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The mechanism of interaction of low-energy atoms and ions of light elements (H, H+, He, Li, the kinetic
energy of the particles 2-40 eV) with C6H6, C6F12, C60, and C60F48 molecules was studied by ab initio MD
simulations and quantum-chemical calculations. It was shown that starting from 6 Å from the carbon skeleton
for the “C6H6 + proton” and “C60 + proton” systems, the electronic charge transfer from the aromatic molecule
to H+ occurs with a probability close to 1. The process transforms the H+ to a hydrogen atom and the neutral
C6H6 and C60 molecules to cation radicals. The mechanism of interaction of low-energy protons with C6F12

and C60F48 molecules has a substantially different character and can be considered qualitatively as the interaction
between a neutral molecule and a point charge. The Coulomb perturbation of the system arising from the
interaction of the uncompensated proton charge with the Mulliken charges of fluorine atoms results in an
inversion of the energies of the electronic states localized on the proton and on the C6F12 and C60F48 molecules
and makes the electronic charge transfer energetically unfavorable. On the different levels of theory, the
barriers of the proton penetration for the C6F12 and C60F48 molecules are from two to four times lower than
those for the corresponding parent systems (C6H6 and C60). The penetration barriers of the He atom and Li+

ion depend mainly on the effective radii of the bombarding particles. The theoretical penetration and escaped
barriers for the “Li+ + C60” process qualitatively explain the experimental conditions of synthesis of the
Li@C60 complex.

I. Introduction

Development of an effective method of synthesis of endohe-
dral fullerene complexes and nanotubes remains a priority in
the chemistry of nanostructures. There are only a few of ways
to prepare such nanostructures: (1) high-temperature synthesis
in a carbon plasma,1,2 (2) processing of carbon nanostructures
by H2 and He gases under high pressure,3,4 (3) irradiation of
carbon nanoclusters by low-energy ion beams (30-40 eV),5,6

and (4) radioactive decay of some elements.7 Only for the case
of irradiation of fullerite by low-energy (30 eV) Li+ ions the
chemical yield of synthesis is about 30%,6 whereas in all other
cases the chemical output is sufficiently lower (0.1-0.01% or
less).

The nature of interaction of the guest atoms and molecules
with the C60 carbon cage determines the possible ways of the
synthesis of the endohedral complexes. The low barriers of
penetration of the chemical agent (for example, H2 and He3,4

or Li+5,6) through the carbon wall make it easy to synthesize
the endohedral complexes using fullerite or C60 in the gas phase
as precursors. Contrary to this, the endohedral complexes with
transition metal ions or other chemical agents, the penetration
barriers for which are high, can be synthesized only during the
high-temperature synthesis from the carbon plasma or as a result

of high-energy radioactive decay with really low chemical
yield.1,2,7To optimize the synthesis conditions of the endohedral
complexes with light elements,3-6 one needs to manipulate the
penetration barriers of the species through the carbon wall of
the C60 molecule. A practical way to achieve the goal is a
chemical modification of the C60 molecule to decrease the
electronic density of activeπ-states localized perpendicular to
the C6 and C5 fragments.8

Earlier, the potential barrier to the penetration of a proton
into a fullerene molecule was calculated by quantum-chemical
PRDDO and DFT methods9 (3.8 eV) as the difference between
the total energies of a neutral C60H molecule (hydrogen
covalently bonded to one of the carbon atoms on the external
side of the C60 molecule) and a neutral transition complex where
the proton is at the center of a relaxed carbon hexagon. The
potential barriers for a He atom have been calculated by the
molecular mechanics method (9.4 eV),10 semiempirical MNDO
method11 (11.5 eV), or using the second-order Mo¨ller-Plesset
perturbation theory (MP2) with the 6-31G** basis set12 (10.7
eV for the C6H6 molecule).

The main reason for the high penetration barriers for some
ions and atoms through a molecular carbon lattice is an active
π-electronic system, which tends to form new covalent bonds
at the external side of the objects. Hence, the best way to lower
this potential barrier could be to neutralize this system by
saturation of the carbon-carbon double bonds, for example,
by fluorination. At present the most fluorinated derivative of
the C60 is the C60F48 molecule.13 Previously, the electronic
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structure of C60F48 has been studied experimentally by photo-
electron spectroscopy13 and theoretically by the ab initio 6-31G
method.14

II. Atomic and Electronic Structures of C 60F48 and
Details of the Calculations

The C60F48 molecule hasS6 symmetry (the Schlegel diagram
for the C60F48 molecule is presented in Figure 1).13 There are 3
types of carbon hexagons in the C60 atomic lattice: 2 hexagons
with 6 fluorine atoms each, 12 hexagons with 5 fluorine atoms,
and 6 hexagons with 4 fluorine atoms. There are also two types
of carbon pentagons: with five fluorine atoms (six pentagons)
and with three fluorine atoms (six pentagons). Single carbon-
carbon bonds are divided into four types (the ab initio 6-31G*
level): 1.49, 1.54, 1.56, and 1.59 Å. The length of six double
carbon-carbon bonds is 1.31 Å, and the length of a fluorine-
carbon bond is 1.34 Å.

To study the process of interaction of low-energy (∼10-
100 eV) ions and atoms with molecular targets, the kinetic
energy of the projectiles should be taken into account. The
kinetic energy of the projectiles to penetrate the carbon cage
even for light elements (H+, H, He, Li+, which can be
characterized by small effective radii) is sufficiently higher the
energy of molecular vibrations (∼0.1 eV). Even for the low-
energy collisions, the effective speed of the projectiles is
sufficiently higher (∼2-10 times) than the effective speed of
molecular vibrations of the atoms composing a molecule. The
process of interaction the low-energy particles should generate
a number of vibrational modes of the target molecules with
additional dissipation of the projectile energy. The modes (and
consequently the amount of dissipated energy) can and should
be different for different trajectories and initial collision energies.

The electronic structure calculations of the specific points
(global and local minima and transitional states) cannot take
into account these features of the collision processes and, from
a general point of view, cannot be directly applied to calculate
the true potential barriers of the projectile penetration through
the carbon cage of the C60 and its derivatives. Moreover, because
of the large difference in the effective speed of the projectiles
and vibration movements of the atoms composing a molecule,
an achievement of a number of specific points on the molecular
potential energy surface is not evident and should be clarified
using a combination of quantum-chemical and molecular-
dynamics calculations.

The mechanisms of the interaction of low-energy protons,
helium atom and Li+ ion (the kinetic energy of the particles is
in the range of 2-40 eV) with aromatic C6H6 and C60 molecules
(carbon nanostructures (CNS)) and fluorine derivatives C6F12

and C60F48 (fluorinated carbon nanostructures (FCNS)) were also
investigated using the unrestricted semiempirical UHF PM3 and
ab initio 6-31G* quantum-chemical methods using the Gaussian
code15 and molecular-dynamics simulations as well. The
optimization of the geometry was performed by the analytical
gradient method. All potential barriers were calculated taking
into account the basic set superposition error (BSSE). The
potential curves for the interaction of a proton with optimized
CNS and FCNS were calculated as functions of the distance
between the proton and the center of the carbon hexagon lying
strictly normal to the direction of motion of the H+ ion. The
penetration of low-energy protons and Li+ ions through carbon
hexagons and pentagons was simulated by the molecular-
dynamics method using the UHF PM3 (MD/PM3) and ab initio
6-31G* (MD/6-31G*) potentials.

The applicability of one-determinant wave functions to the
description of the electronic structure of fullerenes and their
derivatives was confirmed earlier in the work of ref 16. An
analysis of the UHF wave function for all different proton
positions with respect to the C60F48 molecule has shown that
the spin contamination of the wave function vanishes in a wide
range of distances (0-5 Å). At chemically significant distances
from the proton to the center of the carbon hexagon (from 0 to
6 Å), the energy difference between the HOMO and LUMO
levels of the “C60 + proton”, “C60F48 + proton”, “C6H6 +
proton”, and “C6F12 + proton” systems varied from 5 to 8 eV
(depending on the method, system, and distance); this might
also argue for the applicability of one-determinant wave
functions to the description of such processes. The same
difference for the C60 + Li+ and C60F48 + Li+ is sufficiently
higher (∼10 eV). It should be noted that because of the presence
of a uncompensated positive charge in the systems under study
the occupied electron levels are displaced to lower energies to
a much greater degree than the unoccupied ones and the number
of electrons is always even (according to the condition of the
problem). Calculations show that in all cases the electronic states
are actually doubly occupied (because the orbitals with spin up
and spin down in the UHF method have close energies and have
the same character of spatial distribution) and, therefore, the
electronic shells are closed.

The unrestricted Hartree-Fock method was chosen for the
description of the electronic structure of such dynamic systems
because the restricted Hartree-Fock method (RHF, or ROHF
in the case of open electronic shells) and various versions of
the DFT method incorrectly describe the self-interaction of the
hydrogen 1s electron (in these methods, the hydrogen 1s
eigenvalues are ca.-6 to 8 eV, whereas the experimental and
theoretical (UHF) values of the ionization potential are equal
to approximately 13.5 eV; Table 1). This feature of the RHF

Figure 1. Schlegel diagram for a C60F48 molecule. The blue circles
denote fluorine atoms, and the black dots represent carbon atoms not
connected with fluorine. Red shaded regions reflect regions on the
surface of C60F48 accessible for low-energy protons.

TABLE 1: Theoretical (Calculated Using the Coopmans
Theorem) and Experimental Ionization Potentials of H, He,
Li, C 60, and C60F48 (in Electronvolts)

object
UHF PM3

(eV)

ab initio
UHF 6-31G*

(eV)
experiment

(eV)

H 13.1 13.6 13.6
He,1st IP 24.87 24.5618

He, 2nd IP 54.42 54.2518

Li 5.30 5.33 5.3918

C60 9.5 7.6 7.617

C60F48 14.2 13.8 12.313
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and DFT methods does not allow one to correctly describe the
initial electronic state of the C6F12 + proton and C60F48 + proton
systems at infinity, which is formally excited: the hydrogen 1s
state with an energy of about-13.5 eV is vacant, and the
HOMO level in CNS/FCNS with an energy higher than-12
eV is occupied.

a. Interaction of the Low-Energy Protons with CNS and
FCNS.To illustrate the results of direct MD simulations of the
“H+ + CNS/FCNS” interactions, let us develop a simplified
perturbation model of the collision process. In the most complex
case, the initial state of the “carbon nanostructure plus proton”
system (proton-target distanceRH ) -∞) is unstable and
excited: the low-energy proton at infinity and the neutral
molecule as a target (Figure 2). Because of the substantial energy
difference (6 eV for the proton+ CNS system and 1.3 eV for
the proton+ FCNS system; Table 1), an electron transition
should occur from the occupied electronic states of the carbon
nanoparticle to the unoccupied 1s state of the positive hydrogen
ion (which is essentially a proton) as the proton approaches the
carbon nanostructure sufficiently closely. For the systems H+

+ CNS and H+ + FCNS (with the proton moving along theZ
axis to the center of the carbon hexagon bonded to the six
fluorine atoms and oriented normal to the direction of the proton
motion), we can write (in the first order of perturbation theory)

Here, H0
H and H0

CN are the Hamiltonians of the unperturbed
electronic systems of the proton (having an unoccupied 1s orbit)
and of the carbon nanostructure andRH is the radius vector of
the proton, which is parallel to the proton velocity and whose

length |RH| ) tx2EK
p /mp is equal to the distance between the

proton and the center of the carbon hexagon. The timet changes
from -∞ to 0; -∇p

2(RH)/(2mp) is the operator of the proton
kinetic energy;EK

p is the proton kinetic energy (∼10 eV in our
case); andVe(RH) andVN(RH) are the operators of the Coulomb
perturbation for the electronic and nuclear subsystems, respec-
tively, describing the interaction of the uncompensated charge
of the proton (H+) with the Mulliken charges of the atoms of
CNS or FCNS.

Modern ab initio molecular dynamics19 describes the motion
of nuclei only for the Born-Oppenheimer potential surfaces,

for which one can write the relationshipx2EK
p /mp , x2EK

e /me,
whereEK

e is the electron kinetic energy andmp andme are the
proton and electron masses, respectively. Taking into account
the relationship between the massesmp/me = 2 × 103 and the
average kinetic energy of the valence electrons (EK

e ∼ 1/10
eV), this approximation can be applied to the description of
the interaction of low-energy protons with matter if the proton
kinetic energy is not higher thanEK

p ∼ 102/103 eV. In our case,
EK

p ∼ 10 eV.
If the kinetic energy is below this limit, then we can separate

the electronic and nuclear parts of eq 1. For the electronic part,
in the first order of perturbation theory we can write

where ε′H(RH) and ε′CN(RH) are the excited electron energy
eigenvalues corresponding to the unperturbed valueεH

0 (the
energy of the hydrogen 1s level) and to the unperturbed value

εCN
0 (the HOMO level of CNS/FCNS) localized on the proton

and on the carbon nanocluster, respectively. For C60 and C60F48,
we haveεCN

0 ) -ICN
E ) -7.6 eV andεCNF

0 ) -ICNF
E ) -12.3

eV, respectively (where theICN
E are the experimental ionization

potentials,20,13 see Table 1).
Qualitatively, we can interpret the interaction of a low-energy

proton with carbon (fluorine-carbon) nanoclusters in terms of
perturbation theory. Disregarding the effects of orbital overlap,
we can write the perturbation operator of the electronic system
as

where rH, rC, and rF are the radius vectors of the electronic
wave functions belonging to the hydrogen, carbon, and fluorine
ions, respectively;V H(rH) ) -∑i

NC (qC)/(|rH - RC
i |) + ∑j

NF

(qF)/(|rH - RF
j |) operates only on therH coordinate of the

electron wave function (NC andNF are the numbers of carbon
and fluorine atoms in the system, respectively;V C(rC) ) -
∑i)1

NC (1)/(|rC
i + RC

i |) operates on therC coordinate; andV F(rF)
) -∑j)1

NF (1)/(|rF
j + RF

j |) operates on therF coordinate. The
vectorsRC

i andRF
j are directed from the proton to the carbon

and fluorine atoms, respectively, and their lengths (for

the nearest six neighbors) are|RC
i | ) xRH

2 +A2 and |RF
j | )

H ) H0
H + H0

CN + Ve(RH) -
∇p

2(RH)

2mP
+ VN(RH) (1)

ε′H(RH) ) εH
0 + ∆εH(RH) (2)

ε′CN(RH) ) εCN
0 + ∆εCN(RH) (3)

Figure 2. Schematic representation of the interaction of a low-energy
proton with (a) C60 and (b) C60F48 molecules. On the right, the
unperturbed eigenvalue of the hydrogen ls orbital (εH

0) and, on the left,
the unperturbed eigenvalue of the carbon nanoparticle (εCN

0 ) are
shown. At the center, perturbed eigenvaluesε′CN and ε′H are shown.
Over the distance range 0-6 Å in the case of C60 molecules, theWT

(the probability of charge transfer) varies from 0 to 1. Because of the
charge transfer, the C60 molecule becomes a cation radical with
the singly occupiedæ′CN(rCN) state and the proton becomes a hydrogen
atom with the singly occupiedæ′H(rH) state. In the case of the
C60F48 molecule, charge transfer is suppressed due to the condition
ε′CN < ε′H.

Ve(RH) ) V H(rH) + V C(rC) + V F(rF) (4)
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x(RH-B)2+C 2. The geometrical parametersA ) 1.4 Å, B )
1.1 Å, andC ) 2.4 Å are determined by the features of the
atomic structure of the object;qC and qF are the Mulliken
charges of the carbon (qC is zero for C6H6 and C60 and is equal
to ∼0.1 for C6F12 and C60F48) and fluorine (qF ∼ -0.1) atoms.

The interactionVN(RH) between the uncompensated proton
charge and the Mulliken charges of the atoms of the target
molecule also contributes to the energy of the system. For
nonfluorinated structures, we haveVN(RH) ) 0 because the
carbon Mulliken charges are equal to zero. For fluorinated
molecules (C60F48, C6F12), the quantityVN(RH) ) ∑i

NC (qC)/(|
RC

i |) - ∑j
NF (qF)/(|RF

j |) describes the contribution to the energy
due to the interaction of the Mulliken charges of the carbon
and fluorine atoms with the uncompensated charge.

The electronic structure of the system in the initial state of
the process (neutral target molecule+ proton at infinity) is
quasi-excited (the energy of the unoccupied H1s state is-13.6
eV, and the energy of the HOMO level of the target molecule
is higher than-12 eV; Table 1). As the proton approaches the
target molecule, this excited state must decay with the emission
of a photon and charge transfer via the electron transition from
the target molecule to the proton. The probability of one-electron
dipole transition from the occupied orbitalæCN(rCN) localized
at the CNS/FCNS to theæH(rH) orbital (the unoccupied
hydrogen 1s state) can be written as20

where LT ) 〈æ′CN(rCN)|r |æ′H(rH)〉, r is the dipole transition
operator, and the transition energy ispω ) ε′CN(RH) - ε′H(RH).
The matrix elementLT * 0 if the overlap integrals for this
systemSH-CN ) 〈æH|æCN〉 * 0 and|RH| > 0 (this condition is
satisfied if the system has no mirror symmetry. This is the case
for a substantial (of about 1 au) separation between the proton
and the center of the carbon hexagon). At largeRH distances
(Figure 2), the overlap integrals vanish to zero. Our ab initio
UHF/6-31G* calculations show that starting from a distance of
∼6 Å from the center of the carbon hexagon (RC < 6.3Å, RF <
5.8Å), the overlap integrals vary from 0 to 0.5. In this interval,
r(RCN) is equal to several angstroms; therefore,wT ≈ SH-CN.
The energy differences obtained by the PM3 method show that,
in the case of C60F48, at a distance of 6 Å, we have∆εH ) 0.1
eV and∆εCNF ) -1.4 eV (the newε′H ) -13.5 andε′CNF )
-13.7 eV values were obtained using the theoretical energy
shifts and correspondent experimental ionization potentials,
Table 1). Thus, at distances ofe6 Å, the “C60F48 + proton”
configuration becomes the ground state of the system and the
fluorinated carbon nanostructure interacts with a proton as does
a neutral molecule with a point charge.

For a low-energy proton (∼2 eV), the transit time for a
distance of 6 Å is T ) 5 × 10-14 s (for the “C60 + proton”
system withRH < 6 Å, the number of periods of the electronic
transition from the occupied stateæCN(rCN) to the unoccupied
stateæH(rH) (Figure 2) is 102-103). For C60, we have∆εH )
0.0 eV (the Mulliken charge of the carbon atoms is zero) and
∆εCN ) -1.15 eV(ε′H ) -13.6 eV,ε′CN ) -8.7 eV). In this
case, the transition frequencyω is 1016 s-1; therefore, the total
transition probability from the molecular level into the unoc-
cupied H1s state (with regard for the number of periods of the
electronic transition) is close to 1. The lifetime of the excited
electronic state (τ ∼ (5 × 10-15)/(3 × 10-15) s) can be estimated
from the experimental width of the photoelectron spectra (0.2-
0.3 eV for C60

21,22 and C60F48
13). This lifetime is an order of

magnitude shorter than the proton transit time of the distance

of 6 Å atwhich the overlap integral between the wave functions
of the carbon nanoparticle and the proton becomes nonzero.
On the basis of these estimations, we may assert that the
aromatic systems like C60 and C6H6 interact with a low-energy
proton as do positive ion radicals (C60

+1 and C6H6
+1) with a

radical (neutral hydrogen atom). This will certainly facilitate
the formation of a new covalent carbon-hydrogen bond on the
external side of the carbon nanoparticle.

Both theoretical quantum-chemical methods (UHF PM3 and
ab initio UHF/6-31G*) correctly describe the initial “FCNS+
proton” state because the first ionization potential of C60F48 is
overestimated (Table 1) and, therefore, the H1s state in the
C60F48 + proton system remains unoccupied and all C60F48 levels
are occupied. This feature allowed us to perform molecular-
dynamics simulation of the interaction of protons with FCNS
(C6F12 and C60F48) using both the semiempirical and ab initio
quantum-chemical potentials. For comparison, we performed a
molecular-dynamics simulation of the interaction of protons with
aromatic carbon molecules (C60, C6H6) with one difference: to
avoid an error in describing the initial state (neutral molecule
+ proton at infinity), the initial distance between the proton
and the carbon nanoparticle was chosen to be 2 Å. Thus, we
assumed that, at this distance, the electron from the carbon
nanoparticle has already passed to the proton with the formation
of a hydrogen atom. We used the MD/PM3 and MD/UHF
6-31G* methods to simulate the interaction of a proton with
C6H6 and C6F12 and only the MD/PM3 method to simulate the
interaction with C60 and C60F48 molecules.

b. Interaction of Helium with CNS and FCNS. It is well
known that helium has really high first (24.56 eV experiment
and 24.87 eV ab initio RHF/6-31G*) and second (54.25 and
54.42 eV respectively) ionization potentials (Table 1). Because
of this, the He+ and He2+ (R particle) ions are really strong
oxidizers, and both CNS and FCNS systems should interact with
low-energy He+ and He2+ as positively charged radicals with
neutral helium atoms. Because of this, here we studied only
the interactions of the helium atom with CNS and FCNS objects.

c. Interaction of the Low-Energy Lithium Ions with CNS
and FCNS. In contrast with helium, lithium has a really small
ionization potential (5.39 eV experiment, 5.30 eV UHF PM3
and 5.33 eV ab initio UHF/6-31G*, Table 1). Taking into
account the ionization potentials of both types of objects (CNS
and FCNS, Table 1), the probability of the charge transfer from
the targets (CNS and FCNS) to the Li+ ions can be estimated
close to 0. Evidently, in this situation the quantum-chemical
methods can describe correctly the initial state of the process
(neutral target molecule and low-energy positive ion on infinity).
Because of this, we have performed the ab initio MD/PM3
simulations of interactions of Li+ with CNS and FCNS in the
same way as for the H+ + FCNS (see the above paragraph).

III. Results and Discussion

The potential curves for the interaction of a proton with C60F48

and C60 molecules calculated by the UHF PM3 and ab initio
UHF/6-31G* methods are shown in Figure 3. The distanceRH

was measured from the proton to the center of the carbon
hexagon (completely fluorinated in the case of C60F48) lying
on the trajectory of the approaching proton. The solid and dashed
lines represent the results obtained by the ab initio UHF/6-31G*
method for the C60F48 and C60 molecules correspondingly,
whereas the solid squares and dots correspond to the UHF PM3
method. The filled upward and downward triangles (the ab initio
UHF/6-31G* method) and the open upward and downward ones
(the UHF PM3 method) at infinity (R ) -∞) denote the total

wT ) 2|LT|2/(pω)2 (5)
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energy of the neutral C60F48 and C60 molecules in the gas phase.
Solid (the ab initio UHF/6-31G* method) and open (UHF PM3
method) dimonds denote the total energy of the optimized
H-C60F48

+ complexes with the hydrogen placed at the center
of the carbon hexagon,R ) 0, and the hydrogen covalently
bonded to an sp2 carbon inside the carbon polyhedron,R ) 5
Å. The cross (+) (the ab initio UHF/6-31G*) and X character
(UHF PM3) denote the optimized structure of the H-C60

+

complex with the hydrogen covalently bonded to an sp2 carbon
outside the C60 molecule,R ) -1 Å.

For the C60F48 + H+ system, the potential curves are typically
smooth and do not exhibit high potential barriers or wells outside
the carbon nanostructure or at the wall. For the C60 + H+

system, two deep potential wells outside the carbon nanostruc-
ture, corresponding to the initial state (a neutral C60 molecule,
R ) -∞) and to the hydrogen covalently bonded to a carbon
atom (R ) -1 Å), and one high potential barrier at the center
of the carbon hexagon (R ) 0) exist. For the C60F48 + H+

system, a deep potential well exists inside the carbon polyhedron
(R ) 5 Å), corresponding to the hydrogen covalently bonded
to an sp2 carbon atom. This bond forms when the incident proton
passes through the center of the carbon hexagon and collides
with a nonfluorinated carbon atom located on the opposite side
of the molecule.

The potential barriers to the penetration of the proton were
calculated as the difference between the energies of the

intermediate state (a guest atom at the center of the carbon
hexagon) and of the initial state (the proton covalently bonded
to a carbon atom on the external side of the carbon polyhedron9)
or as the difference between the energies of the intermediate
state and a neutral state of the C60 molecule. The choice of the
former initial state of the process of proton penetration through
the carbon polyhedron is related not only to compare our data
with the results of the work of ref 9 but also to the obvious fact
that this configuration corresponds to the global energy mini-
mum of the system, to which the system will tend in the case
where the proton kinetic energy is close to zero.

Using molecular dynamics, we calculated the kinetic energy
of the penetration of a proton or Li+ ion as the minimum kinetic
energy required for the particle to penetrate into the molecule
through the center of the carbon hexagon. In the case of the
C60F48 molecule, the center of the completely fluorinated carbon
hexagon was chosen as a target. The calculated penetration
barriers are listed in Tables 2 and 3 (ab initio UHF/6-31G* and
UHF PM3 methods, respectively).

The ab initio UHF/6-31G* calculations (Table 2) show a
significantly lower barrier (by up to four times in the case of
C6H6/C6F12 molecules) for the penetration of a proton through
the carbon hexagon of FCNS (C6F12 and C60F48) as compared
to the barriers of nonfluorinated C60 and C6H6 molecules. We
explain this result in terms of a substantial decrease in the
density of valenceπ-electrons on fluorinated nanoobjects, which
precludes the formation of new covalent hydrogen-carbon
bonds on the external side of the carbon polyhedron. Neverthe-
less, the potential barrier to the escape of the proton from the
C60F48 molecule remains high (∼5 eV) because of the formation
of a new carbon-hydrogen covalent bond inside the carbon
nanostructure (Figure 3).

The potential barrier for a helium atom is 25% lower for
fluorinated nanostructures as compared to nonfluorinated nano-

Figure 3. Potential energy curves for the C60F48 + H+ and C60 + H+

systems. Solid and dashed lines represent the ab initio UHF/6-31G*
calculations for C60F48 and C60 cases, respectively. The solid squares
and dots correspond to UHF PM3 calculations. Solid triangles (ab initio
UHF/6-31G*, upward for the C60F48 and downward for the C60) and
open triangles (UHF PM3, upward for the C60F48 and downward for
the C60) at a distanceR ) -∞ denote the total energies of the free
molecules in the gas phase. The solid (ab initio UHF/6-31G*) and open
(UHF PM3) diamonds represent the total energies of the optimized
H-C60F48

+ structures (with a hydrogen at the center of the carbon
hexagon (R ) 0) or with a covalently bonded hydrogen inside the
carbon polyhedron (R ) 5 Å)), whereas the cross (+) and X character
represent the H-C60

+ complex with a covalently bonded hydrogen on
the external side of the C60 molecule (R ) -1 Å) on the ab initio
UHF/6-31G* and UHF/PM3 levels of theory, respectively.

TABLE 2: Potential Barriers and Kinetic Energies
Required for a Proton to Penetrate through the Center of a
Carbon Hexagon (Results of Ab Initio UHF/6-31G*
Calculations)

object

potential
barrier
(eV)

kinetic
energy
(eV)

C6H6 + H+ 5.6 6.7
C6F12 + H+ 1.4 2.6
C60 + H+ 6.2 (6.3)a

C60F48 + H+ 3.1
C60 + He 14.0
C60F48 + He 10.5

a Note: The potential barrier was calculated as the difference between
the energies of the intermediate state (with a proton at the center of
the hexagon) and of the free C60 molecule is indicated in parentheses.
The calculations were performed taking into account the BSSE error.

TABLE 3: Potential Barriers and the Kinetic Energies
Required for a Proton to Penetrate through Carbon
Hexagons (Results of the UHF PM3 Calculations)

object

potential
barrier
(eV)

kinetic
energy
(eV)

C6H6 + H+ 6.5 5.6
C6F12 + H+ 4.8 3.7
C60 + H+ 6.5 (12.0)a 5.7
C60F48 + H+ 1.8 1.4
C60 + Li + 18.6
C60F48 + Li + 17.6

a The meaning of the parenthetical value is explained in the footnote
of Table 2.
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structures (Table 2); this fact can be explained by the 12.5%
lengthening of the carbon-carbon distance in a C60F48 molecule
(1.59 Å) as compared to that in a C60 molecule (1.40 Å) and by
the decrease in the density ofπ clouds at the center of the carbon
hexagon.

For C6H6 and C6F12 molecules, we performed the molecular-
dynamics simulation using the ab initio UHF/6-31G* potential
(MD/6-31G*). The proton kinetic energy at which the H+

penetrates through the C6 fragment turned out to be 2.6 times
lower for a C6F12 molecule (2.6 eV) than that for a benzene
molecule (6.7 eV; Table 2). We did not study the potential
curves for the interaction of a proton with a C6F12 molecule
because of the substantial distortion of the C6 fragment in this
case and the impossibility of defining its center uniquely.

Similar results for the C6H6 + H+ and C6F12 + H+ systems
were also obtained by the semiempirical PM3 method (Table
3). The potential barrier for a C60F48 molecule (1.8 eV) turned
out to be 3.6 times lower than that for a C60 molecule (6.5 eV).
This ratio for the pair C6F12 (4.8 eV) and C6H6 (6.5 eV) is much
lower (∼1.4) because the PM3 method predicts that the C-C
bond in the C6F12 molecule can be broken by the proton.
Simulation of the (C60 + H+)/(C60F48 + H+) and (C6H6 + H+)/
(C6F12 + H+) processes using the MD/PM3 method showed
that fluorination lowers the penetration barriers by factors of
4.1 and 1.5, respectively. It should be noted that after the
penetration into the carbon polyhedron of the C60F48 molecule
the proton forms a new C-H bond with an sp2 carbon atom
inside the carbon skeleton. Subsequent collisions with protons
form either new carbon-hydrogen bonds inside the C60F48

molecule or H2 molecules via the breaking of the earlier formed
carbon-hydrogen bonds.

The MD/PM3 simulations of the processes C60 + Li+ and
C60F48 + Li+ (Table 3) show that there is no significant
difference between penetration barriers for the C60F48 (17.6 eV)
and C60 (18.6 eV). The Li+ ion is chemically passive in both
cases because of low ionization potential. The escape barrier
for both molecules remains high and practically the same (the
initial kinetic energy of the ions is 31.4 and 32.3 eV for C60F48

and C60, respectively). The high value of the escape barrier can
explain quantitatively the experimental data of E.E.E. Campbell6

described shortly in the introduction. According to this data,
the endohedral complexes of the C60 can be created using Li+

ion beams with the kinetic energy around 30 eV. The consequent
increasing of the kinetic energy of the Li+ ions during our MD
simulations leads to a destroying of the carbon cage of the C60/
C60F48 and escape of the Li+ ions from both molecules.

Collisions of the low-energy He and Li+ with C60 and C60F48

as well as the H+ + C60F48 ones can be rated as the interactions
of chemically passive particles with neutral molecules. Increas-
ing of the potential barriers in the line H+, He, and Li+ can be
explained by increasing of the ionic/atomic radii of the species
(Table 4).

We also studied other channels of inelastic scattering of
protons by a C60F48 molecule using the MD/PM3 method. As
a target, we chose (i) a carbon atom not bonded to a fluorine
atom, (ii) the center of the double carbon-carbon bond, (iii)
the center of the carbon pentagon, (iv) a fluorine atom, (v) the

center of the carbon-fluorine bond, and (vi) a series of points
on an imaginary surface of carbon pentagons and hexagons lying
far from their centers.

Molecular-dynamics simulation showed that there are several
channels of inelastic scattering of protons with a kinetic energy
of about 2 eV:

(1) Breaking of a C-F bond with the formation of a HF
molecule (collisions with a carbon atom, with the centers of
the carbon-carbon and carbon-fluorine bonds).

(2) Penetration into a C60F48 molecule (through a number of
points on the imaginary surface of carbon pentagons and
hexagons).

(3) Reflection of the proton with partial absorption of its
kinetic energy via the excitation of molecular vibrations of the
C60F48 molecule (in particular, due to collisions with fluorine
atoms).

The same trajectories were also studied for the Li+ + C60F48

collisions with kinetic energy close to 30 eV. The MD
simulations also demonstrate some alternative channels of
inelastic scattering of the Li+ ions with breaking the C-F bonds
and consiquent formation of the LiF molecules or breaking the
C60 cage itself.

The results of the MD/PM3 calculations showed that, on the
imaginary surface of carbon hexagons in C60F48, there are
regions with a reduced electronic density that are open for proton
penetration. For example, for a kinetic energy of 2 eV, the
diameter of such a region is∼1.5 Å. Therefore, approximately
25% of the imaginary surface of the carbon polyhedron of
fluorinated nanoobjects is open for proton penetration through
the walls. The schematic representation of the accessible proton
areas are presented in Figure 1 by shaded red regions.

VI. Conclusions

In this study we have shown that starting from a distance of
∼6 Å the electronic charge transfer determines the character of
interaction of low-energy protons with aromatic molecules and
transforms a proton into a hydrogen atom and a neutral target
molecule into a cation radical. In turn, this circumstance
facilitates the formation of a new covalent carbon-hydrogen
bond outside the carbon nanoparticle and determines the nature
of the potential barrier to the penetration of a proton through
carbon pentagons and hexagons.

The presence of substitutional fluorine atoms suppresses the
electronic charge transfer from C6F12 and C60F48 due to the
Coulomb perturbation of the electronic structure of an interacting
system. In this case, the neutral C6F12/C60F48 molecule+ proton
state becomes the ground state and, therefore, the low-energy
proton interacts with fluorinated carbon nanoparticles as a point
charge does with a neutral molecule. At short (chemically
significant) distances of∼2 Å, the absence of theπ-electron
density on the external side of the carbon polyhedron precludes
the formation of a new C-H bond. In turn, this lowers the
barriers to the penetration of low-energy protons through the
carbon cage by a factor of 2-4.

Molecular-dynamics simulations using the ab initio UHF
6-31G* and semiempirical potentials have shown that, for a
proton kinetic energy of 2 eV, a quarter of the imaginary surface
of the carbon cage of the fluorine-substituted carbon molecules
is open for the penetration of low-energy protons. However,
the barrier to the escape of a proton from such molecules
remains high because of the formation of new covalent carbon-
hydrogen bonds inside the systems under study. Other scattering
channels result either in the carbon-fluorine bond breaking
(with the formation of HF molecules) or in the reflection of a
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element

atomic
radius
(Å)

ionic
radius
(Å)

H (H+) 0.79 0.012
He 0.49
Li (Li +) 2.05 0.76
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proton from the molecules with a loss of part of the kinetic
energy due to the excitation of molecular vibrations in the
fluorine-carbon nanoparticle.

The He atoms and Li+ ions are chemically passive for both
types of molecules, and the barrier heights depend only on the
effective radii of the bombardment particles.
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