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Surface diffusion and desorption of exohedral Lt from the surface of a fullerene
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Surface diffusion and desorption of Lfrom the outer surface of & are explored by quasiclassical trajec-
tory calculations. The dynamics of exohedral Linitially at the center of a ring on the outer cage qf,ds
followed as a function of time. Ring hopping between adjacent rings is the major diffusion mechanism but
12—-20 % of the ions, depending on the temperature, leave the ring, orbit the molecule, and fall back on a
nonadjacent ring. There can be a sequence of hopping and orbiting before total desorption takes place. The
average lifetime of an orbit is independent of the temperature, while the exohedral complex lifetime decreases
with temperature. Rate coefficients for ring hopping and desorption are reported as a function of temperature.
The average kinetic energy removed from thg By the desorbing ion increases with temperature and it is
independent of the lifetime of the complex. Kinetic-energy release distributions at various temperatures are
reported.
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INTRODUCTION mental resultsAb initio calculations[13,18,19 were per-
formed to determine the parameters of the potential-energy
Collisions between fullerene molecules and metal or raresurface and the stability of the endohedral system. Ign/C
gas ions or between fullerene molecules and rare-gas atonirgermolecular potentials were developg@f—-22 and used
form stable complexefl —38. Two possible complexes can in molecular-dynamics simulations of experiments. The sys-
be formed. One type is formed when the ion penetrates th&®m[13] He/G;," was modeled by using a modified hydro-
Ceo cage and resides on the inner wall of the molecule. Suckarbon potential20] and the trajectories were restricted to a
a complex is called an endohedral complex and is denoted b{fe of approach through the five- and six-member rings in
M * @ Gy, The other type is formed when the ion resides ont. e G Good agreement between experiments gnd simula-
the outer surface of the molecule. Such a complex is calleflOns was reporte20]. Ar_1+other molecular-dynamics study
an exohedral complex and is denotedMsy Cq,, These com- 128l 0n the HE/Cgo and Li*/Cqo systems did not reproduce

plexes are of current interest and have practical appIicationéhe_l_‘?]ercnfnltﬁ'nlse\x'oli1 fotmr(]dtilr} e:1<p(rar|menrt:. ¢PES of th
The endohedral complexes find use in nanodevices in as € muttiple-well potential-energy surta ot the

system determines the location of the ion, which, in turn,
much as they serve as model compounds for nanotube-bas :
: o : etermines the spectroscopy of the sysfeé®+26. Dunlap,
devices. The exohedral complexes provide information o

e ! rf:‘iallester, and Schmidt have calculated the PES for
surface diffusion and desorption from surfaces.

o ) X . M™* @Gy, using all-electron local-density-functional total-
Collisions of rare-gas ions withdgleading to endohedral energy calculationf24(a)]. For the case of the Liion they

complexes have been studied at various collision energigg,q that the minimum in the PES is at 0.14 nm from the
[4—6]. It was found that the dominant mechanism is charg&enter of the cage for the fivefold axis and at 0.12 nm for the
exchange and the inert-gas atom penetratesCje ion to  threefold axis. The well depth relative to the configuration
form an R@Cg," endohedral complex. The insertion effi- where the ion is located at the center of thgi§ 0.51 eV for
ciency depends on the reactants relative translational energyoth structures. Endohedral vibrations are reported 260
and can reach values of over 1%. Collisions of alkali-metakm™ . The results ofab initio Hartree-Fock calculations by
ions also lead to endohedral complex formation. In this cas&arganov, Avramov, and Ovchinnikof24(b)] also show
there is no charge exchange between the metal ions and thigat the Li" is located off center and that the minima in the
Cso because of the low ionization potentials of the metalsPES are located in the centers of the pentagonal and hexago-
[7,8]. Insertion occurs also in collisions of accelerated noblenal rings. Joslinet al. [25] have used the PES of Dunlap
gas ions with surface layers ofg]14]. A similar procedure et al. [24(a)] to calculate the vibrational-rotational bands of
was used for the insertion of alkali-metal ions intg,C15].  Li*@Cs, They find a pure rotation peak near 40 chand
The location of the ion inside the cage depends on the size &f fundamental vibration-rotation band at 350 ¢m
the ion. For example, for a Liion the minimum in the Hernandez-Rojas, Breton, and Llorefig¥] used a pairwise
potential-energy surface occurs when the ion is in the centdrennard-Jones potential for the endohedral interaction and
of a pentagonal or hexagonal ring away from the center otalculated the rotational spectra Bf* @Gy, Experiments
mass of the g, molecule[24]. by Campbell[16(b)] give ~430 cm ! for the endohedral
In parallel to the intense experimental activity, numericalvibration.
calculations have been done in order to explain the experi- In addition to all the static aspects discussed above, there
is also a dynamic side to the problem. The endohedral ion is
not in one particular PES well but can also be in motion,
*Electronic mail: chroref@aluf.technion.ac.jl migrating from one ring to another. Therefore, dynamic
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computational methods are required. Quantum-chemical catnagnitude higher than the kinetic-energy release in the de-
culations are the preferable method for studying the dynamsorption process. This also ensures that the kinetic energy
ics of chemical reactions. However, they are impractical forcarried by the ion will not deplete the internal modes below
most systems, especially systems as complex as fullerendahe ZPE level.
Ab initio molecular-dynamics calculations have been used Exohedral complexes of a metal ion and @ @wolecule,
[24(c,d)] for Li * @ Cyo but the durations of the dynamic pro- the subject of the present work, have also been extensively
cesses were limited to 75 fs, three orders of magnitudéhyestigated in solutionf30—37 and in the gas phag@3—
shorter than realistic reaction times in endohedral and ex03g] and studied theoreticall}j51,52,24b)]. The theoretical
hedral systems at temperatures of up to 1500 K. Thereforgyg|culations show that the ion is located above the center of
quasiclassical trajectory calculations are the choice methog five- or six-membered ring or above a=& bond
to use. [51,52,24b)]. The most stable configuration is when the ion
We have used quasiclassical trajectory calculati®® s |ocated above the center of a hexagonal ring. Hira and Ray
to study processes that occur in a high-energy collision of51(a)] used unrestricted Hartree-Fock theory to calculate the
Li ™ with Co. The degree of Li@g," formation as a func-  energies of the N&/Cq, System. They report that the exohe-
tion of the relative translational energy was determined anjyg| well depths are smaller than the endohedral by 0.4 eV
the escape from the cage, following the endohedral formayith the c; symmetry site being the deepest well. For the
tion, was followed as a function of the relative translational|_i+/c60 system, Ruizet al. [51(c)] used a semiempirical
energy. The collisional energy-transfer probability densitymodel of the Pariser-Parr-Pople type and multipole expan-
combined with a RRKM theory rate coefficiek{E) to give  potential-energy values. They find that the well depths of the
the degree of diSSOCiation of the eXCitegb.On addition, the endohedra' Comp|ex are deeper than the exohedra| ones.
intramolecular energy redistribution following the initial im- Varganov, Avramov, and Ovchinnikd24(b)] useab initio
pact of the Li" in the center of a pentagonal ring on the Hartree-Fock calculations and find that the exohedral and
surface of the g was calculated17(a)]. We have also per- endohedral potential wells are of identical depths. Andreoni
formed a detailed quasiclassical trajectory study of the dyand Curioni[52] have used density-functional theory to cal-
namics of Li" inside the cage of £ as a function of the culate the structure and dynamics of metallofullerenes. They
temperature of the systefa7(b)]. The movement of the ion  find that the binding energies of LCq, are higher than those
from one ring to another was depicted as an “isomerization”of |j* @ G, by as much as 7 kcal/mol. De Proft, Van Alse-
reaction and the rate coefficieritsvere determined at each nov, and Geerling51(b)] calculated a well depth of 9.4 kcal/
temperature. Plots of kivs 17T gave Arrhenius-type behav- mol for Li* @Gy, These results differ by as much as 60%
ior up to 900 K. At higher temperatures the ion can fly acros§rom other reported values. Basir and Ander§88] have
the cage without migrating along the inner wall. In such afound experimentally that two kinds of hexahedral complex
case the term “rate coefficient” loses its meaning altogethefre formed in collisions of transition-metal ions witCAt
and there is an ion moving freely in a potential field. low collision energies the ion resides above thg &d the
An open question related to studying chemical reactiongomplex dissociates with loss of the metal ion. At high col-
by quasiclassical trajectory calculations concerns the flow ofisjon energies the metal ion inserts into thg, Etructure and
zero-point energyZPE) from various vibrational modes of e complex decomposes with a lossMC,. Our work is
the molecule into the reaction coordind®—-50. Various  (g|ated only to Lf Cg which is formed at low energies.
methods have been suggested to correct for this deficiency. The dynamics of an ion on the outer surface gf,Qn
An analysis and a comparison of some of the methods argysnedral case, is different from its diffusion along the inner
given by Lim[48]. In one method all trajectories with inter- \y4|| of the fullerene moleculgl7(b)]. The PES is different
nal energy below the ZPE of the products are replaced bynq in addition to surface diffusion there is also desorption
new trajectorie$43]. In another approach46], a correction  \here the ion leaves the surface of the fullerene molecule
factor proportional to the transition-state sum of states is aPaltogether. In the present work we explore the rate dfibn
plied to the calculated rate coefficient of the reaction. Otheﬂesorption from the surface ofsgand the rate of diffusion
correction methods are more complicated and involve adjustss i+ on the surface of &, and report the rate coefficients

ing the trajectories as the calculations progres poth processes as a function of temperature.
[39,41,42,44,45,47-30In the ion/G, system there is sur-

face diffusion, or ring hopping, of the Liion, which is akin

to an isomerization reaction and desorption of the weakly
bound Li". The fact that the presence of'Ltoes not alter
the normal-mode frequencies of thg,@s an indication that The numerical methods used in the present work are re-
there are very weak Licarbon interactions outside theC ported in[53] and[54]. The equations of motion were inte-
cage. Therefore, there is no question of leakage of ZPE frorgrated by using a modified public domain programnus

the Gy into the reaction coordinate, neither is there a ques{55]. As reported in the Introduction, the intermolecular po-
tion of the products of the isomerization having energy betential varies in magnitude and trend. We have used a
low the ZPE, because the energy release in the exit channearbon/ion pairwise potentidR1,28 that was used in our

is greater than the ZPE of the 1-iCg4; modes. The internal previous work on LT @ Cs [17]. It combines the repulsive
energy of the G, with its 174 internal modes is orders of part of a Lennard-Jones potential with an ion-atom attractive

THEORY

043201-2



SURFACE DIFFUSION AND DESORPTION B. .. PHYSICAL REVIEW A 63 043201

part whose ¥ dependence is derived from the Hellmann-  The reaction coordinate for each process was determined

Feynman theorerf28]: from the PES and it was verified that it is the minimum-
potential-energy path. The product of a reaction was defined
Veion=4el (oa/1) 22— (ae1r)], (1) by its final configuration. The distances between the ion and

the carbon atoms surrounding it were calculated during the
trajectory and, when the distances between the ion and the
carbon atoms in the product configuration were shorter than
those of the reactant, the reaction was terminated. Local de-
sorption was defined by a distance of 0.335 nm between the

bonded i ) b d-neiahb s A ion and its nearest carbon atom. At this distance the intermo-
onded interactions between second-neighbor aj@is lecular potential approaches zero. Total desorption is defined

reasonable approximation is to apply one force constant foLs 5 case when the ion does not return to the surface of the

all the short C-C distances and one for the long C-C dis'ring after undergoing local desorption.

tances. The same approximation was used for the bending 1o 5 g jsomerization and desorption is a unimolecular

force constants. The values of the parameters of this potenti?é . . _ i
. . . action where the rate coefficieki(=kge+Kksq) is given
were obtained from Procacet al.[22]. The Li"-Cg, transi- §(=ksst ksq) IS @

tion modes were calculated together with the molecular

modes by including the intermolecular potential as part of

the intramolecular potential. The initial rotational energy was d IN(Npy/Nygy)

chosen from the appropriate thermal energy distributions. Tz—ks, 2
The internal energy was the average quantum-statistical ther-

mal energy of the exohedral complex at each temperature.

Two energetically stable initial configurations were chosen;

with the ion above the center of a five- or a six—memberec}NhereN”r is the number of nonreactive trajectories at titne
ring and N,y is the total number of trajectories, which in our

S , . calculations was about 5000. For the-%, 6—6, and 6
lon migration on the surface was considered as an isomer- : o
o . : . ~—d cases, with rate coefficientgs, Kgg, andkgy, respec-
ization reaction where the ion above the center of a five-. - .

tively, the overall rate coefficienks (=Kkgst+ KggtKgg) IS

membered ring migrated to any of the five neighboring X150 given by an equation similar to E). The individual

membered rings (5:6) or when the ion above the center of rate coefficientke. andKe. . Kee ke andke. are given b
a six-membered ring migrated to one of the three neighbor- 56 5d1 65 "6 6d 9 y

ing five-membered rings (65) or to one of the three neigh-
boring six-membered rings (66). In addition to isomeriza- kN
tion there is also desorption. Local desorption occurs when N (ij)= "th
the ion leaves the surface. There are two outcomes to local i
desorption: it can desorb from one ring and land on another,
or it can leave the molecule altogether. Each of these pro- o . . e .
cesses is considered separately. Whgrel .|nd|cates. the starting ring aqdmdwatgs th.e. dgstl-
A schematic representation of the diffusion/desorptionation five- or six-membered ring or desorptid.(ij) in-
processes is depicted in the following diagram. _dlcates thg numl:_)er of reactive tr_ajectone_s starting from ring
i and leading to ring or to desorption an#; is kg or k. The
Orbit trajectory data were plotted as required by E@.and (3)
and the data were fitted by a linear least-squares fitting. The
values of the rate coefficients are the slopes of the lines.
Trajectory calculations yield directly individual rate coef-
ficients that describe ion hopping from one ring to another or
desorption from a ring. However, the experimental quantity
is the total desorption of the ion from the fulleretg, and
it is an integration of individual events where the ion departs
from a five- or a six-membered ring regardless of the previ-
ous history of how many jumps the ion performed before
arriving at the present ring. That is to say, there can be a
succession of jumps from one ring to another that ends in ion
desorption. In addition, a binary cluster is possible where the
In this diagram, the numbers 5 and 6 describe a five- and &n hovers over the molecule for a given time and falls back
six-membered ring, respectively. The first number in the suben top of one of the rings. The overall lifetime of the ion on
script of the rate coefficient indicates the starting ring and thehe surface is related to the number of jumps on the surface
second number indicates the destination ring. Tkgisis the  of the molecule and to the duration of the orbiting binary
rate coefficient of jumping from a six- to a five-memberedcluster. Below, we discuss the results of our calculations on
ring andk;q is the rate coefficient for desorption where desorption and surface migration of a‘Lion on the outer
indicates a five- or a six-membered ring. surface of a G, molecule.

where €=78.4meV [22], o¢=(octo,+)2, o¢
=0.284 nm,o;+=0.136 nm, ana is the ionic charge.

The intramolecular harmonic potential includes all the
normal-mode contributions, stretching, bending, and non

[1—exp(—kit)], ()
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The reaction coordinate is calculated from the ion-atom 0.3 ' d
intermolecular potential, which is given by E@L), and is :
shown in Fig. 1. The deepest well is11.0 kcal/mol and it
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04+ 77
a 110 112 114 116 118 120

————r—
100 120

12 14 16 18 20 22

V(r) (kcal mol™)

—— T
100 102 104

— T
106 108 110

23—

—
114
Time (ps)

—
110 112

FIG. 2. (a) A trajectory describing the temporal evolution of the
potential energy(b)—(d) describe time segments of the trajectory in

(a). The temperature is 1050 K.
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FIG. 3. (a) A trajectory describing the temporal evolution of the
distance between the ion and the center of ni@$8) of Cg. (b)—
(d) describe time segments of the trajectoryan The temperature
is 1050 K.

membered ring. There is a shallower well 8.4 kcal/mol
when the ion is located above a five-membered ring. A sys-
tematic evaluation of the PES shows that the minimum in the
potential occurs when the ion moves along the center-center
line. This is the reaction coordinate that is shown in Fig. 1.
The barrier for 5-6 diffusion is 4.3 kcal/mol, for 6-5
diffusion it is 4.9 kcal/mol, and for 6:-6 diffusion it is 5.1
kcal/mol. For desorption, the barriers are the well depths as
shown in the drawing of the reaction coordinate.

The processes of isomerization, orbiting, and desorption
are demonstrated by a sample trajectory in Figs. 2 and 3. In
the former, the potential energy is shown as a function of
time. The temporal evolution of the ion migration during the
trajectory is shown in Fig. (@). There are random jumps
from one well to another. A baseline atl1 kcal/mol indi-
cates that the ion is above a hexagonal ring and a baseline at
—9.4 kcal/mol indicates that the ion is above a pentagonal
ring. In addition, there are jumps out of the wells leading to
the ion orbiting the fullerene molecule with almost zero po-
tential energy. Figures(B)—2(d) show expanded time inter-
vals of segments of the trajectory in Fig(a where the
various processes can be better observed. As can be seen,
isomerization occurs in a random fashion and the energy
needed for the process does not exceed the barrier height by
much. In some cases large peaks can be seen. This happens
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TABLE I. Percent trajectories that show orbiting of'Labove a G, molecule. Initially, the Li is above
a hexagonal ringN?, is the number of ions with only one orbit prior to desorption.

T (K) 950 1000 1050 1100 1150 1200 1300 1500

N/ Nia (%) 20.0 19.4 18.7 15.0 15.9 12.0 14.7 12,5
(Torn) (PS) 0.589 0.598 0.687 0.625  0.644 0608  0.578  0.616

N2 /NS (g5) 79.6 82.4 84.5 86.2 87.6 89.8 91.6 93.2

when the transition modes attain large quantities of energy, The process of hopping and partial orbiting ends when the
albeit not enough for the ion to be kicked out. There areion is kicked out with enough energy to overcome the bind-
cases, however, where enough energy is available for the idng energy and desorption occurs. A plot of the logarithm of
to escape the well and orbit the molecule. Peaks that reache number of undesorbed ions versus time, as in(Ey.
the zero-potential-energy level denote these events. An eneshould give the rate coefficient for desorption. Figure 4
getic kick will remove the ion altogether from the surface of shows first-order desorption plots at various temperatures.
the molecule. Also given are the best fits to the data from which the rate
Figure 3 shows the temporal evolution of the distancecoefficients for desorption were obtained. The Arrhenius plot
between the ion and the center of mass of the fullerene mobf the rate coefficient for desorption is given in Fig. 5. The
ecule. The shortest distance is when the ion is located abowemperature dependence of the rate coefficient for desorption
a hexagonal ring. The distance is somewhat larger when this given by k~(5.8+3.0)x 10" exf (—10.3+0.8)/T]. The
ion is above a five-membered ring. The ion spends a givenesults are summarized in Table Il. The activation energy for
amount of time in a well above a ring and then hops todesorption is larger than the reaction coordinate barrier
another and so on. Orbiting occurs when the ion is kickecheight for dissociation of 11.0 kcal/mol that is obtained from
hard enough and flies to a distance of 0.8 nm where theotential-energy calculation and reported in Fig. 1.
potential energy is essentially zero. The trajectory is sym- As mentioned before, an ion located above a ring, in the
metric and the ion returns to the surface after spending beésottom of the well, can diffuse to another ring or it can
tween~0.5 and~2 ps in “space” above the ring. The av- desorb by escaping from the surface. Such an event has two
erage lifetime of an orbit is~0.6 ps and it is essentially outcomes. In one, the ion leaves the fullerene permanently
independent of temperature because orbiting occurs when ttend in the other, when it does not attain enough energy, it
potential is almost zero regardless of the initial conditions infalls back after hovering for a while above the molecule. The
the complex. Although desorption and surface diffusion fromrate coefficient for desorption from a ring includes both
ring to ring are intuitively expected, the high frequency of events while the total rate coefficient for desorption, which is
the orbiting phenomenon is somewhat of a surprise. Table the more relevant experimental quantity, represents final de-
gives the percent of trajectories with orbiting. At 950 K, 20% sorption from the molecule regardless of the history of the
of all trajectories show at least one orbiting event. This dropson prior to the desorption event. The individual rate coeffi-
to 12% at 1500 K. The drop in the number of orbiting eventscients for desorption and diffusioksy, keq, k5, andkg, as
with increasing temperature can be explained by the fact thatell askgs andkgg, were extracted by plotting the appropri-
at low temperatures the internal energy is low and there iste quantities in Eq.3). Sample plots are given in Fig. 6 and
not enough energy in the transition modes to kick the iorthe relevant data are given in Table Ill. As might be ex-
out. As the temperature increases the percent orbiting desected, the ratio of surface migration to desorption decreases
creases while total desorption increases.

In(Nnr/Ntotal)

o 5 10 150 200 250 1000/T (1/K)
Time (ps) )
FIG. 5. An Arrhenius plot for trajectory calculations of total
FIG. 4. First-order plots of total desorption of 'Lifrom the  desorption of Lt from the surface of & (H); RRKM theory(V);

surface of G absolute rate theorf).
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TABLE II. Total desorption of LI from a G, molecule. The
Li* is initially above a hexagonal ring. Trajectory time limit is 250
ps.E, is the internal energy &k Ny is the total number of trajec-
tories; Ny the percent leading to desorption.

E, Ny Ky

T(K)  (kcalmol™) Not (%) (ps™

950 161.1 1000 87  8.3810°°
1000 175.7 1200 99  1.8410°2
1050 190.5 2000 100  3.6010°2
1100 205.6 1500 100  6.5610 2
1150 220.8 1000 100  9.6410°2
1200 236.1 2000 100  1.3510°!
1300 267.2 1500 100  2.6710°!
1500 330.7 4000 100  4.10°!

as the temperature increases. The internal energy®inc
creases with temperature and with it increases the probability
of attaining enough energy in the transition modes to kick
the ion out. This can be seen in Fig. 7 where a sharp decrease
in the average lifetime of the exohedral complex is observed
as a function of temperature.

At 700 K there is no local desorption from thgd&luring
the 300 ps maximum lifetime of the trajectories. At 900 K ez |
there is 0.5% of local desorption and no, or very little, total 0.0 0.2 0.4 0.6 0.8 1.0
desorption from the g while at 1500 K 25% of the trajec- 1-exp(-kt)
tories undergo local desorption. The dependence of the rate
coefficients on temperature is shown in the Arrhenius plots FIG. 6. Plots of Eq(3) for surface migration of the ion from a
in Fig. 8. The temperature dependences of the rate coeffiexagonal ring to a pentagonal or a hexagonal ring. The slopes of
cients arekg=(11.0+4.8)x 10*exd(—9.2+0.8)/T]; Kgs the lines yield the individual rate coefficients.
=(7.9+4.0)x10%exd(—9.5-0.9)/T];  Kge=(9.6+5.7)
X 10t exd (—9.8+0.8)/T]; and keq=(10.6=5.3)  curves for sample temperatures are shown in Fig. 9. As
X 10" exf (—14.0+0.8)/T]. It should be pointed out that if might be expected, the KE release curve at 950 K is narrower
one waits long enough there will also be total desorption athan the curve at 1500 K. There are a few trajectories with
700 K. However, it requires long trajectories, which are timenegative KE, which result from the fact that some trajectories
and resource expensive. Indication of the degree of total deare created, at=0, with KE in the well and thus subtracting
sorption at 700 K could be obtained from an extrapolation ofthe well depth sometimes gives negative values that have no
the Arrhenius plot shown in Fig. 5. physical meaning. These results are in quantitative agree-

As the ion leaves the molecule, it carries with it kinetic ment with those of our previous work on the dissociation of
energy. This energy is in excess of thg, potential well —benzene-Ar clusterf56]. The average KE release increases
depth of 11 kcal/mo(3860 cm %), all of which is lost by the ~ with the temperature as shown in Fig. 10, which shows the
Ceo molecule. Kinetic-energy(KE) release distribution average energy that is removed from thg @olecule as a

TABLE lll. Isomerization/desorption from a single hexagonal ring as a function of temperatigeis
the internal energy af. N indicates the number of trajectories. For the meaning of the subscripts see the
text. Trajectory time limit is 7.5 ps.

T E, Niot  Nes  Ngg  Negg Ke Kes Kes Ked
(K)  (kcalmol?) %) (%) (%) (ps™ (ps™ (ps™h (ps™
700 92.3 1000 15.0 12.0 1.0810°% 5.97x10°% 4.90x10°4

900 146.7 4840 145 120 0.5 52002 3.00x10°2 2.43x10°2

950 161.1 2322 237 202 14 94802 544x102 4.70x10%2 3.35x10°°
1050 190.5 2312 354 332 45 230! 1.20x10°! 1.16x10°' 1.90x10 2
1150 220.8 2884 42.8 387 89 3%00°! 236x10°! 2.08x10! 6.27x10°2
1500 330.7 4342 39.0 359 248 1.08 Ot 7.94<10°! 8.10x10°!

&Trajectory time limit is 300 ps.
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FIG. 7. Average complex lifetime as a function of temperature.

The solid line is a visible aid.

function of the temperature. The temperature dependence of

the average energy removed from thg @olecule is given
by —(AE)=3761*+43+(0.624+0.037)T. Subtracting the

well depth yields the average KE released in desorption of a
Li ™ ion from the surface of the molecule. There is no corre-
lation between the lifetime of the exohedral complex and the

amount of energy removed by the ion. This can be seen in FiG, 9. Kinetic-energy release histograms (at 950 and(b)
Fig. 11, where the average energy removed from the molisoo K.

ecule is given as function of the complex lifetime. The lack

N/N,,, (%)
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of correlation between the two quantities can be explained aneory using as the activation energy the slope of the line that
the fact that the mechanism of desorption involves an enefyas obtained from the trajectory results in Fig. 5. The results

getic kick by an out-of-plane mode or modes without regardgre also presented in Fig. 5. As can be seen, there is good
to past hiStOI’y. Figure 11 ImplIeS statistical dissociation Ofagreement between the trajectory results and the ACT and
the exohedral complex and calls for using statistical theorieRRKM results. There is a discrepancy, however, between the

\ ) - depth of the well in the PES and the slope of the lines in Fig.
In order to compare trajectory results with statistical theo,

ries we have calculated the rate coefficient for total desorp- |t js interesting to compare the dynamics of the movement
of a Li* ion on the outer surface ofgg the exohedral case,
to the dynamics of diffusion along the inner walls of the

for calculating the rate coefficient for desorption.

tion by activated complex theoryACT) and by RRKM
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FIG. 8. Arrhenius plots for local desorption and surface diffu-
sion of Li* from a hexagonal ring on the surface of,C6—d
(#),6—-5(A), 66 (V¥), and overall rate of all three processes
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fullerene molecule, the endohedral c44&(b)]. The local
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5000 sorption, where the ion leaves the surface of the fullerene
molecule altogether. This does not happen in the endohedral
case. In short, in spite of the fact that an identical pairwise
potential is used in both types of complex, a different dy-
namic behavior is observed inside and outside the cage of
In conclusion, we have investigated surface diffusion and
desorption of exohedral Lifrom Cg, Diffusion occurs by
ring hopping (the ion jumps from one ring to its nearest-
neighbor ring, or by orbiting(where the ion skip-jumps and
lands on a non-nearest-neighbor jin@rbiting is an impor-
tant mechanism for diffusion and comprises 20% of all dif-
fusion events at 950 K and 12% at 1500 K. The decline in
the number of orbiting events at high temperatures is due to
the fact that more ions desorb and fewer ions are available
for orbiting. The average time an ion spends in orbit is 0.6 ps
and it is independent of the temperature because orbiting
represents an energy window with zero potential energy. At
high temperatures, more energetic kicks are expected but
they cause desorption and not orbiting, which represents only
a segment of all events with common history at all tempera-
tures. Rate coefficients for surface diffusion and desorption
as a function of temperature are provided. The trajectory
4 6 8 results for desorption are compared with rate coefficients cal-
Complex lifetime (ps) culated by RRKM and activated complex theories. Average
exohedral complex lifetimes are given and are shown to de-
cline with temperature. The kinetic energy acquired by the
departing ion is given by kinetic-energy release histograms.

environment is different for the two cases and therefore thé'> expected, the average kinetic energy of the ion increases
PES is different. The energy barriers for-@ and 66 with temperature. There is no correlation between the exo-

isomerizations of exohedral ions are higher by a factor of edral gomple'x I!fet!me and the amount Of. energy re”.‘o"e.d
than those for isomerizations of endohedral ions. In bottPY the ion. This indicates that the desorptlon r_nechan_lsm IS
énstantaneous and depends on a fast final kick. This was

cases, surface diffusion occurs by the ion jumping from on erified by animation of numerous traiectories. The details
ring to another but, since the barriers for surface diffusion’S"". y animati u u ! I€S. :

are different, the rate coefficients for diffusion are different.prov'hdeq abO\f/%_?fva a cor(r;%rehenst!ve ufrlﬁierstaphdmg of the
In addition, a fair fraction of the exohedral ions undergomec anism of diffusion and desorption of-Lirom the sur-

diffusion by orbiting, that is to say, jumping and skipping face of Geo
over a few rings and landing on a ring that is not a nearest

neighbor to the ring of origin. While orbiting does not take

place in endohedral complexes, at high temperature the ion This work was supported by the Technion V.P.R. Fund,
rattles inside the cage, not diffusing but flying from one sideby the B. and N. Ginsburg Energy Research Fund, by the
to another. There is also the obvious case that in addition téund for promotion of research at the Technion, and by the
surface diffusion in exohedral complexes there is also deMinistry of Science and the Arts.
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