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The mechanism of interaction of low-energy atoms and ions of light elements {HH&l Li, the kinetic
energy of the particles-240 eV) with GHs, CeF12, Cso, and GoFss molecules was studied by ab initio MD
simulations and quantum-chemical calculations. It was shown that startimgsfé from the carbon skeleton

for the “CsHe + proton” and “Gyo + proton” systems, the electronic charge transfer from the aromatic molecule
to H* occurs with a probability close to 1. The process transforms theokd hydrogen atom and the neutral
CsHs and Go molecules to cation radicals. The mechanism of interaction of low-energy protons sth C

and GgF4s 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 ogrthart GoFss molecules

and makes the electronic charge transfer energetically unfavorable. On the different levels of theory, the

barriers of the proton penetration for theFe and GoFss molecules are from two to four times lower than
those for the corresponding parent systemgl¢@nd Gg). 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 “Lt + Cg" process qualitatively explain the experimental conditions of synthesis of the
Li@Cgo complex.

I. Introduction of high-energy radioactive decay with really low chemical
yield 227 To optimize the synthesis conditions of the endohedral

- PR complexes with light elemengs? one needs to manipulate the
dral fullerene complexes and nanotubes remains a priority in

the chemistry of ruct Th v af ‘ penetration barriers of the species through the carbon wall of
€ chemistry of nanostructures. 1nere are only a 1ew ot Ways o ¢, molecule. A practical way to achieve the goal is a

to prepare such nanostructures: (1) high-temperature Symhes'%hemical modification of the & molecule to decrease the

in a carbon plasm&? (2) processing of carbon nanostructures . . . . .
i . e electronic density of activa-states localized perpendicular to
by H, and He gases under high pressitd3) irradiation of the G and G fragments?

carbon nanoclusters by low-energy ion beams—&0 eV)>® . ) ) )
and (4) radioactive decay of some elemén@nly for the case . Earlier, the potential barrier to the penetration of a protpn
of irradiation of fullerite by low-energy (30 eV) Liions the into a fullerene molecule was calculated by quantum-chemical

chemical yield of synthesis is about 36%hereas in all other ~ PRDDO and DFT method$3.8 eV) as the difference between

cases the chemical output is sufficiently lower (60101% or ~ the total energies of a neutralgl molecule (hydrogen

less). covalently bonded to one of the carbon atoms on the external
The nature of interaction of the guest atoms and molecules side of the gomolecule) and a neutral transition complex where

with the Gy carbon cage determines the possible ways of the the proton is at the center of a relaxed carbon hexagon. The

synthesis of the endohedral complexes. The low barriers of Potential barriers for a He atom have been calculated by the

penetration of the chemical agent (for example,did Hé4 molecular mechanics method (9.4 €¥)emiempirical MNDO

or Li*56) through the carbon wall make it easy to synthesize method! (11.5 eV), or using the second-order’ No—Plesset

the endohedral complexes using fullerite @g @ the gas phase  perturbation theory (MP2) with the 6-31G** basis 8gl0.7

as precursors. Contrary to this, the endohedral complexes witheV for the GHs molecule).

transition metal ions or other chemical agents, the penetration The main reason for the high penetration barriers for some

barriers for which are high, can be synthesized only during the ions and atoms through a molecular carbon lattice is an active

high-temperature synthesis from the carbon plasma or as a resuliz-electronic system, which tends to form new covalent bonds

at the external side of the objects. Hence, the best way to lower

Development of an effective method of synthesis of endohe-

* Corresponding author. E-mail: avramov.pavel@jaea.go.jp; pheigd: this potential barrier could be to neutralize this system by

027 J3;‘6agegt%?n:‘iicxgnilr OZZ\ 3;?C9696- saturation of the carbercarbon double bonds, for example,
E L_\'?_ Kirensky ,nstit% O? phyﬁics SB RAS. by fluorination. At present the most fluorinated derivative of
§ Rice University. the Gy is the GoFss molecule!® Previously, the electronic
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Schlegel Diagram TABLE 1: Theoretical (Calculated Using the Coopmans
. ) Theorem) and Experimental lonization Potentials of H, He,
Jor the CgyF, o Molecule Li, Ceo and CgoF4g (in Electronvolts)
ab initio
+ UHF PM3 UHF 6-31G* experiment
H H He Li object (eV) (eV) (ev)
) H 13.1 13.6 13.6
@ Fluorine atom He,1st IP 24.87 24.58
., He, 2nd IP 54.42 54.2%
& Carbon atom Li 5.30 5.33 5.398
Cso 9.5 7.6 7.67
.. Accessible CooFas 14.2 138 12.5°

o mgrcms_}‘er+ . . .
) 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 240 eV) with aromatic €Hs and Go molecules
Figure 1. Schlegel diagram for a &Fss molecule. The blue circles  (Carbon nanostructures (CNS)) and fluorine derivatives; £
denote fluorine atoms, and the black dots represent carbon atoms no@nd GoFss (fluorinated carbon nanostructures (FCNS)) were also
connected with fluorine. Red shaded regions reflect regions on the investigated using the unrestricted semiempirical UHF PM3 and
surface of GoF4s accessible for low-energy protons. ab initio 6-31G* quantum-chemical methods using the Gaussian

codé® and molecular-dynamics simulations as well. The

structure of GoF4g has been studied experimentally by photo- optimization of the geometry was performed by the analytical
electron spectroscopyand theoretically by the ab initio 6-31G  gradient method. All potential barriers were calculated taking

method* into account the basic set superposition error (BSSE). The
potential curves for the interaction of a proton with optimized

II. Atomic and Electronic Structures of CggFag and CNS and FCNS were calculated as functions of the distance

Details of the Calculations between the proton and the center of the carbon hexagon lying

) strictly normal to the direction of motion of the*Hon. The

The GeoFag molecule hass symmetry (the Schlegel diagram  penetration of low-energy protons and-lions through carbon
for the GsoFag molecule is presented in Figure f)There are 3 hexagons and pentagons was simulated by the molecular-
types of carbon hexagons in thgg@tomic lattice: 2 hexagons dynamics method using the UHF PM3 (MD/PM3) and ab initio
with 6 fluorine atoms each, 12 hexagons with 5 fluorine atoms, g.31G* (MD/6-31G*) potentials.
and 6 hexagons with 4 fluorine atoms. There are also two types  The applicability of one-determinant wave functions to the
of carbon pentagons: with five fluorine atoms (six pentagons) description of the electronic structure of fullerenes and their
and with three fluorine atoms (six pentagons). Single catbon  gerjvatives was confirmed earlier in the work of ref 16. An
carbon bonds are divided into four types (the ab initio 6-31G* gpalysis of the UHF wave function for all different proton
level): 1.49, 1.54, 1.5(.3, and 1.59 A. The length of six dquble positions with respect to thegg4s molecule has shown that
carbon-carbon bonds is 1.31 A, and the length of a fluorine  he spin contamination of the wave function vanishes in a wide
carbon bond is 1.34 A. range of distances (5 A). At chemically significant distances

To study the process of interaction of low-energyl0— from the proton to the center of the carbon hexagon (from 0 to
100 eV) ions and atoms with molecular targets, the kinetic 6 A), the energy difference between the HOMO and LUMO
energy of the projectiles should be taken into account. The levels of the “Go + proton”, “CeoFsg + proton”, “CeHe +
kinetic energy of the projectiles to penetrate the carbon cage proton”, and “GF1, + proton” systems varied from 5 to 8 eV
even for light elements (H H, He, Li", which can be  (depending on the method, system, and distance); this might
characterized by small effective radii) is sufficiently higher the also argue for the applicability of one-determinant wave
energy of molecular vibrations+0.1 eV). Even for the low-  functions to the description of such processes. The same
energy collisions, the effective speed of the projectiles is difference for the G + Li* and GoFas + Lit is sufficiently
sufficiently higher (-2—10 times) than the effective speed of higher (~10 eV). It should be noted that because of the presence
molecular vibrations of the atoms composing a molecule. The of a uncompensated positive charge in the systems under study
process of interaction the low-energy particles should generatethe occupied electron levels are displaced to lower energies to
a number of vibrational modes of the target molecules with a much greater degree than the unoccupied ones and the number
additional dissipation of the projectile energy. The modes (and of electrons is always even (according to the condition of the
consequently the amount of dissipated energy) can and shouldyroblem). Calculations show that in all cases the electronic states
be different for different trajectories and initial collision energies. are actually doubly occupied (because the orbitals with spin up

The electronic structure calculations of the specific points and spin down in the UHF method have close energies and have
(global and local minima and transitional states) cannot take the same character of spatial distribution) and, therefore, the
into account these features of the collision processes and, fromelectronic shells are closed.
a general point of view, cannot be directly applied to calculate  The unrestricted HartreeFock method was chosen for the
the true potential barriers of the projectile penetration through description of the electronic structure of such dynamic systems
the carbon cage of thesgand its derivatives. Moreover, because because the restricted Hartreleock method (RHF, or ROHF
of the large difference in the effective speed of the projectiles in the case of open electronic shells) and various versions of
and vibration movements of the atoms composing a molecule, the DFT method incorrectly describe the self-interaction of the
an achievement of a number of specific points on the molecular hydrogen 1s electron (in these methods, the hydrogen 1s
potential energy surface is not evident and should be clarified eigenvalues are ca:6 to 8 eV, whereas the experimental and
using a combination of quantum-chemical and molecular- theoretical (UHF) values of the ionization potential are equal
dynamics calculations. to approximately 13.5 eV; Table 1). This feature of the RHF
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and DFT methods does not allow one to correctly describe the
initial electronic state of the §F1, + proton and GgF4s + proton
systems at infinity, which is formally excited: the hydrogen 1s
state with an energy of about13.5 eV is vacant, and the
HOMO level in CNS/FCNS with an energy higher thaii2

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* 4+ 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 (protontarget distanceRy = —o) 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 protor- 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 the

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)

Vi(Ry)

H=H+HN+V(R) — o,

TRy ()

Here, HY' and HS™ are the Hamiltonians of the unperturbed
electronic systems of the proton (having an unoccupied 1s orbit)
and of the carbon nanostructure a@Rdis the radius vector of
the proton, which is parallel to the proton velocity and whose

length|Ry| = t«/ZE‘f}/mp is equal to the distance between the
proton and the center of the carbon hexagon. The tichenges
from — to O; —Vf)(RH)/(Zmp) is the operator of the proton
kinetic energyE} is the proton kinetic energy~(10 eV in our
case); and/¢(Ry) andVn(Ry) are the operators of the Coulomb
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Figure 2. Schematic representation of the interaction of a low-energy
proton with (a) Go and (b) GoFss molecules. On the right, the
unperturbed eigenvalue of the hydrogen Is orbist%) @nd, on the left,

the unperturbed eigenvalue of the carbon nanopartie@eq) (are
shown. At the center, perturbed eigenvalugg and €, are shown.
Over the distance range-® A in the case of & molecules, thaN;

(the probability of charge transfer) varies from 0 to 1. Because of the
charge transfer, the ¢ molecule becomes a cation radical with
the singly occupied\(rcn) State and the proton becomes a hydrogen
atom with the singly occupiedpi,(ry) state. In the case of the
CeoF4s molecule, charge transfer is suppressed due to the condition
€cn < €

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 dynamitsdescribes the motion
of nuclei only for the Bora-Oppenheimer potential surfaces,

for which one can write the rela'[ionsh{ﬁZEE/mp < \/ZEﬁ/me,
whereEy is the electron kinetic energy amg, andm are the
proton and electron masses, respectively. Taking into accoun
the relationship between the massggm. = 2 x 10° and the
average kinetic energy of the valence electroBg ¢ 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 thag; ~ 10%/10° eV. In our case,
E} ~ 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

en(Ry) = ey + Aey(Ry) )
een(Ry) = ey + Accy(Ry) 3)

where e;,(R4) and e\ (Ru) are the excited electron energy
eigenvalues corresponding to the unperturbed vaﬂuﬁthe
energy of the hydrogen 1s level) and to the unperturbed value

t

egN (the HOMO level of CNS/FCNS) localized on the proton
and on the carbon nanocluster, respectively. Fgra@d GoFss,
we haveedy = —15, = —7.6 eV andelyr = —Igye = —12.3
eV, respectively (where tHéN are the experimental ionization
potential?®13see Table 1).

Qualitatively, we can interpret the interaction of a low-energy
proton with carbon (fluorinecarbon) nanoclusters in terms of
perturbation theory. Disregarding the effects of orbital overlap,
we can write the perturbation operator of the electronic system

ViR =V (r) + Vo) + Viry) 4)
wherery, rc, andrg are the radius vectors of the electronic
wave functions belonging to the hydrogen, carbon, and fluorine
ions, respectivelyV H(ry) = —3* (qo)/(Irn — Rel) + 3%
(g9)/(Jru — RY|) operates only on they coordinate of the
electron wave functionNc andNg are the numbers of carbon
and fluorine atoms in the system, respectivelf(rc) = —
SN (U)/(r + R.|) operates on thec coordinate; and/ F(r)

= =3 (D/(rk + RH) operates on ther coordinate. The
vectorsR. and R are directed from the proton to the carbon
and fluorine atoms, respectively, and their lengths (for

JRAHA? and R =

the nearest six neighbors) arﬁa =
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/(RH—B)2+C 2 The geometrical parametefs= 1.4 A, B = of 6 A atwhich the overlap integral between the wave functions
1.1 A, andC = 2.4 A are determined by the features of the ©Of the carbon nanoparticle and the proton becomes nonzero.
atomic structure of the objectic and gr are the Mulliken On the basis of these estimations, we may assert that the

charges of the carboid is zero for GHs and Go and is equal aromatic systems_l_ike@and C§H6 interact with a Iow-e_nergy
to ~0.1 for CsF12 and GyoFag) and fluorine ¢ ~ —0.1) atoms. proton as do positive ion radicals & and GHe™) with a

The interactionV(Ry) between the uncompensated proton radical (ngutral hydrogen atom). This will certainly facilitate
charge and the Mulliken charges of the atoms of the target N formation of a new covalent carbehydrogen bond on the

molecule also contributes to the energy of the system. For €xternal side of the carbon nanoparticle.

nonfluorinated structures, we haygRy) = O because the Both theoretical quantum-chemical methods (UHF PM3 and
carbon Mulliken charges are equal to zero. For fluorinated @b initio UHF/6-31G¥) correctly describe the initial “FCN&
molecules (GoFss, CoF12), the quantityVa(Ry) = YN (qo)/(| proton” state because the first ionization potential gfFgs is

1 ’ I

overestimated (Table 1) and, therefore, the H1s state in the
CooF4s + proton system remains unoccupied and ais levels

are occupied. This feature allowed us to perform molecular-
f dynamics simulation of the interaction of protons with FCNS
(CeF12 and GoFag) using both the semiempirical and ab initio
guantum-chemical potentials. For comparison, we performed a
molecular-dynamics simulation of the interaction of protons with
aromatic carbon molecules ¢ CsHg) 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 A. Thus, we
assumed that, at this distance, the electron from the carbon
nanopatrticle 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
CeHs and GF12 and only the MD/PM3 method to simulate the
interaction with Go and GgFss molecules.

. ) N b. Interaction of Helium with CNS and FCNS. It is well
where L = [gey(ren)Irlgn(ry)i 1 is the dipole transition  ynown that helium has really high first (24.56 eV experiment
operator, and the transition energyfiis = ecy(Ru) — €j(Ru). and 24.87 eV ab initio RHF/6-31G*) and second (54.25 and
The matrix elementr = 0 if the overlap integrals for this 54 42 ev respectively) ionization potentials (Table 1). Because
systemSy—cn = [@nl@cnt= 0 and|Ry| > O (this condition is  of this, the He and Hé* (o particle) ions are really strong
satisfied if the system has no mirror symmetry. This is the case oyjdizers, and both CNS and FCNS systems should interact with
for a substantial (of about 1 au) separation betwee_n the proton|0W_energy Hé and Hé* as positively charged radicals with
and the center of the carbon hexagon). At laRyedistances  neytral helium atoms. Because of this, here we studied only
(Figure 2), the overlap integrals vanish to zero. Our ab initio the jnteractions of the helium atom with CNS and FCNS objects.
UHF/6-31G* calculations show that starting from a distance of . | +araction of the Low-Energy Lithium lons with CNS

~6 A from the center of the carbon hexagét (< 6'3A’ Re < and FCNS. In contrast with helium, lithium has a really small
5.8A), the overlap integrals vary from 0 to 0.5. In this interval, ionization potential (5.39 eV experiment, 5.30 eV UHF PM3
r(Rew) is equal to several angstroms; thereforg,~ Si-cw. and 5.33 eV ab initio UHF/6-31G*, Table 1). Taking into
The energy differences obtained by the PM3 method show that, 5 .cont the ionization potentials of both types of objects (CNS
in the case of GF4s, at a distance of 6 A, we havey =01 and FCNS, Table 1), the probability of the charge transfer from
eV andAecnr = —1.4 eV (the newey = —13.5 andecye = the targets (CNS and FCNS) to theflibns can be estimated
—13.7 eV values were obtained using the theoretical energy |ose 1o 0. Evidently, in this situation the quantum-chemical
shifts and correspondent experimental ionization potentials, nehods can describe correctly the initial state of the process

Table 1). Thus, at distances af6 A, the "Coofys + proton” (neutral target molecule and low-energy positive ion on infinity).
configuration becomes the ground state of the system and thega.ause of this. we have performed the ab initio MD/PM3
fluorinated carbon nanostructure interacts with a proton as doesg;lations of interactions of tiwith CNS and FCNS in the

a neutral molecule with a point charge. o same way as for the H+ FCNS (see the above paragraph).
For a low-energy proton~2 eV), the transit time for a
distance 66 A is T=5 x 104 s (for the “Gy + proton”

system withRy < 6 A, the number of periods of the electronic

R — ZjNF (gr)/(JR:|) 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 o
the process (neutral target molecute proton at infinity) is
quasi-excited (the energy of the unoccupied H1s statel3.6
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 orbitakn(rcn) localized
at the CNS/FCNS to thepy(ry) orbital (the unoccupied
hydrogen 1s state) can be writterfas

wr = 2|L; | (hw)? (5)

Ill. Results and Discussion

transition from the occupied staten(rcn) to the unoccupied The potential curves for the interaction of a proton witlgFag
stategy(ry) (Figure 2) is 18—10%). For G, we haveAey = and G molecules calculated by the UHF PM3 and ab initio
0.0 eV (the Mulliken charge of the carbon atoms is zero) and UHF/6-31G* methods are shown in Figure 3. The distaRge
Aecy = —1.15 eV, = —13.6 eV, ey = —8.7 eV). In this was measured from the proton to the center of the carbon

case, the transition frequenayis 10t s~1; therefore, the total hexagon (completely fluorinated in the case abFas) lying
transition probability from the molecular level into the unoc- on the trajectory of the approaching proton. The solid and dashed
cupied H1s state (with regard for the number of periods of the lines represent the results obtained by the ab initio UHF/6-31G*
electronic transition) is close to 1. The lifetime of the excited method for the GFss and Go molecules correspondingly,
electronic stater(~ (5 x 10719)/(3 x 10715 s) can be estimated ~ whereas the solid squares and dots correspond to the UHF PM3
from the experimental width of the photoelectron spectra€0.2 method. The filled upward and downward triangles (the ab initio
0.3 eV for G?t22 and GoF4g!d). This lifetime is an order of UHF/6-31G* method) and the open upward and downward ones
magnitude shorter than the proton transit time of the distance (the UHF PM3 method) at infinityR = —o) denote the total
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C /C F +H+ TABLE 2: Potential Barriers and Kinetic Energies
60760148 Required for a Proton to Penetrate through the Center of a
. Carbon Hexagon (Results of Ab Initio UHF/6-31G*
) Potential curves Calculations)
| potential kinetic
A barrier energy
"2 1 A object (eV) V)
] CeHe + H* 5.6 6.7
-4 A CeF12 + H* 14 2.6
> 1 e Ceo+ H* 6.2 (6.3}
O -6 CGOF48+ H* 3.1
5 ¢ + v Ceo+ He 14.0
5 -8 X CeoF4g + He 10.5
[5 . CGQ. C69F4s 2Note: The potential barrier was calculated as the difference between
0l ab initio 6-31G* ab initio 6-31G* the energies of the intermediate state (with a proton at the center of
|| evsese PM3 sunns PM3 the hexagon) and of the frees@nolecule is indicated in parentheses.
12 + Optimized o  Optimized The calculations were performed taking into account the BSSE error.
4 ab initio 6-31G* ab initio 6-31G*
1 .. * ..
44| x  Optimized PM3 Optimized PM3 | v TABLE 3: Potential Barriers and the Kinetic Energies
1| w abinitio 6-31G* A ab initio 6-31G* Required for a Proton to Penetrate through Carbon
18 R=-00 R=-00 Hexagons (Results of the UHF PM3 Calculations)
1l v PM3R=-o0 A PM3 R=-00 potential kinetic
: . T : ; — (— ) barrier energy
4 2 0 -2 -4 -6 object (eV) (eV)
Distance, A R=-00 CeHe + H™ 6.5 5.6
. . N N CeF12+ HT 4.8 3.7
Figure 3. PoFentlaI energy curves for thesdEss + H a_m_d_ Go+H Ceo+ H* 6.5 (12.03 57
systems. Solid and dashed lines represent the ab initio UHF/6-31G* CooFag + H* 1. 1.4
calculations for GFss and Go cases, respectively. The solid squares Ceo+ Li* 18.6
and dots correspond to UHF PM3 calculations. Solid triangles (ab initio CeoFas+ Li+ 17.6
UHF/6-31G*, upward for the gFss and downward for the §) and ) ) ) ) )
open triang|eg (UHF PMS’ upward for th%&s and downward for aThe meaning of the parenthetlcal value is eXpIalned in the footnote
the Gy) at a distanceR = — denote the total energies of the free  Of Table 2.

molecules in the gas phase. The solid (ab initio UHF/6-31G*) and open intermediate state (a guest atom at the center of the carbon
(UHF PM3) diamonds represent the total energies of the optimized hexagon) and of the initial state (the proton covalently bonded
E_CGOFM structures (with a hydrogen at the center of the carbon , 5 carhon atom on the external side of the carbon polyh&dron
exagon R = 0) or with a covalently bonded hydrogen inside the . . " .
carbon polyhedronR = 5 A)), whereas the cross-j and X character or as the difference between the energies of the .|ntermed|ate
represent the HCss" complex with a covalently bonded hydrogen on  State and a neutral state of thep@olecule. The choice of the
the external side of the gg molecule R = —1 A) on the ab initio former initial state of the process of proton penetration through
UHF/6-31G* and UHF/PM3 levels of theory, respectively. 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
energy of the neutral &F4s and Go molecules in the gas phase. that this configuration corresponds to the global energy mini-
Solid (the ab initio UHF/6-31G* method) and open (UHF PM3 mum of the system, to which the system will tend in the case
method) dimonds denote the total energy of the optimized where the proton kinetic energy is close to zero.
H—CsoFag™ complexes with the hydrogen placed at the center  Using molecular dynamics, we calculated the kinetic energy
of the carbon hexagorik = 0, and the hydrogen covalently  of the penetration of a proton orLion as the minimum kinetic

bonded to an spcarbon inside the carbon polyhedrdd= 5 energy required for the particle to penetrate into the molecule
A. The cross ) (the ab initio UHF/6-31G*) and X character through the center of the carbon hexagon. In the case of the
(UHF PM3) denote the optimized structure of the-Ego" CsoF4s molecule, the center of the completely fluorinated carbon
complex with the hydrogen covalently bonded to ahcarbon hexagon was chosen as a target. The calculated penetration
outside the @ molecule,R = —1 A. barriers are listed in Tables 2 and 3 (ab initio UHF/6-31G* and

For the GoF4s + HT system, the potential curves are typically UHF PM3 methods, respectively).
smooth and do not exhibit high potential barriers or wells outside  The ab initio UHF/6-31G* calculations (Table 2) show a

the carbon nanostructure or at the wall. For thg € H" significantly lower barrier (by up to four times in the case of
system, two deep potential wells outside the carbon nanostruc-C¢He/CsF12 molecules) for the penetration of a proton through
ture, corresponding to the initial state (a neutrad @olecule, the carbon hexagon of FCNS df&», and GoFag) as compared

R = —o) and to the hydrogen covalently bonded to a carbon to the barriers of nonfluorinatedsgand GHs molecules. We
atom R = —1 A), and one high potential barrier at the center explain this result in terms of a substantial decrease in the
of the carbon hexagorR(= 0) exist. For the GFss + H™ density of valencer-electrons on fluorinated nanoobjects, which
system, a deep potential well exists inside the carbon polyhedronprecludes the formation of new covalent hydrogearbon
(R=5 A), corresponding to the hydrogen covalently bonded bonds on the external side of the carbon polyhedron. Neverthe-
to an s carbon atom. This bond forms when the incident proton less, the potential barrier to the escape of the proton from the
passes through the center of the carbon hexagon and collide<CgoF4g molecule remains highv(5 eV) because of the formation
with a nonfluorinated carbon atom located on the opposite side of a new carborhydrogen covalent bond inside the carbon
of the molecule. nanostructure (Figure 3).

The potential barriers to the penetration of the proton were  The potential barrier for a helium atom is 25% lower for
calculated as the difference between the energies of thefluorinated nanostructures as compared to nonfluorinated nano-
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TABLE 4: lonic and Atomic Radii of the Light Elements 18 center of the carbonfluorine bond, and (vi) a series of points
atomic ionic on an imaginary surface of carbon pentagons and hexagons lying
radius radius far from their centers.

element A A Molecular-dynamics simulation showed that there are several
H (HY) 0.79 0.012 channels of inelastic scattering of protons with a kinetic energy
He 0.49 of about 2 eV:

Li(Li) 2.05 0.76 (1) Breaking of a G-F bond with the formation of a HF

molecule (collisions with a carbon atom, with the centers of

structures (Table 2); this fact can be explained by the 12.5% the carbor-carbon and carberfluorine bonds).
lengthening of the carbeﬂ:arb(_)n distance in aggrag molecule (2) Penetration into a & 4s molecule (through a number of
(1.59 A) as compared to that in agnolecule (1.40 Ayand by points on the imaginary surface of carbon pentagons and
the decrease in the densitysotlouds at the center of the carbon hexagons).
hexagon. (3) Reflection of the proton with partial absorption of its

For CsHs and GF;, molecules, we performed the molecular- - yinetic energy via the excitation of molecular vibrations of the
dynamics simulation using the ab initio UHF/6-31G* potential - ¢ F,. molecule (in particular, due to collisions with fluorine
(MD/6-31G*). The proton kinetic energy at which thetH atoms).
penetrates through thes@agment turned out to be 2.6 times The same trajectories were also studied for the-+iCsoFss
lower for a GF1, molecule (2.6 eV) than that for a benzene - ¢jisions with kinetic energy close to 30 eV. The MD
molecule (6.7 eV; Table 2). We did not study the potential gjmy|ations also demonstrate some alternative channels of
curves for the interaction of a proton with aRs, molecule jq|astic scattering of the Liions with breaking the €F bonds

because of the substantial distortion of thef@gment in this 514 consiquent formation of the LiF molecules or breaking the
case and the impossibility of defining its center uniquely. Ceo cage itself.

imi + +
S|m|||ar reks)ult.s f(()jr éheEHG + H an'd. Q::lz +3H S%st(;ems b The results of the MD/PM3 calculations showed that, on the
were also obtained by the semiempirical PM3 method (Table i, jinary surface of carbon hexagons inoGs, there are

3). The potential barrier for adds molecule (1.8 eV) turned regions with a reduced electronic density that are open for proton
'OI'LFJI?S,[?at;i?)?(.)? ttgi)z :Ségg}ﬁ?é@?ﬁg&@é‘_'ﬁ:c(’g.aguel\e;)(g?ni\g penetration. For example, for a kinetic energy of 2 eV, the
) diameter of such a region is1.5 A. Therefore, approximately
lower (~1.4) because the PM3 method predicts that thaCC 5504 of the imaginary surface of the carbon polyhedron of
bond in the GFi, molecule can be broken by the proton. fluorinated nanoobjects is open for proton penetration through

Simulation of the (GO + H+)/(C60F48 + H+) and (QHe + H+)/ th : : .
\ e walls. The schematic representation of the accessible proton
¥
(CeFz + .H ). processes using the MD/PM3. method showed areas are presented in Figure 1 by shaded red regions.
that fluorination lowers the penetration barriers by factors of

4.1 and 1.5, respectively. It should be noted that after the Conclusions
penetration into the carbon polyhedron of thgFzs molecule '

the proton forms a new -€H bond with an sp carbon atom In this study we have shown that starting from a distance of
inside the carbon skeleton. Subsequent collisions with protons~6 A the electronic charge transfer determines the character of
form either new carbonhydrogen bonds inside thegfEas interaction of low-energy protons with aromatic molecules and
molecule or H molecules via the breaking of the earlier formed transforms a proton into a hydrogen atom and a neutral target
carbor-hydrogen bonds. molecule into a cation radical. In turn, this circumstance
The MD/PM3 simulations of the processegs G- Li*™ and facilitates the formation of a new covalent carbdrydrogen
CeoFss + Lit (Table 3) show that there is no significant bond outside the carbon nanoparticle and determines the nature
difference between penetration barriers for thgFgs (17.6 eV) of the potential barrier to the penetration of a proton through

and Gy (18.6 eV). The Li ion is chemically passive in both  carbon pentagons and hexagons.
cases because of low ionization potential. The escape barrier The presence of substitutional fluorine atoms suppresses the
for both molecules remains high and practically the same (the electronic charge transfer fromegki, and GoFsg due to the
initial kinetic energy of the ions is 31.4 and 32.3 eV fapkxs Coulomb perturbation of the electronic structure of an interacting
and Gy, respectively). The high value of the escape barrier can system. In this case, the neutraFu/CsoFag molecule+ proton
explain quantitatively the experimental data of E.E.E. Campbell state becomes the ground state and, therefore, the low-energy
described shortly in the introduction. According to this data, proton interacts with fluorinated carbon nanopatrticles as a point
the endohedral complexes of thgo@€an be created using Li charge does with a neutral molecule. At short (chemically
ion beams with the kinetic energy around 30 eV. The consequentsignificant) distances of2 A, the absence of the-electron
increasing of the kinetic energy of the'Lions during our MD density on the external side of the carbon polyhedron precludes
simulations leads to a destroying of the carbon cage of ge C  the formation of a new €H bond. In turn, this lowers the
CeoF4s and escape of the tiions from both molecules. barriers to the penetration of low-energy protons through the
Collisions of the low-energy He and Livith Cso and GoFss carbon cage by a factor of-2.
as well as the H + CgoF45 Ones can be rated as the interactions ~ Molecular-dynamics simulations using the ab initio UHF
of chemically passive particles with neutral molecules. Increas- 6-31G* and semiempirical potentials have shown that, for a
ing of the potential barriers in the line™;IHe, and Li" can be proton kinetic energy of 2 eV, a quarter of the imaginary surface
explained by increasing of the ionic/atomic radii of the species of the carbon cage of the fluorine-substituted carbon molecules
(Table 4). is open for the penetration of low-energy protons. However,
We also studied other channels of inelastic scattering of the barrier to the escape of a proton from such molecules
protons by a GF4g molecule using the MD/PM3 method. As  remains high because of the formation of new covalent carbon
a target, we chose (i) a carbon atom not bonded to a fluorine hydrogen bonds inside the systems under study. Other scattering
atom, (ii) the center of the double carbecarbon bond, (iii) channels result either in the carbeftuorine bond breaking
the center of the carbon pentagon, (iv) a fluorine atom, (v) the (with the formation of HF molecules) or in the reflection of a
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