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Surface migrations of endohedral Li* on the inner wall of Cg,
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Quasiclassical trajectory calculations are used to study the dynamics of endohédml hiigration along
the inner wall of the g, cage. The migration involves ion hoppirfggomerization from ring to ring via
minimum-energy paths. The thermal rate coefficients for five- to six-member ring isomeridatjoand for
six- to five- and six- to six-member ring isomerizatiokg, are given by the expressiors;= (4.0
X 10 exd (—7800 ca)/RT] s~ ! andks=(5.6x 10)exd (—10 000 cal/RT] s 1. The present work establishes
that the ion is not static but moves around along the walls of the molecular cage.

PACS numbds): 61.48+c, 71.20-b, 72.80-r

[. INTRODUCTION 0.51 eV for both structures. Endohedral vibrations are re-
ported at~350 cm . The results ofab initio Hartree-Fock
Gas-phase collisions between a rare-gas ion or an alkalfFalculations by Varganov, Avramov, and Ovchinnikov
metal ion and a g molecule or between a g ion and [20(b)] qlso _show that the [ is Ioca_ted off center and that
bath-gas molecules can result in the formation of exohedrdf’€ Minima in the PES are located in the centers of the pen-
complexes where the ion resides on the outer surface of t ggngfl EEI)Z?]Igexaéggllneasltgrg;ﬁalossti;ﬂ?r:ﬁ%g]ao?i\éecglsfﬂat&e
fullerene molecule or in an endohedral compMx @ Csq P '

: S the vibrational-rotational bands of L@ Cso. They find a
with the ion inside the molecular cagé—16]. The latter pure rotation peak near 40 cth and a fundamental

family of compounds, in addition to its obvious scientific yipration-rotation band at 350 ¢ Hernandez-Rojas, Bre-
Interest, has technologlcal S|gn|f|cance as hlgh-temperatun@m and Gomez |_|orent[é9] have used a pairwise Lennard-
superconductors and as important components in nanosiZ®nes potential for the endohedral interaction and have cal-
electronic and optical device#\b initio calculations have culated the rotational spectra bf* @ Cq.
been performed17-2Q to determine the parameters of the  There is also a dynamic aspect to the subject. The ion can
potential-energy surfacéPES and the stability of the en- be in motion, hopping from one adjacent well to another,
dohedral system. lonigintermolecular potentials have been €ach one located in the center of a ring, or moving almost
developed21-23 and used in molecular-dynamics simula- freely inside the cage from one ring to the opposite ring. The
tions of experiment§17,21,24,2% dynamics of the_: system is obviously a_functlon of thg inter-
Quasiclassical trajectory calculations have been (281 nal energy, which influences the physical characteristics of

to study processes that occur in a high-energy collision o*he system. It ig the purpose of th? present work tp invesi-
Li* with Cep The degree of Li@g;, formation as a function gate the dynamics of endohedralLin Cg, as a function of

of the relative translational energy was determined, and th}ehe internal energy of the system.

escape from the cage, following endohedral formation, was Il. THEORY

followed as a function of the relative translational energy.

The collisional energy transfer probability density function —Quasiclassical trajectory calculations were performed on

P(E’,E) in inelastic collisions was determined and com-Li"@ Cg with a known PES and given initial conditions.

bined with the Rice-Ramsperger-Kassel-Maroi®RKM)  The results were analyzed and rate coefficients for the Li

theory rate coefficierik(E) to give the degree of dissociation migration inside the cage wall were determined as a function

of the excited G, In addition, the intramolecular energy of the temperature and the initial position of the ion. The

redistribution following the initial impact of the Liin the  details of the calculations are given below.

center of a pentagonal ring on the surface of thg Was The numerical methods used in the present work are re-

followed. ported in Refs[30,31]. The equations of motion were inte-

The multiple-well potential-energy surface of the systemgrated by using a modified public domain progragnus

determines the location of the ion, which, in turn, determined32]. The intermolecular potential used is a carbon/ion pair-

the spectroscopy of the systdi26,20,27,28 Dunlap, Ball- ~ Wwise potential[22,24. It combines the repulsive part of a

ester, and Schmidt have calculated the PESMor@GCs, Lennard-Jones potential with an ion-atom attractive part

using all-electron local-density-functional total-energy calcu-whose 17* dependence is derived from the Hellmann-

lations[20(a)]. For the case of the Liion they find that the Feynman theorerf24],

minimum in the PES is at 0.14 nm from the center of the _ 12/.2 4

cage for the fivefold axis and at 0.12 nm for the threefold Veion=4el(oci/n) ™2 (oci/1)7], @

axis. The depth of the well relative to the center of thgi€  where €=78.4meV [23], o¢g=(0c.+oL+)/2, o¢
=0.284 nm,o;+=0.136 nm, and is the ionic charge. This
potential is in good agreement withb initio calculations

*Electronic address: chroref@aluf.technion.ac.il reported in Ref[20].
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The intramolecular harmonic potential includes all the
normal-mode contributions, stretching, bending, and non- 120+
bonded interactions between second-neighbor af@3js A 1
reasonable approximation is to apply one force constant fo  -12.5 -
all the short C-C distances and one for the long C-C dis- ;
tances. The same approximation was used for the bendin .43
force constants. The values of the parameters of this potentiz £
were obtained from Procacet al.[23]. The initial rotational
energy was chosen from the appropriate thermal energy dis
tributions. The internal energy was the average thermal en
ergy of the endohedral complex at each temperature. Tw
initial configurations were chosen: the ion was placed at the
center of either the five- or the six-member ring. <145 4.4

The ion migration on the surface was considered as ar
isomerization reaction for which the reaction occurred when Reaction coordinate
the ion in the center of a five-member ring migrated to any of ) ) _
the five neighboring six-member rings 456) or when the _ FIG._l._The potentla! energy vs the reaction co_ordmate. The full
ion in the center of a six-member ring migrated to one of thecwcles indicate the p95|t|ons of the ion above a ring at the bottom
three neighboring five-member rings{65) or to one of the ~2nd top of the potential wells.
three neighboring six-member rings {6). The reaction
coordinate for each process was determined fromBcnd  are used for studying chemical reactions there is the question
it was verified that it is the minimum-potential energy path.of the flow of the zero-point energfZ PE) from various vi-

The barriers are similar to those that were obtainedaby brational modes of the molecule into the reaction coordinate
initio calculations[20]. The product of a reaction was de- [33,34]. Various methods have been suggested to correct for
fined by its final configuration. The distances between tthIS deﬁciency_ Ana]ysis and Comparison of some of the
ion and the carbon atoms surrounding it were calculated as @ethods are given by Lirf85]. In one method the trajecto-
function of the trajectory time, and when the distances in thgjes with product internal energy below the ZPE are replaced
product gonflguratlon were shorter than .those pf the rt—_zactanﬁy new trajectorie§36]. In another approacf87], a correc-
the reaction was declared over. The-§ isomerization is @ = jon, factor proportional to the transition-state sum of states is
unimolecular reaction with the rate coefficidatgiven by applied to the calculated rate coefficient of the reaction.
Other correction methods are more complicated and involve
dIN(Npr/Nioy =k ) adjusting the trajectories as the calculations progré3s88—
dt > 44,35. In the present, endohedral, case there is surface dif-
fusion, or ring hopping, of the ['i ion, which is akin to an
whereN, is the number of nonreactive trajectories at time jsomerization reaction. The fact that the presence bfddes
andNi is the total number of trajectories. For the-® and ot alter the normal-mode frequencies of thg & an indi-
6—6 cases, with rate coefficienkgs andkes, respectively,  cation that there are very weak-C interactions inside the
the overall rate coefficierks is also given by Eq(2). The ¢, cage. Therefore, there is no question of leakage of ZPE

©
é -13.5 4
>

-14.0

individual rate coefficient&gs andkeg are given by from the G into the reaction coordinate, neither is there a
N question of the products of the isomerization having energy
. 6j ' Vtot i i -
N,(j)= jNto [1—exp—keb)], 3) belqw the ZPE, because the energy release in the exit chan
Ke nel is greater than the ZPE of the'l-Cq, modes.

wherej indicates a five- or a six-member ringN,(j) indi-
cates the number of reactive trajectorie; leading to fing Ill. RESULTS AND DISCUSSION
The trajectory data were plotted as required by Egsand
(3) and the graphs were fitted by a linear least-squares fitting. As indicated befor¢20], the Li" inside the cage is at a
The values of the rate coefficients were obtained from theotential-energy minimum located in the center of either a
slopes of the lines. pentagonal or a hexagonal ring. Five hexagonal rings sur-
Quantum chemical calculations are the preferable methotbund one pentagonal ring; therefore there exists only one
for studying the dynamics of chemical reactions. Howeverfivefold-degenerate isomerization channel. Three pentagonal
they are impractical for most systems, especially systems a$gs and three hexagonal rings, on the other hand, surround
complex as fullerenesAb initio molecular dynamics calcu- one hexagonal ring. This creates two parallel reaction chan-
lations have been usd@0(c),20(d)] for Li* @Gy, but the  nels. The reaction coordinate calculated from Et). is
duration of the dynamic processes were limited to 75 fs, tweshown in Fig. 1. The activation energy for56 is 1.4 kcal/
orders of magnitude shorter than realistic reaction times imol, for 6—5 it is 2.3 kcal/mol, and for 6-6 it is 2.6
thermal systems of temperatures up to 900 K. Thereforekcal/mol; the last two values are practically the same. The
guasiclassical trajectory calculations are the method ofow values of the activation energies are due to the weak
choice. However, when quasiclassical trajectory calculationsi *-C interactions and the fact that the ion experiences the
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. . . . FIG. 3. (a) First-order plots of 5-+6. (b) First-order plots of the
FIG. 2. The potential energy as a function of a trajectory tlme.Combined 65 and 66 reactions. Heavy lines denote trajectory

(@ The traJe(_:tory descrlb_es the m!gratlon of an ion initially cen- results and light lines are best fits to the data.
tered on a six-member ring to a five-member ring and then to a

six-member ring(b) A trajectory that describes the migration of an ) ) o
ion from a six- to a five-member ring. temperature range of 500 K was determined by a time limit

of 7.5 ps for a trajectory. Below this temperature, the degree

potential of non-nearest neighbors, which compensates faf isomerization was too low for the results to be statistically
the potential energy lost during the movement of the ionmeaningful. Above the upper limit of 900 K, the energy
along the reaction coordinate. content of the system is very high and the ion is not follow-

Sample trajectories are shown in Fig. 2, where the potening the minimum-energy path but rather flies from one side
tial energy is shown as a function of time. Figu@Xhows of the cage to the other instead of diffusing along the cage
an isomerization of 6-5 followed by an isomerization of wall.
5—6. The ion is situated in the center of a hexagonal ring The rate coefficients for the Limigration along the wall
and it oscillates, gaining and losing energy to thg €age.  of the cage are found from plots of M{ /N,y vs time[as in
When it acquires energy in the reaction coordinate above thEq. (2)], which are shown in Fig. 3 for 56 and the com-
value of the threshold energy for reaction, the ion migrates tdined 6—5 and 6—6 isomerizations. The graphs are essen-
the pentagonal ring, which has a higher potential energy. Thgally linear and the values dfs andkg at each temperature
spike height of-12 kcal/mol shows the instant when enoughare obtained from a linear fit to the data. In obtaining these
energy is obtained to cross the potential barrier of 2.3 kcalfraphs, care was taken that the number of trajectories was
mol. After spending~17 ps above the pentagonal ring, high enough so that the degree of conversion ranged from
isomerization occurs again and the ion migrates to one of the5 % to 100 % in order to provide statistically meaningful
five neighboring hexagonal rings. The activation energy foresults. The individual rate coefficieritgs andkgg are given
this process is only 1.4 kcal/mol. Figuré€b? shows a 6 by Eq.(3) and are calculated from the slopes of the graphs in
—5 isomerization, where the ion spends little time over aFig. 4. The linear least-squares fit was applied only to data
hexagonal ring before migrating to a pentagonal ring, wherevith trajectory duration greater 0.3 g&elow this valuek is
it stays for the rest of the trajectory. Trajectories for-6  a function of time since at very short times there is more than
isomerization are similar to the trajectories that are presentedne eigenvalue to the reaction velocity matfi4&]). The
in Fig. 2 and are not shown here. graphs are linear and therefore the rate coefficients obtained

Trajectory calculations are subject to the availability of from them truly represent the individual isomerization reac-
computational resources. That is to say, trajectories of longjons.
duration require prohibitive computational resources. There- The predictive power of the present work is embedded in
fore, our computational approach was to run trajectories in &he Arrhenius equatiok=A exp(—Ey/RT), whereA is the
convenient temperature range, determine the Arrhenius pdrequency factor. The temperature range of this study was
rameters, and then extrapolate to values of the rate coefféhosen to include an experimental study performed at 673 K
cients outside the computed range. The lower value of thby Campbell and co-workerf46]. Figure %a) shows the

033201-3



V. BERNSHTEIN AND |. OREF PHYSICAL REVIEW A62 033201

0.9

] 2864 W ©
0.
0.8- : \
| 900K 28.4 - ™~
1 1 - \ D\D\U
] e 282
0.6- 7 1 2 o~
] R 28.0 4 \
0.5 e ]
] s 278 -

0.4 7’ 800K]|

1 7 _.T 27.6 \
_ '/ L ]
0.3 > P -
; Z P 27.4 4
0.24 - 700K :
~d 'd
-

1
kNruclivoleul (S )
In k

1 A i 27.2 r— r v r 1 ' 1 1T * 1 * 1 * T T T T 1
0.1 1 B I el 650K 11 12 13 14 15 186 17 18 19 20
] m==TEG00K 1000/T (1/K)
0.0 ———— T
00 01 02 03 04 05 06 07 08 09 10 . . )
1-exp(-kt) FIG. 6. Arrhenius plots of activated complex theory rate coeffi-

cients 5-6 (O), 6—5 (A), 6—6 (<), and for RRKM theory rate
FIG. 4. A plot of the product of the total rate coefficients times coefficients, 5-6 (O), 6—5 (V), 6—6 ().
the ratio of reactive to total trajectories for the-& (——) and 6
—6 (—-—-) reactions. See text for details. The temperatures relat

to the line above the value and to the line below it. ?0 the same range as in Figah the graphs appear linear as

well. A linear best fit to the data of the combined-& and

) o ) ] ) 6— 6 reactions yields values of the Arrhenius parameters of
results for the 5-6 isomerization. The straight lines yield an A —5 g« 1014s ! and activation energy 10 kcal/mol.

4e-1 ot
A factor of 4.0<10"s™* and an activation energy of 7.8 Analysis of many trajectories indicates that, in the tem-

kcal/mol. This is larger by a factor of more than 5 than theperature range that was studied, the ion does not migrate

bfgtrs'efro??;g;gﬁ?r: tghﬁs rgﬁgt'r%gcﬁfnugtg zzgv‘f'gr'iﬂ:igﬁs_ through the center of the cage. Rather, it hops from one ring
b o the other along the inner wall of the cage. This is so

glsnﬁg eraartzsc?he;‘f lclzr}';]ogitrl(e&)t\év& glt:;r;lne;sr; Znﬁeprl]?lﬁ_?reenoéecause the highest barrier for migration along the wall is 2.6
P g y YPE  kcalimol for the 6-6 isomerization while the barrier for

behavior is observed. When the data in Fign)3are limited penetration through the center is 10.3 kcal/mol. Therefore,

the ion follows the lowest-energy path along the wall and

avoids jumping from one ring to another through the center.
We have applied the activated complex the@GkZT) and

the Rice-Ramsperger-Kassel-Marcus theory to the@.Cq

27 1 system in order to calculate the rate coefficients fer &

6—5, and 6-6 isomerization. The results are presented in

Fig. 6. Both calculations yield similar results with values of

26 Kact smaller by 10-13 % from values &&ryy. They are

different, however, from the trajectory results shown in Fig.

5. A comparison of the values et and kggem With Ky,

251 shows that the trajectory results yield activation energies that

are about fourfold larger than the values obtained by the

20 conventional ACT and RRKM methods. However, théac-

tors ofky,; are much larger than thefactors ofkacr and of

28 4 b krrkm, Making the difference in values of the rate coeffi-

1 \ cients much smaller. At 550 K, the difference is a factor of
27 1 \ ~2 and at 900 K the difference is only a few percent. Gen-

] \ erally speaking, however, the ACT or the RRKM theory can-
26 %\ not simulate the trajectory results very well.

25 1 \ Sincekact is expected to exhibit Arrhenius-type behav-

ior, the straight lines in Fig. 6 are no surprise. However, the
24 ] \ Arrhenius-type behavior of the RRMK theory rate coeffi-
A
v ' I v

28

Ink
-
(=]
-
u
-
o]
-
[{e]

cientsk(E) is somewhat of a surprise, since they are ob-
tained from an expression with no obvious exponential be-

28B4

7T T 1 T 7 .
11 12 13 14 15 16 17 18 19 havior,
1000/T (1/K)
' W(E™)
FIG. 5. Arrhenius plots foka) 5—6 and(b) 6—5 (V), 6—6 K(E)= "

(), and the overalk (<).
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whereW(E™) indicates the number of states of the complex, In conclusion, quasiclassical trajectory calculations are
E™ is the internal energy of the complex, ap(E) is the  used to study the Liion migration along the inner wall of a
density of states of the endohedral complex. The Arrhenius€,, molecule. Starting from initial conditions where the ion
type behavior ofk(E) has been noted before for microca- is located in the center of a five- or six-member ring, the
nonical systems where the internal energy was converted torigration of the ion is computed. A statistically significant
vibrational temperature, which served as the independent pgrumber of trajectories are used to evaluate rate coefficients
rameter of the Arrhenius equatidd7,48. In the present as function of the temperature. A plot of the logarithm of the
case, the values &f(E) are calculated at the average ener-rate coefficients vs T/is linear for five- to six-member ring
gies of the canonical ensemble and the temperature is th§omerization and nearly linear for six- to five- or six- to
ensemble temperature, which is the inverse of the preViOU§ix_member rings_ The Arrhenius parameters that are re-
case. ported enable the calculations of ion migration at experimen-

‘The exohedral complex represents a totally different situta| temperatures. The present work establishes the fact that
ation from the endohedral case, which is discussed here, bene Li* jon is not static but moves around thg,@age.

cause, in addition to isomerization, there is dissociation

where the ion leaves theggmolecule completely. The po-

tgnnal _su_rface is dn‘ferem and the_barrlers for |somer|zqt|qn/ ACKNOWLEDGMENTS

dissociation are much higher, which makes the dissociation

much slower and the demand on the computational facilities This work is supported by the Technion V. P. R. Fund, by
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