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Surface migrations of endohedral Li¿ on the inner wall of C60
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Quasiclassical trajectory calculations are used to study the dynamics of endohedral Li1 ion migration along
the inner wall of the C60 cage. The migration involves ion hopping~isomerization! from ring to ring via
minimum-energy paths. The thermal rate coefficients for five- to six-member ring isomerization,k5 , and for
six- to five- and six- to six-member ring isomerization,k6 , are given by the expressionsk55(4.0
31014)exp@(27800 cal!/RT# s21 andk65(5.631014)exp@(210 000 cal!/RT# s21.The present work establishes
that the ion is not static but moves around along the walls of the molecular cage.

PACS number~s!: 61.48.1c, 71.20.2b, 72.80.2r
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I. INTRODUCTION

Gas-phase collisions between a rare-gas ion or an al
metal ion and a C60 molecule or between a C60 ion and
bath-gas molecules can result in the formation of exohe
complexes where the ion resides on the outer surface o
fullerene molecule or in an endohedral complexM 1@C60

with the ion inside the molecular cage@1–16#. The latter
family of compounds, in addition to its obvious scientifi
interest, has technological significance as high-tempera
superconductors and as important components in nano
electronic and optical devices.Ab initio calculations have
been performed@17–20# to determine the parameters of th
potential-energy surface~PES! and the stability of the en
dohedral system. Ion/C60 intermolecular potentials have bee
developed@21–23# and used in molecular-dynamics simul
tions of experiments@17,21,24,25#.

Quasiclassical trajectory calculations have been used@25#
to study processes that occur in a high-energy collision
Li1 with C60. The degree of Li@C60

1 formation as a function
of the relative translational energy was determined, and
escape from the cage, following endohedral formation, w
followed as a function of the relative translational energ
The collisional energy transfer probability density functi
P(E8,E) in inelastic collisions was determined and com
bined with the Rice-Ramsperger-Kassel-Marcus~RRKM!
theory rate coefficientk(E) to give the degree of dissociatio
of the excited C60. In addition, the intramolecular energ
redistribution following the initial impact of the Li1 in the
center of a pentagonal ring on the surface of the C60 was
followed.

The multiple-well potential-energy surface of the syste
determines the location of the ion, which, in turn, determin
the spectroscopy of the system@26,20,27,28#. Dunlap, Ball-
ester, and Schmidt have calculated the PES forM 1@C60
using all-electron local-density-functional total-energy calc
lations@20~a!#. For the case of the Li1 ion they find that the
minimum in the PES is at 0.14 nm from the center of t
cage for the fivefold axis and at 0.12 nm for the threefo
axis. The depth of the well relative to the center of the C60 is
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0.51 eV for both structures. Endohedral vibrations are
ported at;350 cm21. The results ofab initio Hartree-Fock
calculations by Varganov, Avramov, and Ovchinniko
@20~b!# also show that the Li1 is located off center and tha
the minima in the PES are located in the centers of the p
tagonal and hexagonal rings. Joslinet al. @27# have used the
PES of Dunlap, Ballester, and Schmidt@20~a!# to calculate
the vibrational-rotational bands of Li1@C60. They find a
pure rotation peak near 40 cm21 and a fundamenta
vibration-rotation band at 350 cm21. Hernandez-Rojas, Bre
ton, and Gomez Llorente@29# have used a pairwise Lennard
Jones potential for the endohedral interaction and have
culated the rotational spectra ofM 1@C60.

There is also a dynamic aspect to the subject. The ion
be in motion, hopping from one adjacent well to anoth
each one located in the center of a ring, or moving alm
freely inside the cage from one ring to the opposite ring. T
dynamics of the system is obviously a function of the int
nal energy, which influences the physical characteristics
the system. It is the purpose of the present work to inve
gate the dynamics of endohedral Li1 in C60 as a function of
the internal energy of the system.

II. THEORY

Quasiclassical trajectory calculations were performed
Li1@C60 with a known PES and given initial conditions
The results were analyzed and rate coefficients for the1

migration inside the cage wall were determined as a func
of the temperature and the initial position of the ion. T
details of the calculations are given below.

The numerical methods used in the present work are
ported in Refs.@30,31#. The equations of motion were inte
grated by using a modified public domain programVENUS

@32#. The intermolecular potential used is a carbon/ion pa
wise potential@22,24#. It combines the repulsive part of
Lennard-Jones potential with an ion-atom attractive p
whose 1/r 4 dependence is derived from the Hellman
Feynman theorem@24#,

VC-ion54e@~sCi /r !12/z22~sCi /r !4#, ~1!

where e578.4 meV @23#, sCi5(sC11sLi1)/2, sC
50.284 nm,sLi150.136 nm, andz is the ionic charge. This
potential is in good agreement withab initio calculations
reported in Ref.@20#.
©2000 The American Physical Society01-1
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V. BERNSHTEIN AND I. OREF PHYSICAL REVIEW A62 033201
The intramolecular harmonic potential includes all t
normal-mode contributions, stretching, bending, and n
bonded interactions between second-neighbor atoms@23#. A
reasonable approximation is to apply one force constant
all the short C-C distances and one for the long C-C d
tances. The same approximation was used for the ben
force constants. The values of the parameters of this pote
were obtained from Procacciet al. @23#. The initial rotational
energy was chosen from the appropriate thermal energy
tributions. The internal energy was the average thermal
ergy of the endohedral complex at each temperature. T
initial configurations were chosen: the ion was placed at
center of either the five- or the six-member ring.

The ion migration on the surface was considered as
isomerization reaction for which the reaction occurred wh
the ion in the center of a five-member ring migrated to any
the five neighboring six-member rings (5→6) or when the
ion in the center of a six-member ring migrated to one of
three neighboring five-member rings (6→5) or to one of the
three neighboring six-member rings (6→6). The reaction
coordinate for each process was determined from Eq.~1! and
it was verified that it is the minimum-potential energy pa
The barriers are similar to those that were obtained byab
initio calculations@20#. The product of a reaction was de
fined by its final configuration. The distances between
ion and the carbon atoms surrounding it were calculated
function of the trajectory time, and when the distances in
product configuration were shorter than those of the react
the reaction was declared over. The 5→6 isomerization is a
unimolecular reaction with the rate coefficientk5 given by

d ln~Nnr /Ntot!

dt
52k5 , ~2!

whereNnr is the number of nonreactive trajectories at timt
andNtot is the total number of trajectories. For the 6→5 and
6→6 cases, with rate coefficientsk65 andk66, respectively,
the overall rate coefficientk6 is also given by Eq.~2!. The
individual rate coefficientsk65 andk66 are given by

Nr~ j !5
k6 jNtot

k6
@12exp~2k6t !#, ~3!

wherej indicates a five- or a six-member ring.Nr( j ) indi-
cates the number of reactive trajectories leading to rinj.
The trajectory data were plotted as required by Eqs.~2! and
~3! and the graphs were fitted by a linear least-squares fitt
The values of the rate coefficients were obtained from
slopes of the lines.

Quantum chemical calculations are the preferable met
for studying the dynamics of chemical reactions. Howev
they are impractical for most systems, especially system
complex as fullerenes.Ab initio molecular dynamics calcu
lations have been used@20~c!,20~d!# for Li1@C60 but the
duration of the dynamic processes were limited to 75 fs, t
orders of magnitude shorter than realistic reaction times
thermal systems of temperatures up to 900 K. Theref
quasiclassical trajectory calculations are the method
choice. However, when quasiclassical trajectory calculati
03320
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are used for studying chemical reactions there is the ques
of the flow of the zero-point energy~ZPE! from various vi-
brational modes of the molecule into the reaction coordin
@33,34#. Various methods have been suggested to correc
this deficiency. Analysis and comparison of some of t
methods are given by Lim@35#. In one method the trajecto
ries with product internal energy below the ZPE are repla
by new trajectories@36#. In another approach@37#, a correc-
tion factor proportional to the transition-state sum of state
applied to the calculated rate coefficient of the reacti
Other correction methods are more complicated and invo
adjusting the trajectories as the calculations progress@33,38–
44,35#. In the present, endohedral, case there is surface
fusion, or ring hopping, of the Li1 ion, which is akin to an
isomerization reaction. The fact that the presence of Li1 does
not alter the normal-mode frequencies of the C60 is an indi-
cation that there are very weak Li1-C interactions inside the
C60 cage. Therefore, there is no question of leakage of Z
from the C60 into the reaction coordinate, neither is there
question of the products of the isomerization having ene
below the ZPE, because the energy release in the exit c
nel is greater than the ZPE of the Li1-C60 modes.

III. RESULTS AND DISCUSSION

As indicated before@20#, the Li1 inside the cage is at a
potential-energy minimum located in the center of eithe
pentagonal or a hexagonal ring. Five hexagonal rings s
round one pentagonal ring; therefore there exists only
fivefold-degenerate isomerization channel. Three pentag
rings and three hexagonal rings, on the other hand, surro
one hexagonal ring. This creates two parallel reaction ch
nels. The reaction coordinate calculated from Eq.~1! is
shown in Fig. 1. The activation energy for 5→6 is 1.4 kcal/
mol, for 6→5 it is 2.3 kcal/mol, and for 6→6 it is 2.6
kcal/mol; the last two values are practically the same. T
low values of the activation energies are due to the w
Li1-C interactions and the fact that the ion experiences

FIG. 1. The potential energy vs the reaction coordinate. The
circles indicate the positions of the ion above a ring at the bott
and top of the potential wells.
1-2
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SURFACE MIGRATIONS OF ENDOHEDRAL Li1 ON THE . . . PHYSICAL REVIEW A 62 033201
potential of non-nearest neighbors, which compensates
the potential energy lost during the movement of the
along the reaction coordinate.

Sample trajectories are shown in Fig. 2, where the po
tial energy is shown as a function of time. Figure 2~a! shows
an isomerization of 6→5 followed by an isomerization o
5→6. The ion is situated in the center of a hexagonal r
and it oscillates, gaining and losing energy to the C60 cage.
When it acquires energy in the reaction coordinate above
value of the threshold energy for reaction, the ion migrate
the pentagonal ring, which has a higher potential energy.
spike height of212 kcal/mol shows the instant when enou
energy is obtained to cross the potential barrier of 2.3 k
mol. After spending;17 ps above the pentagonal rin
isomerization occurs again and the ion migrates to one of
five neighboring hexagonal rings. The activation energy
this process is only 1.4 kcal/mol. Figure 2~b! shows a 6
→5 isomerization, where the ion spends little time ove
hexagonal ring before migrating to a pentagonal ring, wh
it stays for the rest of the trajectory. Trajectories for 6→6
isomerization are similar to the trajectories that are prese
in Fig. 2 and are not shown here.

Trajectory calculations are subject to the availability
computational resources. That is to say, trajectories of l
duration require prohibitive computational resources. The
fore, our computational approach was to run trajectories
convenient temperature range, determine the Arrhenius
rameters, and then extrapolate to values of the rate co
cients outside the computed range. The lower value of

FIG. 2. The potential energy as a function of a trajectory tim
~a! The trajectory describes the migration of an ion initially ce
tered on a six-member ring to a five-member ring and then t
six-member ring.~b! A trajectory that describes the migration of a
ion from a six- to a five-member ring.
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temperature range of 500 K was determined by a time li
of 7.5 ps for a trajectory. Below this temperature, the deg
of isomerization was too low for the results to be statistica
meaningful. Above the upper limit of 900 K, the energ
content of the system is very high and the ion is not follo
ing the minimum-energy path but rather flies from one s
of the cage to the other instead of diffusing along the ca
wall.

The rate coefficients for the Li1 migration along the wall
of the cage are found from plots of ln(Nnr /Ntot) vs time@as in
Eq. ~2!#, which are shown in Fig. 3 for 5→6 and the com-
bined 6→5 and 6→6 isomerizations. The graphs are esse
tially linear and the values ofk5 andk6 at each temperature
are obtained from a linear fit to the data. In obtaining the
graphs, care was taken that the number of trajectories
high enough so that the degree of conversion ranged f
25 % to 100 % in order to provide statistically meaningf
results. The individual rate coefficientsk65 andk66 are given
by Eq.~3! and are calculated from the slopes of the graphs
Fig. 4. The linear least-squares fit was applied only to d
with trajectory duration greater 0.3 ps.~Below this value,k is
a function of time since at very short times there is more th
one eigenvalue to the reaction velocity matrix@45#!. The
graphs are linear and therefore the rate coefficients obta
from them truly represent the individual isomerization rea
tions.

The predictive power of the present work is embedded
the Arrhenius equationk5A exp(2E0 /RT), whereA is the
frequency factor. The temperature range of this study w
chosen to include an experimental study performed at 67
by Campbell and co-workers@46#. Figure 5~a! shows the

.

a

FIG. 3. ~a! First-order plots of 5→6. ~b! First-order plots of the
combined 6→5 and 6→6 reactions. Heavy lines denote trajecto
results and light lines are best fits to the data.
1-3
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V. BERNSHTEIN AND I. OREF PHYSICAL REVIEW A62 033201
results for the 5→6 isomerization. The straight lines yield a
A factor of 4.031014s21 and an activation energy of 7.
kcal/mol. This is larger by a factor of more than 5 than t
barrier height for this reaction. Figure 5~b! shows Arrhenius
plots for reaction 6→5 and reaction 6→6 and for the com-
bined rate coefficient of the two channels. The plots are
as linear as the plot in Fig. 5~a! but clearly an Arrhenius-type
behavior is observed. When the data in Fig. 5~b! are limited

FIG. 4. A plot of the product of the total rate coefficients tim
the ratio of reactive to total trajectories for the 6→5 ~ ! and 6
→6 ~ ! reactions. See text for details. The temperatures re
to the line above the value and to the line below it.

FIG. 5. Arrhenius plots for~a! 5→6 and~b! 6→5 ~,!, 6→6
~n!, and the overallk ~L!.
03320
ot

to the same range as in Fig. 5~a!, the graphs appear linear a
well. A linear best fit to the data of the combined 6→5 and
6→6 reactions yields values of the Arrhenius parameters
A55.631014s21 and activation energy 10 kcal/mol.

Analysis of many trajectories indicates that, in the te
perature range that was studied, the ion does not mig
through the center of the cage. Rather, it hops from one
to the other along the inner wall of the cage. This is
because the highest barrier for migration along the wall is
kcal/mol for the 6→6 isomerization while the barrier fo
penetration through the center is 10.3 kcal/mol. Therefo
the ion follows the lowest-energy path along the wall a
avoids jumping from one ring to another through the cen

We have applied the activated complex theory~ACT! and
the Rice-Ramsperger-Kassel-Marcus theory to the Li1@C60
system in order to calculate the rate coefficients for 5→6,
6→5, and 6→6 isomerization. The results are presented
Fig. 6. Both calculations yield similar results with values
kACT smaller by 10–13 % from values ofkRRKM . They are
different, however, from the trajectory results shown in F
5. A comparison of the values ofkACT andkRRKM with ktraj
shows that the trajectory results yield activation energies
are about fourfold larger than the values obtained by
conventional ACT and RRKM methods. However, theA fac-
tors ofktraj are much larger than theA factors ofkACT and of
kRRKM , making the difference in values of the rate coef
cients much smaller. At 550 K, the difference is a factor
;2 and at 900 K the difference is only a few percent. Ge
erally speaking, however, the ACT or the RRKM theory ca
not simulate the trajectory results very well.

SincekACT is expected to exhibit Arrhenius-type beha
ior, the straight lines in Fig. 6 are no surprise. However,
Arrhenius-type behavior of the RRMK theory rate coef
cients k(E) is somewhat of a surprise, since they are o
tained from an expression with no obvious exponential
havior,

k~E!5
W~E1!

hr~E!
, ~4!

te

FIG. 6. Arrhenius plots of activated complex theory rate coe
cients 5→6 ~h!, 6→5 ~n!, 6→6 ~L!, and for RRKM theory rate
coefficients, 5→6 ~s!, 6→5 ~,!, 6→6 ~>!.
1-4



x

iu
a-
to

t p

er
t

io

itu
, b
io
-
on
tio
tie
l b

are

n
he
nt
ents
he

to
re-

en-
that

by
the

SURFACE MIGRATIONS OF ENDOHEDRAL Li1 ON THE . . . PHYSICAL REVIEW A 62 033201
whereW(E1) indicates the number of states of the comple
E1 is the internal energy of the complex, andr(E) is the
density of states of the endohedral complex. The Arrhen
type behavior ofk(E) has been noted before for microc
nonical systems where the internal energy was converted
vibrational temperature, which served as the independen
rameter of the Arrhenius equation@47,48#. In the present
case, the values ofk(E) are calculated at the average en
gies of the canonical ensemble and the temperature is
ensemble temperature, which is the inverse of the prev
case.

The exohedral complex represents a totally different s
ation from the endohedral case, which is discussed here
cause, in addition to isomerization, there is dissociat
where the ion leaves the C60 molecule completely. The po
tential surface is different and the barriers for isomerizati
dissociation are much higher, which makes the dissocia
much slower and the demand on the computational facili
higher. Work on the exohedral case is in progress and wil
reported separately.
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In conclusion, quasiclassical trajectory calculations
used to study the Li1 ion migration along the inner wall of a
C60 molecule. Starting from initial conditions where the io
is located in the center of a five- or six-member ring, t
migration of the ion is computed. A statistically significa
number of trajectories are used to evaluate rate coeffici
as function of the temperature. A plot of the logarithm of t
rate coefficients vs 1/T is linear for five- to six-member ring
isomerization and nearly linear for six- to five- or six-
six-member rings. The Arrhenius parameters that are
ported enable the calculations of ion migration at experim
tal temperatures. The present work establishes the fact
the Li1 ion is not static but moves around the C60 cage.
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