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We review our neutron diffraction studies of the intercalation of the rare
gases into the interstices of Cgg at pressures ranging from 0 to 6 kbar, primarily at
room temperature, but also at other temperatures. Room temperature
compressibilities of Cgg for both the face-centered-cubic and simple-cubic phases
using Ar, which does not intercalate, as the pressure medium are in excellent
agreement with the earlier work of David et al., while the values for He and Ne are
slightly smaller than those using Ar. The rates of intercalation and release of Ne, at
a number of different temperatures, have been measured and show that, at a given
temperature, intercalation is much slower than release. Structural refinements of the
Ne intercalated Cg have been carried out for room temperature samples at many
different pressures. These data suggest that Ne only intercalates into the octahedral
hole and that the occupancy increases smoothly with pressure.

1. Introduction

The intercalation of atoms or molecules into porous or layered media, such
as fullerenes!-2 and zeolites? or clays# and graphite,5 respectively, plays an
important role in the binding or storage of atoms or molecules and has inspired a
great deal of work to better understand the physics and chemistry of these processes.
Intercalated materials are important technologically for their use as catalysts, waste
storage media, solid-state batteries, molecular sieves, gettering materials, and in
many other applications. Sometimes, intercalation endows the new material with

remarkable properties. In the case of the fullerenes, intercalation has been a subject -




of special interest since the observation of superconductivity with alkali ion

. intercalants.6 There are two kinds interstitial sites in Cgp, one a tetrahedral site with
an approximate radius of 1.14, the other an octahedral site with an approximate
radins of 2.1A; channels that connect these sites are somewhat smaller with a radius
of about 0.7A. Thus the rare gases He, Ne and Ar, with nominal atomic radii of
0.93, 1.12 and 1.54A, respectively, should exhibit very different behavior with
respect to intercalation into Cgp. In this article, we will review the results of our
recent neutron diffraction studies of the intercalation of rare gases into fullerene

interstices.

II. Experimental Details

Ce0 (99.6% nominal purity) from commercial sources was subjected to siow
progressive heating up to 400°C for several days in order to remove all solvents and
occluded Nj and Oj. The powdered sample (3g) was loaded into a thin walled
vanadium tube which was inserted into the aluminum pressure cell described in
detail elsewhere.:i Most data were collected at room temperature (296K) on the 90°
detector banks of the Special Environment Powder Diffractometer at Argonne
National Laboratory‘s Intense Pulsed Neutron Source (IPNS).8 In a few cases, the
pressure cell was heated (to 340K) or cooled in order to study the dependence of the
structure or intercalation dynamics as a function of temperature as well. Due to
shielding that is an integral part of the pressure cell, the 90° scattering -angle provides
data that are completely free of background scattering from the walls of the cell. The
maximum working pressure of this cell is 6 kbar. Typical data collection times were
about one hour; however, times of about 10-20 min were used to track the initial .
rapid growth or decay of the lattice parameters for the time-dependent measurements

and much longer times (as long as 17 hrs) were used in the structural refinements




(usually from summed data from the time-dependent experiments, after the lattice
parameters stopped changing). Both the structure refinement code GSAS
(Generalized Structure Analysis System)® and the in-house IPNS codes10 were
used: the latter proved more amenable to the necessary modifications that allow
smaller d-spacing data to be used for the more detailed structural refinements for

interstitial site occupancies.

II._Effects of Rare-Gas Atom Intercalation on Compressibility

With He as the pressure medium, we know from previous attempts to
measure accumulations in the lattice, that the time constant for diffusion into the
lattice is very short, probably minutes. Measurements of proton NMR on Cgp
loaded to 1 kbar Hy showed that Hj is released (to half of its initial value) in <30
min.}1 Therefore, we expected no He retention. With Ne and Ar the degree of
penetration was not known, so loading as a function of time was an issue which will
be described in the next Section.

The depeﬁdence of the cubic lattice parameters for Cgp using He, Ne and Ar
rare gases as pressure media has been reported recently by us (Figure 1).12 Briefly,
for He and Ne, the compress_ibilities are reduced by intercalation of the rare gas into

"the Cgp lattice. These results were consistent with earlier literature studies12 in that
He was found to intercalate easily, resulting in a substantially higher transition
pressure for the Fm3m(face—centered—ci1bic or fec) - Pa3(simple-cubic or sc)
orientational-ordering pressure, while Ar did not penetrate the lattice, yielding a
transition pressure typical for other nonpenetrating media such as pentane or Np. Ne
was shown to slowly penetrate the lattice and the transition pressure was |
intermediate to that found with He and Ar. The lattice parameters were consistent

with the change in the transition temperature in that the values were slightly larger




for He, and smaller for Ar, than those for Ne at a particular pressure. The transition
takes place with all three gases at a lattice parameter of 14.065A with increasing
pressure at room temperature compared with the value of 14.150A of David et al.2
measured on cooling at 1 bar.

At this point, we cannot explain the slight difference in the dependence of
lattice parameter on pressure between He and Ne. Size considerations and the
refinement of the Ne site occupancies (see Section V) rule out occupancy of the
tetrahedral site by Ne. However, He may be small enough to occupy the tetrahedral
site. Thus the difference in behavior between He and Ne may be the additional
occupancy of the tetrahedral site by He. On the other hand, the difference may be
accounted for by a greater He site occupancy in the octahedral site. In either event,
He occupancies are difficult to determine because of the smaller scattering length for
He and because the thermal parameters, already a difficult problem in the case of Ne,
becomes even more difficult for the much lighter He. '

There have been a number of determinations of the compressibility or bulk
modulus of Cgp ﬁ‘sing various techniques.13-16 The agreement was far from
satisfactory. The first determinations13-14 involved lattice parameter measurements
at high pressures (> 1_0-20 kbar) in diamond anvil cells. The most comprehensive
measurements reported to date were those of Lundin and Sundqvist15.16 who used a
piston-and-cylinder technique to 10 kbar on Cgg at various temperatures.
Unfortuﬁately, the comparison with extrapolations of the earlier measurements13.14
differ by a factor of 2 or more. In Figure 2, we compare the bulk moduli (B =
-VdP/dV), obtained by taking differences between adjacent lattice parameter points
for data in Figure 1 and uéing mean vaiues of V, with smoothed data from Lundin
and Sundqvist. Several features are noteworthy in this ﬁgure: (1) the plots give an

easily identifiable transition pressure which appears as a sharp minimum




(considerably broader in the piston-and-cylinder work, although some of the
difference in the location of their minimum from ours could arise from small
temperature differences), (2) the value of the bulk modulus at P=0 from our work
(approximately 120 kbar for all rare gases) differs substantially from the Lundin and
Sundqvist value (=68 kbar), as does the pressure dependence in the fcc phase.
Agreement for the sc phase is much better. (3) the bulk modulus near 6 kbar for all
gases is near 170 kbar, and is in reasonable agreement with accepted literature
values.

At lower temperatures, the samples are in the simple cubic (Pa3) phase and
the lattice parameters depend nearly linearly on pressure. Over the pressure range 0
to 3.87 kbar: the bulk modulus is approximately 160 kbar at 50 K with He and 142
kbar at 100 K with Ne.

IV. Absorption and Desorption ﬁynamics

In our earlier work,12 we noticed from the measured lattice parameters that
He intercalated too quicKly (less than 10 min) and Ar did not intercalate at all (in 6
days) on neutron—difﬁz}ction-experiment time scales. However, Ne intercalated with
a time constant of ho_urs (rcaf:hing saturation in about 24 hrs at 2.75 kbarlb), making
the diffusion dynamics easily accessible to TOF neutron diffraction experiments. As
will be seen, further studies of the intercalation dynamics of Ne provide a fascinating
story.

A large number of runs were made to study the time scales for the diffusion
of Ne into the Cgp lattice.l? An example is given in Figure 3, where we follow the
lattice pa;rameier changes after increasing the Ne pressure from O kbar to 2.06 kbar at

296 K. The lattice parameter increases rapidly from a value of ~14.081A and




approaches a limiting value of =14.09 1A after approximately 10 hrs. The data can
be fit with the expression

a=a; - (; - ap)exp(-t/1)
where 3 is the initial lattice parameter, ar is the final lattice parameter and 7 is the
time constant for diffusion. For the data in Figure 3, T has a value of 1.46 hrs. We
also noticed that the measured time constants for diffusion for a given Cgp sample at
a given pressure would decrease on successive pressurizations to high pressure. We
believe that the reason for the increasingly shorter time constants was the decrease in
Cep particle size with successive pressurizations which go through the phase
transition. Realizing that the measurements depended on sample history, we carried
out a series of measurements (of which the data shown in Figure 3 is one) involving
pressurizations to various pressures below 2.06 kbar (e.g. below the phase
transition) on a sample that had been previously pressurized to 4.12 kbar. In this
series of experiments, we find that the dependence of time constant on loading
pressure gives a straight line (Figure 4).

In all cases where the Ne pressure is released after the system has reached
saturation, we find that the change in lattice parameter occurs too quickly to be
measured. Figure 5 shows this behavior in the lattice parameter when the Ne
pressure is released from 4.12 kbar to 1.03 kbar. This asymmetric diffusion clearly
shows that the activation energy for loading is much larger than that for release.

Although release occurred too quickly to be measured at room temperature,
the diffusion rate becomes accessible when the temperature is lowered. For
example, when Ne is released to a pressure of O kbar from 1.51 kb& at 200K, the
time constant for the equilibration of the lattice parameters is 1.40 hrs (as shown in
Figure 6), almost the same time constant as that for loading in the experiment shown

in Figure 3 in which the temperature was 96 K higher!




V. Pressure Dependence of Ne Site Occupancies

A number of long runs, in addition to numerous data sets obtained from
summed sequential runs (after the system had reached equilibrium) from the time-
dependent studies provided data at various Ne pressures with good statistics
(corresponding to total data collection times of 5-17 hrs) for Rietveld structure
refinement of the Ne interstitial site occupancies.1b

In order to determine the interstitial site occupancies for Ne, we carried out
least-squares refinements of the structure using a modified versic;n of the Rietveld
code available at IPNS. The modifications included the use of spherical scattering
form factors for the rotating Cgg and a contribution to the background derived from
the expected diffuse scattering arising from disorder.18 These modifications allowed
reasonably good refinements to be carried out, but the background was still not
adequately modeled at d-spacings below about 1.3A. To extend the d-spacing range
of the refinements to about 0.55A, we used an additional fourier-filtering
background-ﬁtti'r;g technique.!® A portion of the data, together with the fitted
profile, is shown in Figure 7.

From our least-squares refinements, it was immediately clear that all of the
intercalated Ne was in the octahedral sites. Tetrahedral site occupancies were found
to be essentially zero at all pressures, and set to zero in all further refinements. It
was found that even with the inclusion of data to d-spacings as small as 0.55A, we
could not remove the comrelation between site occupancies and thermal parameters
and independently refine these parameters. We feel that this occurs because the Ne
atorn sits in a large irregularly shaped "box" bound by six Cgg molecules, and that
this "square well" potential is not adequately modeled by the harmonic potentials in

the refinement codes. In order to calculate site occupancies, we fixed the thermal




parameter for Ne at B=13A2. This corresponds roughly to a cage in which the Ne
atom can move relatively freely about a central position by about 04A in the
octahedral site and gives a site occupancy approaching unity at high pressures. If
we assumed a value of 5A2 for B, which is almost certainly too low an estimate,
then the occupancies at the highest pressures decrease to nNe=0.67. The values of
the Ne site occupancies at various pressures using the refinements with B=13A2 is
shown in Figure 8. This shows that the equilibrium Ne site occupancy changes

reversibly with changing Ne pressure until it saturates at high pressures.

V1. Conclusions

We have reported recent results from our neutron scattering studies of the
intercalation of rare gases into Cgp at various pressures. These include the study of
the changes in the lattice parameters with pressure and the determination of the
pressure dependence of the compressibility at various {emperatures, studies of the
dynamics of intercalation and release at various pressures and temperatures and,
finally, reﬁnemeﬁi of the structure in the face-centered cubic (Fm3m) phase to
determine the pressure dependence of the Ne site occupancies in the interstices of
Ce0. At the present time, we-are studying theoretical models that correlate the
observed behavior. Much work remains to be done: we are continuing a more
detailed study of the activation energies for the asymmetrical rates for diffusion into
and out of Cgp, we are carrying out refinements of the interstitial occupancies of Ne

for the simple cubic (Pa3) phase of Cgp at higher pressures and at lower

temperatures, and we plan to begin soon the study of the intercalation of other gases.
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Figure Captions
. Lattice parameters vs. pressure for Cgg at room temperature: @, A and V¥ denote

He, Ne and Ar data, respectively. The Ne points are numbered in the order they
were taken.

. Bulk modulus B (defined as -VdP/dV) vs. pressure for Cgg at room temperature:
@, A and ¥ denote He, Ne and Ar data, réspectively. The dashed curve is from
the data of Lundin and Sundqvist (Reference 12).

. Lattice parameter vs. time for é Cgo sample at room temperature with Ne pressure
loaded from an initial value of 0.0 kbar to a final value of 2.07 kbar.

. Plot of the time constant for room temperature loading Ne into Cgg at a number
of pressures.

. Lattice parameter vs. time for a Cgg sample at room temperature with Ne pressure
released to 0.0 kbar from an initial value of 2.75 kbar.

. Lattice parameter vs. time for a Cgp sample at 200K with Ne pressure released to
0.0 kbar from an initial value of 1.51 kbar.

. Neutron diffraction data for CeoNey at a pressure of 1.55 kbar. The continuous
line through the sets of points is the calculated profile from the Rietveld
refinement, the set pf tick marks below the data indicate the positions for the
allowed reﬂectioné, and the lower curve represents the difference between
observed and calculated profiles.

. Dependence of the interstitial site occupancies for Ne in the octahedral sites in
Ceo on Ne pressure (from Reference 1b). The value for the Ne isotropic thermal

parameter B is set to 13.0A2 in the structural refinements.
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