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Neutron-diffraction study of the rare-gas interstitial fullerene ArC 4,
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Neutron powder diffraction studies have been carried out between room temperature and 154K on C
powder, which has been hot isostatically presgetPed under 170 MPa of Ar and at 300 °C to give
ArCg,. Rietveld analysis of the neutron diffraction patterns confirms the stoichiometry, in agreement with our
earlier x-ray analysis. This analysis shows the Ar to be trapped in octahedral interstitial sites of a fcc lattice
with a unit cell of ~14.230 A at 285 K, which is unexpectedly close to that of pugg~@4.218 A. A phase
transition from an orientationally disordered fcc structure to an ordered simple cubic structure occurs on
cooling between 245 and 250 K, which is lower than found for pure unHIRgd265-260 K. The Rietveld
refinement of the diffraction pattern at 15 K indicates that the Ar does not influence the orientation of the
Cgo Molecules[S0163-18207)00222-1

Over the last few years the trapping of gases interstitially Figure 1 shows the neutron diffraction patterns from the
in fullerite materials has received considerable attentién. Ar HIPed Gy, sample over a range of temperatures from 15
Recently> we have shown through a Rietveld analysis ofto 285 K. The diffraction pattern changes between 245 and
x-ray diffraction patterns from £ hot isostatically pressed 250 K, indicating a phase change. Many more reflections are
(HIPed between 200 and 400 °C under 170 MPa of Ar, thatapparent at low temperature, due to a lowering of symmetry.
Ar is forced into the face center cubifcc) lattice to form the  This change is most salient in the ange above 80°.
stoichiometric compound Ar§g. The Ar was shown to be Figure 2 shows the fit of the neutron diffraction pattern
confined in octahedral lattice sites as similarly found for thefrom the Ar HIPed G, sample taken at 285 K. A Rietveld
intercalation of @.! The compound was found to be quite refinement that fitted 130 reflections shows a reasonably
stable against loss of Ar at room temperature, with x-raygood fit ( Rg,q5=12%) for a cubic structure model ofgin
patterns several weeks later showing no change. In this papspace groupFm3m, as previously found by our x-ray
we confirm this result using neutron diffraction. We are alsoanalysis. The G, molecules were similarly modeled using a
able to show, through a temperature study, that a phase traspherical Bessel functiofg= sin(«-r)/(x-r)which is tanta-
sition from fcc to simple cubi¢sc) occurs between 240 and mount to spreading the C atoms uniformly over the surface
245 K, in close analogy to that of puregCand similarly  of a sphere of radius 3.54 A, reflective of the unhindered
studied with neutron and x-ray diffraction by Heineyal® rotational dynamics of the gg molecules. The Ar occupied

Four grams of brown fcc £ powder (ultra pure octahedral sites d8,3,3). The main error in the fit is in the
99.95+%) was HIPed for 12 h at 300 °C under 170 MPa of reflections at low 2. This can be attributed to hexagonal
Ar to form ArCgo Both x-ray and neutron diffraction pat- stacking disorders which are generally associated with
terns were recorded before and after HIPing thgg@wder.  Cgo.1'?the refinement is an improvement over that from the
Transmission electron microscopyEM) and energy disper- x rays which fitted only 21 reflections. The slower fall off of
sive x-ray spectroscopfEDS) confirmed the presence of Ar the neutron form factor allows reflections to be fitted over a
in the sample after HIPing and the x-ray pattern from thewider 20 range. The x-ray pattern also showed some indica-
HIPed sample was the same as previously found fotion of preferred orientation that was not adequately modeled
ArCq,° The neutron study of the puregEbefore and after in the fit, but this problem is absent in the neutron diffraction
HIPing was carried out over a temperature range of 15—28pattern due to the larger effective sample volume on account
K, using a neutron wavelength of 1.668 A, @& eange of  of the penetration of the neutron beam. The Rietveld analysis
4°-138° and with a stepsize of 0.1°. Diffraction patternsconfirms that Ar sits in octahedral interstitial sites and the fit
were recorded using the medium resolution powder diffracshows an occupancy of 100%, in agreement with the stoichi-
tometer(MRPD) on the HIFAR nuclear reactor at ANSTO. ometry of ArGs,. Asterisks mark the position of two uniden-
The samples were mounted in a closed cycle helium refrigtified impurity lines which were present before HIPing, and
erator allowing cooling down to 15 K. The neutron measure-which show no discernible changes with temperature. They
ment of the G, before and after HIPing, allowed the phasehave been ignored in the analysis.
transition temperature for puresgto be compared with that What is also apparent are the broad diffuse peaks centered
of the HIP produced Arg, both materials being measured at ~50° and~90° (26). These peaks are rather weak below
under the same experimental conditions. It should be notethe phase transition but are equally evident in the neutron
that the literature values for the feesc phase transition tem- diffraction patterns of pure §. The elastic diffuse scattering
perature for pure g are varied and both the presence ofas observed in puregghas been thoroughly investigated by
impuritie$ 1% and the effects of stacking disordkcontrib-  several groups both theoreticdffy’®  and
ute to this. The use of ultrahigh-puritysgand the dual study experimentally:*-1921-23The expression for diffuse scatter-
as described above circumvent some of these problems. ing can be broken into a term relating to a single molecule
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“self” component and a so-called “distinct” component re- tions were found to change slightly from the initial input
lating to the orientational correlations between thg @ol-  positions of Davidet al?° Closer inspection of the refined
ecules at different site's. Without using such a more com- atomic positions indicated that the shifts from the positions
plete analysis utilizing multipole expansions for the of David et al. do not significantly change the molecular
molecular mass density and residual preferred orientatioshape or the orientations of thesdOmolecules within the
multipole expansions for the molecular mass density and remolecular lattice.
sidual preferred orientation we found we could reasonably In all refinements the thermal vibrations were modeled
model the diffuse scattering by just using pair correlationwith isotropic thermal parameters. This should be adequate
functions within an individual gy molecule. A more detailed for the thermal motion of argon atoms in a cubic environ-
analysis as based on the current data is not warranted but withent, but is an oversimplification in the case of the carbon
be the subject of a further study. atoms in Go. In the low-temperature phase this equates to a
Figure 3 shows the neutron diffraction pattern for thespherical thermal parameter at each carbon site, whereas in
HIPed sample at 15 K. To refine this pattern, we imple-the high-temperature phase it equates to a spherical param-
mented a cubic structure model fogfdn the space group eter for each g, molecule in the unit cell. In fact a complete
Pa3 based on that of Daviet al?° and 620 reflections were model of the carbon thermal motions in the low-temperature
fitted. The Gp molecules were assumed to be nonrotatingphase would include both librational and rotational compo-
and the individual C atom positions were refined. The refinenents. A number of studies on the dynamics @f Gsing
ment showed a good fiRg,34=8.0%) but the C atom posi- neutron quasielastic and diffuse scattering, NMR, and optical
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spectroscopy have been report&d:>*'~**However, neu- cause the Ar seems to exert a gas pressure forcing ghe C
tron powder diffraction is not sensitive to the details of thesemolecules apart, the phase transition in Ay©ccurs at a
thermal motions and so a more sophisticated thermal modgbwer temperature.
is unwarranted from the data presented here. As the G, molecules lock into their preferred orientation
Initial refinements of the Arg patterns indicated that the there is a noticeable reduction of the lattice parameter. This
value of the root mean squafens) thermal displacement of is clearly seen in Fig. @). For pure G, the change in the
argon was quite large at low temperatre0.17 A). Refine- lattice parameter for the feesc transition is about 1.1% of
ment at higher temperatures showed very little increase witthe van der Waals radius of ag&molecule(5.01 A).> For
increasing temperature and no significant discontinuity at thé\rCgo, the corresponding change is1.0%. Figure 4a)
transition temperature. This is not surprising considering that

the electrostatic interaction between argon ang i€ negli- 14250 -

gible, so we may reasonably expect the argon thermal excur- 10225 ] et
sions to vary only with the thermal expansion of the unit cell. 14200 (ks
Consequently the rms value of the thermal displacement of <& 14475 ArCeo /
argon was fixed at the average val{@25 A) and refine- 5 s \ H,,’
ments at all temperatures were repeated to obtain more reli- § 14.251 st
able values of the carbon rms thermal displacements. § 14.100 1 M/ﬁ’/'/

The molecular radius for & obtained from the high- % 14075 bure G
temperature refinement, using a spherical shell, is found to =~ %] e
be ~3.541) A, in good agreement with the literatute?%2* 10z
There is a disparity with our x-ray study which showed a T T % % i 1 10 z0 20 20 %0
slightly higher value of 3.58) A. From the neutron study  (a) Temperature (K)
we find evidence for expansion on addition of Ar to the 0020 e
lattice of G in the fcc phase but surprisingly this is rather - -
small (0.012+0.003 A, at 285 K. The expansion as ob- oote y

served at 285 K, is actually less than the zero point motion of
the C atoms at that temperature, which is of the order of 0.07
A.25%8 At 15 K in the simple cubic phase there is no evidence
for expansion.

Figure 4a) shows the trend of the lattice parameter with
temperature for both pureggand ArG, The plots show a
distinct jump at the fce-sc phase transition for both materi-
als and the transition temperature for Ag@ccurs~10 K
lower. The data indicate that just above the<esc transi-
tion, the lattice parameter for Aggis very close to that of
pure G, and is~14.214+0.003 A for ArG, compared to
14.211+0.003 A for pure G, This reflects the fact that the
Ar does not interfere significantly with the van der Waals  FIG. 4. (a) A plot of the lattice parameter for both Agg(®)
potential between neighboringgCmolecules, so the &g and pure G, (W), with temperature(b) The difference in lattice
molecules lock at the same separation as in pug Be-  parameter between Aggand pure G, with temperature.
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2 %7 free motion of the Ar atoms Once the @, molecules reach

Z o35 a critical separation, however, thg3nolecules unlock and

g 030 the free rotating fcc phase ensues. It therefore appears that
g ' Pure G ! the Ar, apart from creating an internal pressure within the sc
g 0251 \Q Wl lattice, does not drastically interfere with thg,Gnterpoten-

§ 0% ey tial.

qg, 0154 wow . _/./::././'/' The expansion of the sc lattice of Aggdue to the inter-
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the thermal expansion above this temperature is 8
x107° A K7L If we assume the Ar to behave as an ideal
FIG. 5. A plot of the rms displacements for the carbon atomsgas in a fixed volume, then we can estimate the lattice ex-
with temperature for both Arg (@) and pure G, (). pansion with respect to the internal pressure due to the Ar.
Assuming that the available volume for the Ar is the volume

shows that the lattice parameter below the phase transition & the octahedral interstitial sit€2.06 A radius, volume 37
nearly the same for both solids. If we consider the reversd®), and using the ideal gas equation we obtaind&/dT
melting of se~fcc a clearer picture for this phenomenon canthe value~0.37 MPa KX, This used in conjunction with the
be gained. At the lowest temperatut@$—30 K) the lattice  Ar only thermal expansion gives a lattice expansion with
parameter for both solids in the sc phase is the same withimternal Ar pressure of 2:2 104 A MPA™L. Considering
experimental error, but as we warm the sc solid phase ththe crudity of this calculation, the value compares favorably
lattice begins to expand as the increased thermal energy @fith the experimental value of 3610 % A MPa ! ob-

the lattice opposes the van der Waals attraction between thained by Schirberet al,? studying the compressibility of
Cgo molecules. Figure @) shows beautifully that the lattice Cg, with gases.

for ArCg, expands at a faster rate, which can be considered In Fig. 4(b) it appears that the gas pressure is zero below
as due to increasing gas pressure inside the octahedral inté&0 K, indicating that the rare gas atom is experiencing the
stitial site (or increasing thermal energy associated with theshallow well region of the van der Waals potential and at

Temperature (K)

FIG. 6. (Colon A view along the(111) axis,
with each Gy molecule rotated 98° counterclock-
wise about th&€111) axis giving the lattice cell in
aPa3 space group, as found at low temperatures
by Davidet al. (Ref. 20 for pure G This struc-
ture fits the Rietveld refinement of the low-
temperaturg15 K) neutron diffraction pattern of
ArCgq. The position of the interstitial argon atoms
is shown.
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temperatures below 90 K the motion of the Ar is best de4ing a whole range of negative ions, e.g., thg’C anion in
scribed as a large amplitude vibration. Above 90 K the mo+,C,,, there is no evidence for this in the rare gas fullerene,
tion is one of translational motion within the interstitial site 55 one would intuitively expect. The behavior of the rare gas
Wlth'basmally hard body collisions with the carbon atoms. fllerene is very much like that of the parengGnaterial
_Figure 5 shows a plot of the carbon rms displacementg,en though it has an atom trapped interstitially which is of
with temperature for both Argg and pure Go. They are posi-  yeasonable size. The orientational dynamics of thgnol-
tive and increase from-0.1 A to the transition temperature. ecyles are hardly affected by the presence of the Ar rare gas
The_ increase is nonlinear and at the_ transition temperaturgomg and the & molecules orientationally freeze as in pure
attains a value of-0.3 A for both materials. At the transition Ce, When the lattice reaches some nominal value. In

temperature there is a sharp drop-0.15 A. The extreme ArCg,, because the gas exerts an interstitial pressure, a colder
change over the feesc phase transition indicates that the yomnerature is needed to contract the lattice to this value,
struptural transition coincides Wlt'h a discontinuity in the vi- resulting in a lower transition temperature. On the contrary,
brational modes. The thermal displacements for carbon rés\ e consider ACq,, for example, the behavior of the lattice
flect that in the fcc phase, near the transition temperature, the changed completely. Because of the electron transfer, elec-
motion of the @, molecules is one of free rotation with little gtatic forces become very important in controlling the be-
intermolecular vibration. On locking into position in the payi6r and structure of the lattice. The forces acting on the
simple cubic ratchet phase, there is an appreciable amount @f sjecules result in only two orientations with respect to
librational ‘motion V|brat|ons(_~0.25 A of the Ar aloms  he cubic lattice, where a six-membered ring is pointed to-
(even at.15_ K where the Ar is not apparently exerting anyyargs a tetrahedral site. In these configurations the tetrahe-
pressur§e|nd|cate_ the freedom of argon atoms to move insidey 5 sites are larger, allowing their occupancy. In the rare gas
the octahedral site. As a consequence, the contribution of Afjarene material the guest-host forces do not exist due to
to peak intensities diminishes rapidly with increasing angle,q apsence of electron transfer and we only observe octahe-
making it difficult to accurately determine the value of the -, occupancy. Unlike the rare gas fullerene and puge C

rms thermal displacement. = materials, the alkali-doped materials exhibit larger angular
Although there is a small discrepancy between the carbogy riers in the potential and theggCanions are not freely

atom positions for the low-temperature phasz% as found in OL#rotating at room temperature although NMR shows evidence
refinement as compared to that of Daeitlal,“” the overall for hopping between the two orientations on a 5@

alignment of thﬁ Go molecules i? not %ha_nged from the 98 4 a5cale’ Because of this the usual phase transition char-
rotation about th¢111] direction from the ideaFm3m con-  ,teristics of G, is not observed and the material at room

figuration. Figure 6 shows the unique alignment of thg C omperature exists as a completely three-dimensional disor-

molecules in thisa3 structure of Ar(g, looking down the  yareq material with 50% of thegmolecules in each orien-
[111] axis. The interstitial nature of the Ar atoms is seen aSation.

¥ve|l as the threefold nﬂture oof thq Iatti<f:ehwhich ils relduced In a recent paper, Morosiet al3 have reported the in-
rom Fm3m to Pa3 by the 98° rotation of the fgmolecules o c5iati0n of Ne into g at room temperature and using

27 : 28
from the standardFm3m arrangemerft?’ David et al: high pressures of Ne ga®-3 kbaj. Through a Rietveld

have also incorporated a percentage of molecules with a 38,5\ysis of time-of-flight neutron powder diffraction, they
rotation to obtain a better fit for the low-temperature phasepave also shown that the Ne only occupies the octahedral

We have not considered this variation in this preliminaryinersitial sites. Their quoted lattice expansion for a full oc-
study but it would be interesting to see if the Ar in any way cupancy of the octahedral sites with N&02 A) is signifi-
subtly affects such a more complex model. cantly higher than what we found for 40.012 A), and until

_ We conclude by saying that these initial neutron diffrac-\ye reproduce their experiment no further comparison will be
tion studies confirm not only the stoichiometry of the com- 4 4e.

pound ArGy but also the octahedral confinement of the

trapped Ar in the lattice of g The study shows a phase  We are indebted to Neil Webb for his dedication in the
transition from fcc to primitive cubic to occur between 245 HIPing process and to the many people in ANSTO who have
and 250 K, which is 10 K lower than that found for pure helped in numerous ways the progress of this project, and in
Ceo? The rare gas fullerene bears an interesting comparisoparticular to Haans Noorman, Alex Croal, Phil Johnson, Pe-
to the ionic counterparts formed between the alkali metalser Baxter, Craig Landers, Merve Perry, Gordon Thorogood,
(e.g., Na, K, Rb, Csand G,2°*'Whereas the alkali metals Mark Blackford, David Cassidy, Joe Holmes, Dr. J. Bartlett,
are able to transfer electrons to thg,€age structure form- and Dr. K. Fine.
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