of the

(A, A, and A;) for (a) solid Ce@Cg and (b) solution samples representing the fractions of thmz With.
Ce@Cy,. The dotted horizontal lines indicate the averagethe encapsulated Ce atom attached to a certain position of

values of each\;. the ambient carbon cage, and the othef@Cg, with the

E | <—— 5.9 kJ mol'!
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