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In situ neutron powder-diffraction has been used to probe the Ne content and diffusion kinetigghin C
monitoring the G, lattice parameter vs time following step changes in applied Ne pressure. In the face-
centered-cubic phase where thg @olecules are freely rotating, diffusion is slower for higher Ne pressure. In
the primitive cubic phase where thgnolecules are orientationally ordered, the diffusion rate is slower and
is essentially independent of pressure. These observations can be understood in terms of three unequal com-
peting effects(1) Increasing the external Ne pressure increases the driving force for diffy8jargmpression
of the G lattice slows diffusion with increasing pressure; and, the major (8)eCg, molecular dynamics
enables and enhances diffusion by a thermally activated “paddle wheel” effect. The activation energy for such
Ne intercalated g, reorientational hopping or rotatidn-1500 K or 13 kJ/molgis less than that in puregg
(~2600 K or 22 kJ/molg suggesting the Ne atoms act as “roller bearingsS0163-182@9)01309-0

INTRODUCTION understand the contribution of the,gdynamics to interca-
lation kinetics.
Fullerenes have been shown to intercalate various gases at
different rates and this has raised the possibility of employ-
ing these materials as filters for gas separatiorEarly data EXPERIMENTAL AND DATA EVALUATION

also shov_ved that the orientational ordering transition tem- Ceo (99.6% nominal purityfrom commercial sources was
perature is affected by the gases used under such presswigyed to remove larger particlés0.105 mm and then sub-
experiments and intercalated into the interstitésAt the  jected to slow progressive heating in vacuum up to 500 °C
face-centered-cubi¢fcc in Fm3m) to simple cubic(sc in  for several days in order to remove all solvents and occluded
Pa3) orientational ordering transitio260 K at ambient N, and Q. The powdered sample- 3 g) was loaded into a
pressure; betweery2.4 and 3.2 kbar at room temperatyre thin walled vanadium tube which was inserted into the alu-
the motion of the G molecules changes from essentially minum pressure vessel cooled by a Displex refrigerader
free, uncorrelated rotation to hopping between two similarscribed in detail elsewher®. Data were collected at various
energy, but distinct, orientatioris’ For the inert gases He, temperatures on the 90 degree detector banks of the Special
Ne, and Ar at 0—6 kbar pressure and room temperature, thisnvironment Powder Diffractometer at Argonne National
transition was shown to occur at a pressure which is highedtaboratory’s Intense Pulsed Neutron SoutteNS).*? Due

for He, intermediate for Ne, and smallest for Ar, but at theto shielding that is an integral part of the pressure cell, this
same lattice parameter, equal to 14.042 A, the average of ttseattering angle provides data that are completely free from
fcc and sc values at the transitiét. This may be compared direct diffracted scattering from the walls of the cell which
with the corresponding 14.125 A vafuéound on cooling would contribute to the background scattering. Corrections
pure Ggat 1 bar. At room temperature, Ar did not intercalate were included in our Rietveld refinements for the expected
while He was shown to do so eastfyWith Ne, the interca- large disorder background scatterifigesulting from the
lation kinetics were of the order of hours, so that insertionmotion of the G,

could be monitored using lattice parameter changes as a In our previous series of experiments in which Ne was
function of time following step changes in Ne pressure.used as the pressure medium, it was established that interca-
Some unusual diffusion kinetics during loading and unloaddation occurred over times of hours, requiring more than 24 h
ing Ne were observed prompting the present studies to bettéo reach equilibrium at the highest pressures6 kbap and
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substantially less timé~ 5 h) at pressures within the range 1442 —
of the fcc phasé<2.4 kbar at 300 K>~ Further, our pre- ]
vious study showed that the lattice parameter value at a :
given pressure was reproducible from either direction, in- ' ¢
creasing or decreasing pressure of arbitrary step size afte :
waiting for the intercalation to proceed to completion. For < 4410 ¢
the present study, after making step changes in pre¢trre  © :
example, from either a beginning 1 bar pressure or some
other already attained pressyraime-of-flight diffraction
data were collected in sequential short-time runs to monitor f
the time-dependent change of the lattice parameter as it ap  14.08 e
proached an equilibrium valugor an example, see Fig. 3 of 0 5 10 15 20 25
Ref. 5 Elapsed Time (hr)

The entire set of points for the lattice parameteat time

. . FIG. 1. Peak width parameter vs time for a typical run. Peak
t for a particular pressure change run were least-squares fit 190adeni duri v i f the i i
the function roadening occurs during early times of the intercalation process

but narrows again as the particles become homogeneous in Ne con-
a(t)=ap+(as—ap)exp(—t/7), centration.
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wherea, is the lattice parameter forggat the beginning of oscillatory patterns o& vst were noted during the interca-
the run(usually that with no intercalated Nea; is the final  lation process. Figure 2 illustrates this behavior for several
lattice parameter at long times, achieved whepi€loaded runs at pressures above 3.5 kbar in the sc phase. The chang-
to its solubility limit with Ne at the experimental pressure, ing lattice parameter appears to hesitate at particular values
and 7 is a time constant for the intercalatiom,, a;, andr  as if the system is undergoing a “staging” process. It is
are all functions of pressure. This function is the simplesnoted, however, that no weak diffraction lines indicating a
form of the standard equation that expresses the average camultiple cell nor intensity changes suggesting a structural
centration of a diffusing species inside a spherical particle amodification were seen in any of the data.
a function of time as the diffusing species enters the particle The study is instrument-time-intensive which limited the
from the surface. This equation may be applied to the probaumber of runs. In addition there were constraints set by the
lem of Ne diffusion into Gy and fits the lattice parameter cell with respect to its high pressure and high-temperature
data reasonably well. It is based on the following assumplimit, by the phase diagram with its fcc-sc transition, and by
tions: the slower kinetics of the sc phase at lower temperatures.
(@ The G particle size is nominally the same for all Our data reported here primarily consist of runs at room
particles in the sample and does not change during the couréemperature with various increasing and decreasing pressure
of the experiment. It is believed that this assumption is fairlyjumps, but also include selected experiments at 200, 240,
well met after the first loading to maximum press(@@ekbay 265, and 340 K, which allow an estimate of the activation

and subsequent release at room temperdsee below. energy of the intercalation process to be made.
(b) The lattice parameter of intercalated Qs a linear
function of the Ne content. Our previous studyig. 4 of RESULTS AND DISCUSSION

Ref. 5 showed a linear expansion of the lattice when the
repulsive contribution of the Ne exceeded that of the attrac-
tive force between the gg at a Ne content of~20%. Several qualitative features of the intercalation process
(c) The gradient of Ne concentration from the surface towere immediately seen in our early room-temperature work:
the interior of the particle can be ignored. This gradient gives
rise to a strain in the particles during the loading process as 393"
the volume increases which results in broadening of the dif-
fraction peaks and is evident during early times of typical 13930t
runs. As the particles become homogeneous, the peak
sharpen. Figure 1 shows such peak width broadening vs tim: 13.925
for a typical run. The peak width increases by about 50%, '

A. Intercalation dynamics

s 4.1 kbar 7]

35855088089

reaching a maximum at an elapsed time of approximately€13»920 0.2 Koar ]
7/2 and then relaxes to its normal value at longer times. This® ]
change in peak width is easily fit as part of the data analysis 13.915 7
and the refined lattice parameter is a valid measure of the b
average Ne concentration inside thg, @article at all times. 13.910 ]
This behavior of the peak width confirms that diffusion in- :
side the G, particle, not a surface barrier effect, is the lim- 13905 -ttt b

0 5 10 15 20 25 30 35 40

iting step in the intercalation process.

(d) No subtle phase transitions nor changes in the mecha-
nism by which Ne intercalates occur as a function of concen- FIG. 2. Lattice parameter vs time foggsamples exposed to Ne
tration or pressure. This assumption may not be met comat pressures above 3.5 kbar in the sc phase. Note the oscillatory
pletely. On the higher pressure runs some reproducibléehavior ofa vst in several experimental runs.

Elapsed Time (hr)
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UL the space between the nearly incompressilygriblecules
%»-;-“H ] constricting the paths for Ne diffusion. Additionally, pres-
] sure could have a pronounced effect on the contribution of
. Cgp rotational motion to the Ne diffusion. The rotatingC
] molecules may be viewed as “paddle wheel¥ ‘which as-
] sist the Ne through the narrow channels between the octahe-
dral sites (and through tetrahedral sites, which remain
empty). In the fcc phase below 2.4 kbar, thgs@nolecules
are essentially rotating freely. Results at 1 bar demonstrate
] that even at 280 K, the g molecular rotation is very rapid,
R A e with reorientational correlation timBsround 9< 10~ *?s.
0 1 2 3 4 5 6 7 In the sc phase, theggmolecules no longer rotate freely;
Pressure (kbar) they are hopping between two positional orientations of ap-
FIG. 3. Time constant for loading Ne intgs£at room tempera- proximately equal energSIOn_e of these orientati_ons corre-
ture as a function of loading pressure. An increase iralues is sponds to a struc_tural packing arrangement with the lower
noted at the=m3m(fcc)-Pa3(sc) orientational ordering transition, €nergy(though curiously larger volumavhich involves hav-

The width of the two-phase region is taken from our previous studyNd electron-rich interpentagon double bonds pointing to-
(Ref. 4. wards electron-poor pentagonal faces of neighboring C

molecules. For the marginally higher energy122 K or

Namely, that the diffusion of the Ne intosg(loading inthe ~ 1.06 kJ/mol¢ orientation, these double bonds point towards
fcc phase is slower for larger Ne pressure steps, that thelectron-poor hexagonal facéhese two orientations were
diffusion in the sc phase is much slower than in the fccshown to be reached by hops-e#2° about110 directions
phase, and that the diffusion out of the pressurizggl(@-  with an activation energy of some 2600(R2.6 kJ/molg, a
loading is extremely rapid. Figure 3 compares the time con-magnitude with significant implications for the reorienta-
stants obtained in fitting runs of the lattice parameters fotional correlation times which followed an Arrhenius
various loading steps from 1 bar at room temperat@@  behavior’ At 1 bar and 260 K, the reorientational correlation
K). There is a marked difference in the behavior of the timetimes are of the order of 10°s; thus, the onset of the tran-
constants with respect to Ne pressure in the two phases; theition involves a hundredfold increase of the reorientational
large pressure dependence seen in the fcc phase is absentinrelation times.
the sc phase. Within the error of the measurements, the data The most important contribution to Ne diffusion is thg,C
for 7vs pressure in the fcc phase can be fit by a straight linemolecular rotation. While in the fcc phase, there is a rapid
Based on the ideas used to explain the pressure dependerftge rotation; in the sc phase, there are rapid hops of limited
discussed below, it is likely thatbecomes rapidly larger as rotational angle separated by comparatively long times when
the fcc-sc transition is approached; but, no data to test thithe molecule rotationally liberates around a particular orien-
hypothesis is available. Figure 3 also shows owalues in  tation. The next hop is just as likely to be in the positive
the sc phase. These values are significantly larger than direction (i.e., same direction as the last hopr negative
those determined for the fcc phase. Also thealues show direction. Thus, regardless of the reorientational correlation
somewhat larger statistical errors than those for the fcdime, such a hopping does not contribute to Ne diffusion in a
phase. This may result, in part, from run truncation at longway that is qualitatively the same as for complete free rota-
times and/or from unexplained jitter of the lattice parametettion. This means that the paddle wheel mode of diffusion is
points at the beginning of some, but not all, of the high-not operative in the sc phase. This lack of rotation in the sc
pressure runs; the other possible contributing factor was thphase provides a qualitative explanation for the longer diffu-
possible “staging” effect noted above. The least-squares-fision time constantéFig. 3).
line shown in Fig. 3 through these sovalues shows essen- Data for the sc phase provide a measure of the competing
tially no pressure dependence. pressure-dependent effects of increased driving force for the

With no intercalated Ne, the fcc-sc transition occurs overdiffusion and constriction of the diffusion paths with increas-
the pressure range 2.4—2.7 kBawith Ne intercalation at ing pressure. The near zero pressure dependeneéncthe
the solubility limit, the transition occurs over the pressuresc phase suggests that these two effects cancel one another.
range 2.9—3.2 kbar. Thus, for partial intercalation, the tranSince the lattice compression is essentially identical in the
sition can be anywhere in the pressure range 2.4—3.2 kbaicc and sc phasef(da/dP)/a=0.0026 kbar® in the fcc
Measurements of the intercalation kinetics cannot be made iphase and 0.0023 kbdr in the sc phask it is logical to
this pressure range because the fcc-sc transition will occur éssume that these two effects also cancel one another in the
some time during the intercalation process, producing dcc phase. Note that since thggdnolecules are nearly in-
change in the lattice parameter that has a larger effect thagpmpressible, most of this lattice compression is subjected
that resulting from the intercalation process. This pressurgpon the channel dimensions corresponding to a significant
range is indicated as a mixed-phase region in Fig. 3. reduction of~10% over the pressure range of our experi-

The intercalation process can be understood in terms ohents(0—6 kbaj. Thus, the pressure dependenceraf the
competing pressure-dependent effects: Increasing the extdcc phase must be attributed to the effect of pressure on the
nal Ne pressur¢a) increases the driving force for diffusion contribution of Gy molecular rotation to the Ne diffusion
(the usual definition of diffusion of the flux being propor- process. It is proposed that increased pressure reduces the
tional to the gradient of concentratipbut also(b) reduces rotation rate, decreasing the Ne loading rate. Although there

T (hr)
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are no measurements of the rotation rate vs pressure, it the ratio of empty to injector sites or the number of injections
clear that it must decrease upon approaching the fcc-sc trameeded 2% 10%) poses no problem, even with the 260 K
sition, where free rotation stops altogether. Measuring tha0 ®s reorientation correlation time rate in the sc phase, as
pressure dependence ofjust below the fcc-sc transition, long as hops are driven towards empty sites. Our longer
where the pressure dependence of the rotation rate would halues (~6 h or 2x10%s in the sc phagewould require
expected to be largest, would provide a better test of thisiopping times to be only of the order of 10s to fill the
hypothesis, but data cannot be taken in this pressure rang#es. The external Ne pressure serves as a driving force for
because of the mixed-phase region created by the fcc-sc traimtercalation as long as the empty space within the lattice
sition (as discussed aboxe remains. This space, including the channel, octahedral, and
As noted above, the intercalation of the Ne of nominaltetrahedral sites, can be determined from the lattice param-
radius 1.12 A(as well as He with a nominal radius of 0.93 eter and the size of theggmolecule and is~160 A%/Cy,
A)® involves its passage through the narrow chanfiels  sufficiently large to accept the Ne atoms. However, the pres-
dius ~0.82 A if C4 molecules are considered as rigid ence of the Ne contributes a small repulsive force within the
spheres between the octahedral sites. Near room temperaattice. This was determined in our previous study on site
ture, thermal motion normal to the rotating molecule isoccupancy, which showed after 20% occupancy, a linear
present with a root-mean-square displacement of the order @&xpansion of 0.1% over the 3 kbar range to completely fill
0.03 A, but would only account for a small contribution to the octahedral sites. This expansion is only 1/6th of that re-
the channel radius. However, thgg@nolecules are not ac- sulting from the compression by 1 kbar pressure. However,
tually rigid spheres. The center of the pentagonal faces arthis empty lattice space is a sufficient driving force to over-
~0.29 A inside the surface of the sphere defined by theome the repulsive force that the Ne atoms contribute to the
maximum radius. Thus, if thegmolecules rotate, the chan- lattice at occupancy levels 6£20%. The atomic level de-
nel size can vary from 0.82 A to a radius which probablytails for the lattice suggest that the paddle-wheg) d&ynam-
exceeds~1.11 A, sufficient to allow Ne but not Amominal  ics dominate the other effects contributing to the intercala-
radius 1.54 A to intercalate near room temperatﬂl?en fact, tion process.
since the centers of these pentagonal faces are electron poor,From our loading and unloading runs and the comments
there should be dimples into the polyhedra of size somewhatbove, a physical picture emerges. Whegi€initially pres-
deeper than the 0.29 A just mentioned. This significant desurized with Ne at room temperature and low pressures
parture from a sphere for thez&molecules may be viewed (<2.4 kbaj, the G, molecules are compressed, but remain
as slots or buckets in a “paddle wheel” which effectively freely rotating, with their reorientation rate slightly reduced
sweeps the Ne either into or out of the lattice. Thg @o-  and, hence, a reorientational correlation time which is in-
lecular dynamics is responsible for enabling and enhancingreased. The lattice remains fcc. Thealues are small. Ne
diffusion by this paddle wheel effect and is the major con-atoms are intercalated into the crystallites by the paddle
tribution to the observed diffusion rates. As the phase tranwheel effect, resulting from the small departure from perfect
sition is approached, either the rotation rate decreases or tisphericity of the G, molecules. With Ne introduction in the
effectiveness of the paddle wheels is hindered in some othayuter portions of the g crystallite, a slight volume expan-
way; this results in the increase in thevalues. sion occurs which broadens the diffraction lines of the inho-
As indicated above and irrespective of pressoe  mogenously distributed Ne crystallite. Intercalation and
phase, the unloading runs of Ne fromggat room tempera- paddle wheel induced hopping continue until equilibrium of
ture (five runs from the sc phase; four from the fcc phase the appropriate Ne occupancy is attained throughout the
were all sufficiently rapid to yield lattice parameters which, crystallite volume for the given gas pressifég. 3, Ref. 5.
though showing large scatter at early times, always were it this point, the G, lattice becomes homogenous and the
the vicinity of the 300 K, 1 bar value. This fast unloading is diffraction peak widths reduce to a value similar to their
expected. Figure 3 predicts a very fast diffusion at zero preshitial value. As the pressure approaches that of the fcc-sc
sure. In addition, as the unloading process is initiated, théransition, the pressure effect becomes more nonlinear with
lattice is expanded because of the intercalatgglv@th its  respect to the molecular rotation rate, which is significantly
very high internal Ne pressure further increasing the unloaddecreased or impeded. Thevalues rapidly increase. The
ing rate. For modestly lower temperatures where both the Nenset of the transition is occurring with a marked reduction
jump frequency and paddle wheel dynamics are significantlpf the rotation rate. At pressures greater than 3.2 kbar, the
slower, unloading times are sufficiently long that they can beCg; molecules have become more ordered with a transition
experimentally measured and employed to determine the aérom the fcc to the sc lattice accompanied by a small, 1%
tivation energy of this procedsee below, with decreasing volume reduction and a discontinuous drop in the reorienta-
temperaturey increases. tion correlation time. Rather than freely rotating, thg,C
The reorientation correlation times given above are determolecules now hop between the two positional orientations,
minations at 1 bar and the magnitude of their pressure deat a much slower, at approximately onehundredth the rate.
pendence could only be qualitatively inferred; thus, an alter-The continuous paddle wheel mode of diffusion is not opera-
nate approach towards accounting for the lower limits for Netive in the sc phase. Thus, the intercalation times become
diffusion might be useful. Assuming our particles of nominal much longer, withr about three times that for the higher fcc
0.1 mm size are spherical, one can determine that the numbealues. Here, there is little pressure dependence of tge C
of octahedral sites on the surface~8.3x 10'°, which actas  molecular hopping rate. Thevalues remain constant as the
the sites for the injection of the Ne atoms into the particleother effects contributing to diffusion cancel each other. For
interior with its ~0.6x 10'° empty octahedral sites. Thus, the intermediate pressure range between 2.4 and 3.2 kbar, the
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gas pressure is initially sufficient to force the transition to scsmaller than that for pure g but is quite reasonable. The
to occur, but as Ne is intercalated and reaches equilibriunpresence of the Ne expands thg,@attice compared with
with near full occupancy of the octahedral sites, the latticahat for pure G, pressurized by a nonpenetrating §asich
reverts to the fcc phase. Overall, increasing the external Ngs Ar, and this should reduce the energy barrier for hoppmg
pressure increases the driving force for intercalation, but theetween the two different orientational configurations. Note
resulting compression of thegglattice slows the diffusion that this lattice expansion occurs despite the fact that the
into the crystallites. However, these effects are small comoctahedral site can easily accommodate the Ne, i.e., the Ne is
pared to the g paddle wheel dynamics. Temperature alsoacting as a repulsive rather than an attractive force. One
alters the reorientation times and the lattice size, with lowemight alternatively view the presence of Ne as “roller bear-
temperatures having a similar, but not identical, effect asngs” between the g, molecules in reducing the activation
increasing pressure. energy. A similar situation exists in methanéntercalated
Upon pressure release at room or higher temperatures,, In this case, pressure is not necessary to maintain the
from either the fcc or sc phase, the Ne intercalatggldtice  intercalant in the lattice sité,so that the lattice expansion
expands to a value slightly larger than that for pugg& the  from repulsive interaction is evident at ambient pressure, and
appropriate Ne pressure. Simultaneously, the reorientationghe roller-bearing effect results in an orientational ordering
correlation time is dramatically decreased to the 1 (@& temperature depressed 20—23'K.
possibly a lower valuewith a corresponding increase in the  For the fcc phase, our experimentally determimadalue
paddle wheel rate; the Ne is unloaded from thgi€ a time  is limited to that for 340 K(loaded to 4.1 kbar One then
comparable to the lower limit of diffraction data acquisition must again extrapolate a poifat 300 K, 4.1 kbarin the
(300-600 & For modestly lower temperatures, unloading“extended” fcc phase in order to obtain a qualitative value
times are sufficiently longer that they can be determined, an¢br the activation energy in this phase. In this casds
these are employed in determining the activation enesgg¢  pressure dependent and the least-squares fit line shown in
below). As expected on unloading,increases with decreas- Fig. 3 was used for the extrapolation. It is noted that the 340
ing temperature. K point is sufficiently away from the phase boundary, taken
as the midpoint between that determined with He and a non-
B. Activation energy penetrating fluid, that it cannot be considered within the on-
set of the transitior.Using only these two values efresults
in E=1600(1000) K[14(9) kJ/moldg; notwithstanding large
fitting errors, this qualitative value is similar to that deter-

Only limited data are available to obtain an activation
energy for Ne intercalation into g For the sc phase, this
consists of ther values for runs at 240 and 265 K together .
with that from an extrapolated poirttor 300 K, 1.5 kbay, mined for the sc phase.

which may be obtained by extrapolating the sc phase behay- As indicated above, thﬁ unload!gg run;;f INe fr%%it
ior into the fcc phasdsee Fig. 3. Since ther pressure de- foom temperature were all too rapid to yleidalues. On the

endence in the sc phase is near zero. this should introdu other hand, for runs below 265 K, lattice parameter values on
P P : S fhiree runs were obtained which could be fit with the lattice
no error. From the Arrhenius equation, : . S
parameter expression given above yieldingalues on un-
7(T)=Aexp( — E/KT), loading. Theser valugs yield an extremely qualitative Ieast—_
squares fit; hence, this results in an expected large error with
wherer depends on the temperatiFgAis a constant related respect to the resulting value. On unloading of Ne from the
to frequency factor in the diffusion proceds;s the activa- Cgo E=1200(1800) K[10(16) kJ/mold, lower than upon
tion energy, andk is the Boltzmann constant. The least- loading. One would have expected that the lattice, due to the
squares fit(Fig. 4) of our 7 values yieldsE=1400(400) K  essentially filled octahedral site, would expand upon pressure
[12(3) kJ/molg for the sc phase, the large uncertaintyfin release, as indeed the early time values of the lattice param-
resulting from the use of only threevalues. TheE value is ~ eter data shows, and that this would increase the paddle
wheel rate of the gy molecules. Thus, the magnitude fér
4 — — ——————————] on unloading is reasonable.

CONCLUSIONS

. ] Although the present study may be viewed as only an
S 3 ] initial look at the diffusion kinetics of Ne in &, several
: ] interesting facts have emerged. The significant pressure de-
2 [ ] pendence of on loading in the fcc phase is in sharp contrast
. ] to that in the sc phase as is the diffusion kinetics during
- 3 loading compared to unloading. Thg4@nolecular dynamics
5 ] plays a major role in explaining our observed intercalation
L — rates. In addition, competing effects involve the increase in
3.2 3.4 3.6 3.8 4.0 4.2 . . - .
100077 (K the_ extern_al Ne pressure increasing _the dr_|vmg force for dif-
fusion while compression of thegglattice primarily reduces
FIG. 4. Qualitative determination of the activation energy onchannel dimensions, slowing diffusion with increasing pres-
loading Ne into G, for the low-temperatur®a3 structure. The sure. As the Ne pressure approaches pressures required to
solid line is a least-squares fit to the data. induce the orientation ordering transition, thgy@olecular

-In(t)
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dynamics are strongly affected, with a marked decrease iwere offered which counter thts:® From our present under-
the G molecular rotation rate. The pressure dependence ostanding, the octahedral site occupancy results from the ease
the G, molecular dynamics near the onset of the transitionby which the paddle wheels intercalate Ne atoms in the fcc
explains the large differences in the diffusion kinetics. Onphase. This rapid intercalation is aided by the empty volume
unloading, the intercalated Ne present in thg €pands the within the lattice and is eventually balanced by the repulsive
lattice, enhancing the “roller-bearing” effett. At room  force, contributed by the Ne presence as the concentration
temperature the £ molecular dynamics quickly unloads the reaches~20%, which begins to expand the lattice.
Ne at times too rapid to be experimentally determined by our The G, molecular dynamics enables and enhances diffu-
diffraction technigue; at lower temperatures, this unloadingsion by a thermally activated “paddle wheel” effect assist-
occurs with a marked increase in thgy@eorientational cor-  ing diffusion of Ne through the narrow 0.82 to 1.11 A chan-
relation times, allowing an assessment of the activation enrels between the octahedral sites. Within our expressed
ergy for this process. limitations, the process for both phases yield about equal
There are several interesting observations which need fumalues of the activation energy on loading; this value is in
ther study. For example, the deviations of our loading dataeasonable agreement to that for the reorientational barrier
from the lattice parameter expression used to fit it are sigbetween the structural configurations of purg, @ the sc
nificant and reproducible. In particular, in the runs at higherphase. Our much lower value-1500 K or 13 kJ/molgfor
pressure, the lattice parameta¢t), oscillates in a reproduc- the activation energy compared with that for purg, C
ible way around the smooth curve expected for a single dif{~2600 K or 22 kJ/mole(Ref. 7) may be rationalized on the
fusion mechanism. Such oscillations could result from subtldasis of the slightly expanded lattice when Ne is present, in
transitions between different configurations for the intercawhich Ne may be viewed as acting like “roller bearings”
lated Ne—perhaps analogous to the staging transitions thisetween the gy molecules.
occur for various species incorporated into graphite. Unfor-
tunately, no direct evjdence for the superstructures that. ACKNOWLEDGMENTS
would be associated with such phases have been observed in
our diffraction data. A more sensitive structural probe will be  This work is supported by the U.S. Department of Energy
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