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ABSTRACT

Fullerene is ahollow molecul e of carbon atoms and may accommodate guest atomsinside it. Therefore a number of
Na atoms may be doped inside it. We have used the model potential calculations to investigate the stability and
charge transfer when Na atoms are doped inside C,, and C_. In our calculations, the number of the Na atoms doped
inside fullerene varies from 1 to 9 in case of C,, and 1 to 6 in case of C_. The binding between Na atoms has been
modeled using Gupta potential and Coulomb Potential. The interaction between Naatomsand fullerene moleculeis
modeled using exp potential and Coulomb Potential. The Minimization of total cohesive energy w.r.t to charge
transfer and size of the cluster resultsintotal charge transfer from sodium atom cluster in each energetically favorable
case however different values of on shell coulomb repulsion V restricts the number of sodium atoms which can be
doped inside fullerene molecule For all clusters, charge transfer is energetically favorable.
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1.INTRODUCTION

Carbon, aneement of prehistoric discovery, isvery
widdy distributed in nature. It isfound in abundancein
the sun, stars, comets, and atmospheres of most plan-
ets. Carbonisone of thefew elementsknown to man
sinceantiquity. Graphiteand diamond arethetwo well
known alotropicformsof carbon, with markedly dif-
ferent physica properties. Diamondisalarge-gap semi-
conductor. The non-conducting property followsfrom
the sp® bonding schemeof thecarbon atlomsinthecrystd
structure. Graphite consists of parallel sheets of
graphene, an sp? bonded honeycomb | attice of carbon
atoms. A single graphene sheet would be azero-gap
semiconductor, but theinterlayer interactionsturn graph-
iteinto asemi-meta™. Thediscovery of fullerenesby
Kroto and co-workers initiated a new erain carbon
chemigtry. Fullereneswerefirst discoveredin1985in
an apparatus designed by Prof. Rick Smalley to pro-

duce atomic clusters of the non-volatile el ement!?.
Fullerenesareafamily of carbon allotropes, molecules
composed entirely of carbon, in theform of ahollow
sphere, dlipsoid, tube, or plane. Few new carbon struc-
turesinclude Singleand M utiwalled carbon nanotubes,
Multi layered Carbon Onionsetc.Spherical fullerenes
aredsocdled buckybdls, and cylindricd onesarecdled
carbon nanotubes or buckytubes. Fullerenesaresmi-
lar ingtructureto graphite, whichiscomposed of asheet
of linked hexagonal rings, but may also contain pen-
tagona ringsthat would prevent asheet frombeing pla-
nar. Thesmallest member of fullereneis C,, (dodeca-
hedron) with 12 pentagons, no hexagons. The most
common fullereneisC_. Thestructureof C_jisatrun-
cated icosahedron. Thereare 12 pentagona facesand
20 hexagond faces. Here, 60 carbon atomsarelocated
at theverticesof each polygon and every carbon siteis
equivaent toevery other Ste. Theaveragenearest neigh-
bor C-C distancein C, is 1.44 Al¥ and each carbon
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atominside C,, istrigonally bonded to other carbon
atoms. Another fairly common buckmingterfullereneis
C,, but fullereneswith 72, 76, 84 and even up to 100
carbon atoms are commonly obtained. Threedimen-
sona assembliesof thesemoleculesform solidswhich
havevery interesting el ectronic and mechanical prop-
erties Thechemicd and physicd propertiesof fullerenes
havebeen of great interestinthefield of research and
development™. The fullerenes are also found to be
solublein common sol vents such asbenzene, toluene
or chloroform solidsbased on buckyballscan beinsu-
lators, conductors, semiconductors, or even supercon-
ductors when doped with other atoms or molecul es.
Fullerenesand their derivatives area so applied to coat
meaterid son somechemicd sensors, suchasquatz crys-
tal microbalance (QCM) and surface acoustic wave
sensors.Fullerenescan beused intheformation of poly-
meric materias. Thesepolymershave possible appli-
cationsto catalysts, el ectronic devices, and other area.
Fullerenesarechemicaly reactiveand can beadded to
polymer structures® to create new copolymerswith
gpecific physica and mechanical properties. Fullerenes
are powerful antioxidants, reacting readily and at ahigh
ratewith freeradicas, which areoften the cause of cdll
damage. Experimentssuggest that fullereneswhichin-
corporate akai metal s possess catal ytic properties.
Fullerenes can be doped in several different ways
whichincludes. Endohedral Doping-wherethe dopant
goesintothe hollow coreof thefullerene. Subgtitutonal
Doping-wherethe dopant replaces one or more of the
carbon atomson the shell of themolecule. Exohedral
Doping-where the dopant is outside the or between
fullereneshells. Endohedral dopingistheaddition of
an atom or anioninto theinterior hollow core of the
fullerenemolecul eto form an endohedraly doped mo-
lecular unit, also called a metallofullerene or
endofullerene. In principle, many different atomic spe-
ciescan beinserted within fullerenes. Anendohedrally
doped fullerene moleculehas modified e ectronicand
mechanica properties. Thisinturn modifiesthe prop-
ertiesof the solid formed with thesemol ecules. There-
fore one can mimic e ectronic and mechanica proper-
tieswith different number and type of dopants. Asthe
novel form of fullerene-based material, endohedral
fullerenesrepresentsanovel type of nanostructures,
which arecharacterized by arobust fullerene cagewith
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atoms, ions, or clusterstrappedinitshollow core. Be-
cause of thechargetransfer from the encaged species
to the fullerene cage, this new type of molecule has
opened many possibilitiesfor research. Metdlofullerenes
are characterized by many experimental techniques.
EPR, vialine shapeand hyperfineinteraction studies,
providesavery sendtivemethod for characterizing the
charge transfer for the various endohedral dopants.
Other important characterization techniques for
metallof ullerenesinclude X -ray absorption fine struc-
ture, X-ray diffraction and transmission microscopy,
photoel ectron spectroscopy, and M ossbauer spectros-
copy studies.

In present paper we have studied sodium doped
C,, and C, endohedral fullerene. Here dopingisde-
noted by Na@C,, where M=84 or 60 for one
endohedral sodium atom. We have modeled theinter-
action between Naatoms clustersin thefullerenemol-
eculewhichisassumedto berigid. However themetd
cluster insidefullerene moleculeisalowed to change
size. We consder that afraction of chargeistransferred
from Nacluster to fullerene. The endohedral cluster
(Na),, isplaced suchthat its centre of mass coincides
with the center of C,,. We have donemode! potential
calculationsto study the stability of Naclusterswith
variousNo. of ailomsinsideC,,. Theequilibriumisob-
tainedwithminimizationwith chargeand szeof theeech
cluger.

2. Theoretical formalism

Fullerenemolecul eisconsdered asasphericd cage
wherethe carbon atomsaredistributed inasimilar way
asinthecorresponding truncated i cosshedronsfullerene;
each carbon atom isplaced on thevertices of dightly
distorted pentagonal and hexagona ringsdistributed on
aspherica hollow cagewith averageradiusR=4.23A19.
Endohedra doping of Naatomsto fullerene molecule
may resultin chargetransfer from Naatomstofullerene
molecule. We can expect that one or more el ectrons
may betransferred from the Nacluster to thefullerene
cage. Inour caculations, theNo. of atomsintheclus-
ter variesfrom 1to 9in C,,and 1to 6in C, .Various
interactions between Na atoms and Na and Carbon
atomsof thefullerene moleculehasbeen considered to
caculatetota cohesveenergy of thesystem and hence
the stability of clusters of Naatoms (cluster) inside
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fullerene. Thevariouscomponentsof thetota cohesive
energy areasunder.

(i) Interaction between sodium atomsin thecluster

Let thenumber of NaatomsintheclusterisN. To
model themetdlic bonding in sodium cluster wehave
used themany-body Guptapotentia(”, whichisbased
on the second moment approximation of atight-bind-
ingHamiltonian. It usesexponentid functionsrather than
powers of the separation. Itsanalytical expressionis
given by®

REP

ATR
VGP = VGP +V

GP

1N rij i % @
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where s is the distance between Na atoms of the clusters and
r, A, & pand g are adjustable parameters®. For sodium
clusters, these parameters have been fitted to band structure
calculationd?. The values are:

A=0.01595¢eV, £ =0.29113eV, r,=6.99 bohr, p=10.13,9=1.30

Thispotentia has been already used to study the
structureand thermodynamic propertiesof sodiumdus-
ters. The Coulomb interaction between NaAtomsis

givenby:
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where, K isthe constant, gx isthe charge on each Na atom of
the cluster and g is the distance between Na atoms of the
clusters. Combining Eq. 1 and 2, we have

REP , \;ATR
Verst=Ver +Vep +Veol

3
(i1) Interaction between Na clustersand fullerene

Now wewill consider theinteraction between Na
atomswiththecarbon atomsof fullerenemolecule. Let
g bethe chargetransferred to fullerene moleculeand
M isthe No. of carbon atoms. We consider that gis
uniformly distributed among all carbon atomson the
fullerenemolecule. Thereforethechargeon each Catom
isg,=g/M. Coulombinteraction may besuperimposed
with van der Waal sinteraction used earlierin exohedrd
doped Na C_, compounds™®. Theresultant contribu-
tiontotheenergy is

4
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Figurel: Variation of repulsivepotential with distance

where B=2000, a=5.0, gx =charge on each Naatom, g_= charge
on each C,, where M is 84 for C,, and 60 for C_, s is the
distance between Na atom of the clusters and C atom of C,,.

We have used figure 1 to estimate the Born-maoer
parametersfor sodium. Also we have adjusted V and
alfasuch that Naatom placed at adistance about 2A
experienced repulsion which exponentially risesfor r
lessthan 2 and therefore prevent the sodium atomsto
penetrate the carbon atoms onthefullerenemolecule.

The cohesive energy may bewritten assum of all
the contributions described above.

Veon =Veist + Viacm ©)
Apart fromthis, the electron affinity of fullerene
moleculeand ionization potentia Naneedsto be con-
sidered to discussthe stability of cluster inthese sys-
tems. Thedectron affinity of C,is3.14evi@and Cis
2.65 eV, Subsequent addition of ectronwill modify
thehigher dectron finity of fullerenemolecule Onshell
coulomb repulsion isthe energy cost of placing two
electronsonthe samefullerene molecule. Wehavees-
timated it by adding on shell Coulombrepulsion (V) to
it. The contributionto the cohesiveenergy isgiven by

U=—(quA)+V%q(q—1)+qxIP (6)

where gischarge on fullerene, EA isElectron Affinity, IPion-

ization potential of Naand equalsto 5.14 eV . Now, the total
cohesive energy is obtained by adding Egn. 5 and 6.

Vrcon =Veon +U ()
TheTotal cohesiveenergy V., containsterms
which depends upon the shape and size of the cluster

of Naatoms(Egn. 5). Wecan dso vary thefraction of
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TABLE 1: Sructureand chargeon variousclustersinside
CgandC,

S. No. of Na Structure of Na cluster Charge
no. atoms transferred
1 1 Single atom 1.0
2 2 Dumbbell 2.0
3 3 Equilateral Triangle 3.0
4 4 Tetrahedron 4.0
5 5 Trigonal Bipyramid 5.0
6 6 Octahedron 6.0
7 7 Octahedron + center 7.0
8 8 Cube 8.0
9 9 Cube + center 9.0
TABLE 2: Calculation resultsfor Nadoped endohedral C,
No.of Onshell Distanceof Energ Energy per
Na coulomb Na atom E (evgl atom
atoms repulsion fromorigin E/N (eV)
20 0.0 -1.1443  -1.1443
1 4.0 0.0 -1.1443  -1.1443
6.0 0.0 -1.1443  -1.1443
20 2.25 -4.425 -2.212
2 4.0 2.25 -2.425 -1.212
6.0 2.25 -0.425 -0.212
20 2.30 -7.786 -2.595
3 4.0 2.30 -1.786 -0.595
6.0 2.30 4.214 1.404
2.0 1.40 -11.935  -2.983
4 4.0 1.40 0.065 0.0162
6.0 1.40 12.065  3.0162
20 2.61 -11.482 -2.296
5 4.0 2.61 8.518 1.7036
6.0 2.61 28518  5.7036
2.0 2.55 -24.141  -4.0235
6 4.0 255 5.859 0.976
6.0 255 35.859 5.976
2.0 2.70 -21.884  -3.126
7 4.0 2.70 20.116 2.873
6.0 2.70 62.116 8.873
20 1.50 -36.013  -4.501
8 4.0 1.50 19.987 2.498
6.0 1.50 75.987 9.498
2.0 1.60 -33.985 -3.776
9 4.0 1.60 38.015 4.223
6.0 1.60 110.015 12.223

chargetransferred tofullerenemolecule. Minimization
of V., resultsinequilibriumvalueof sizeof theclus-
ter and chargeonit. Thefullerenemoleculeisassumed
toberigid.

3. RESULTSAND DISCUSSION

Thestructureof themetal cluster and chargetrans-
ferred to fullerenemoleculefor different no. of Naat-

s Fuf Poper
TABLE 3: Calculation resultsfor Nadoped endohedral C,

No.of Na On Shell Distance of Energy per
Energy
atoms coulomb Na atom E(eV) atom
N repulsion from origin E/N(eV)
2.0 0.0 -1571 -1571
1 4.0 0.0 -1571  -1571
6.0 0.0 -1571  -1571
20 1.65 -4522  -2.261
2 4.0 1.65 -2522  -1.261
6.0 1.65 -0522  -0.261
2.0 1.84 -8.382 -2.794
3 4.0 1.84 -2.382  -0.794
6.0 1.84 3.618 1.206
2.0 1.15 -14.362  -3.590
4 4.0 1.15 -2.362  -0.590
6.0 1.15 9.638 2.409
2.0 2.20 -11.650 -2.330
5 4.0 2.20 8.350 1.67
6.0 2.20 28.350 5.67
2.0 2.05 -24.068  -4.011
6 4.0 2.05 5.932 0.988
6.0 2.05 35.932 5.988
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Figure2: Variation of energy per atom with no. of Na
atomsinsideC,,

omsareshownin TABLE 1. TABLE 2 and figure 2
showsthe variation of Total cohesive energy w.r.tV
and number Naatomsinside C,, molecule. For each
cluster, calculation hasbeen donewith different values
of V. for V=2 thetotal cohesive energy per atomin-
creaseswith increasein number of sodium atoms but
not monotonicaly. Similar trendisseen (Figure3and
TABLE 3 for Na doped endohedral C_; molecule.
Fromfigures4-5itisclear that totd chargetransferis
supported for V = 2. For V = 4 the situation is not
same, thetota cohesiveenergy ismaximumfor aclus-
ter of 2 atomsinside C,, and then shows a gradual
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decrease. Thecal culations predict ungtability of aclus-
ter composed of morethan 3 atomsinside C,, whereas
for v =6 not morethen 2 atomswill bealowed/stable
insdeC,,. Sinceweare not sure about theexact value
of V therefore such cal culationsmay be used to guess
thevaueof V with observed number of Naatom clus-
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tersencapsulated inside C,, ,for exampleif morethan
3aomsof sodium can beplacedinside C,, thenit means
on shell coulomb repulsion should liebetween 4 and 2.
Themaximum distance of Naatom fromtheoriginis
2.5 A which is in case of 7 atom cluster. For endohedral
C, thecaculaionarepresentedin TABLE 3and fig-
ureb. Itsclear energy per atomincreaseswith increase
inno. of atoms placed inside C,. V=2 supports full
chargetransfer upto 6 atomscluster. Again thethings
areinteresting with V=4 which doesnot support clus-
ter formation for morethan 4 atoms. Secondly, theen-
ergy per atom of N atoms cluster in C,, or C_, does
not changevery significantly. Theszeof thecluster de-
creaseswiththesize of thefullerene.

Apart frominteractionswhich we have considered
inour model thed ectron affinity and theionization po-
tential of metal cluster playsanimportant rolein deter-
mining the stability of metal clustersinsdeafullerene
molecule. Sincethehigher valuesof eectron affinity are
not availablein theliterature therefore we have mod-
eeditusingfirst eectronaffinity and on shell coulomb
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repulsion which solely determinesthe energeti c/stabil -
ity of thecluster ingdeafullerenemolecule. To seecor-
rect pictureof stability of theseclusterstheactud higher
electron affinitiesarevery essential thereforeonecan
gofor estimation of high eectronaffinities.

We conclude that the cluster formation inside
fullereneissupported with full chargetransfer, however
theva ueof v decidesthe number of atomswhich can
bedopedinsdefullerenemolecule.
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