Trade Science Ine.

ISSN : 0974 - 7486 Volume 9 | ssue 2

A Tndéian Yournal

— Pyl Paper

M SAIJ, 9(2), 2013 [50-55]

Electronic propertiesof substituted C_ X (X=C,B,Al,Ga, In) fullerene

Abdel-Baset H.Mekky'*, Hanan Elhaes?, Mohamed M .El-Oker3, Medhat A.lbrahim#*
1Buraydah Colleges, Al-Qassm, Buraydah KingAbdulazziz Road East Qassim Univer sity,

P.0.Box 31717, (KING OF SAUDI ARABIA)
2Physics Department, Faculty of Women for Arts, Science, and Education, Ain ShamsUniver sity, 11757 Cairo, (EGYPT)

%Physics Department, Faculty Science, EI Azhar Univer sity, Cairo, (EGYPT)
4Spectroscopy Department, National Resear ch Centre, 12311, Dokki, Cairo, (EGYPT)

E-mail: hofny_a@yahoo.com

Received: 31% May, 2012 ; Accepted: 2" October, 2012

ABSTRACT

Hartree Fock (HF) and Density Functional Theory (DFT/B3LY P) were
employed to study fullerene C,, and specific substitutions C_ X (X=B, Al,
Ga, In). HF and B3LY Pwith different basis setswere used to investigate the
structure and €electronic properties for fullerene and substituted fullerene
molecules. Molecular point group for C_ and C_ X iscorresponding to C1
point group. The calculated C-C bond lengths for C_, decreased as the
polarization function of the basis set increased. C-X bondsareintherange
of 1.381-2.176A. The bond angles C-C-C and C-X-C decrease monotonically
down ongoing from B to In. The calculated energy gaps were 3.00 eV,
1.63eV, 1.45€V, 1.44 eV and 1.42eV respectively for C_, C_B, C, Al, C,Ga
and C_jIn. Generally substituted fullerene show a unique chemical site on
its surface, which modify the electronic properties, then could be used asa
reactive center. So that substituted fullerenes are possibility utilized as
atom-like building units. This substitution allows the tuning of the physical
and chemical propertiesof original molecule.

© 2013 Trade Sciencelnc. - INDIA

KEYWORDS
Ab initio;
DFT;
Fullerene;
Substitution;
Electronic properties.

INTRODUCTION

Fullerenes(buckmingerfullerene) arediscovered d-
lotropes of carbon named after the scientist and archi-
tect Richard Buckminster Fuller, but werediscovered
in 1985 by ateam of scientistsfrom Rice University
and the University of Sussex, three of whom were
awarded the 1996 Nobe Prizein Chemistry(',

Doped fullereneshave attracted agreat ded of in-
terest dueto their remarkable structural, electronic,

optical, and magnetic properties® 9. The dopant atoms
may belocated (a) outsdethecage, producingfulleride
sdts; (b) ingdethecage, producing asort of superatom;
or (c) aspart of the cageitself, replacing oneor more
of the carbon atomsin the cage network. Molecular
nanoscal e el ectronic deviceshave attracted agreat ded
of attentionin recent years??. Carbon fullereneisone
of the most stable and awell known nano-scale mo-
lecular structure; C,, often acts as asemiconductor.
For electronic usesone of the main objectivesinthe
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doping of fullerenesisthe production of p-typeand n-
type semiconductors materials. Fullerenesare known
asexcellent el ectron acceptors and can bechemically
modifiedtoimprovesolubility inorganic solvents. Such
solublefullerenederivativesareknown assomeof the
best n-type organi c semiconductors?,

Modeling techniqueshelp to pavetheway toward
understanding the physical and chemica propertiesof
fullerenederivativesaswell asother materid $°1°. Over
thelast few decades, there has been amagjor interest
into devel opment of computational programstoaidin
solvingred world chemicd problems(eg., for molecular
geometries, spectrascopic va ues, transition states, and
variousthermodynamic properties). In thebeginning,
attemptsto sol vethetime-independent Schrodinger
equation for the el ectronic structure of asystem were
carried out through approximation techniques. One of
thefirst methodsused wascalled ab initio, “from the
beginning,” calculations. This method starts with the
Schrodinger equation and makes approximations to
construct Hamiltoniansthat can be solved. Thisgives
approximate val uesfrom the sel ected wavefunctions
whenthe Schrodinger equation has too many variables
tobesolved exactly (i.e., for any systermm more complex
than the hydrogen atom)!¥. Another method proposed
earlyinthe1960’s was Density Functional Theory, DFT.
Thismethod statesthat agood approximation for the
wave functions can be found by using afunction that
definestheé ectron density about thenucleusor nuclel
of the system!(26-18, DFT wasfirst used inthe physics
community and did not seemuch popularity with chem-
istsuntil thelate 1980’s and early 1990’s when com-
puters became more powerful and easier to use and
when “user friendly” computational software packages
(i.e,, Gaussian, Spartan, etc.) becamemorereadily avail-
able®l.

In this paper, the electronic propertiesof C_ and
some of its substitutionswith somee ements of group
11 (B,Al, Ga, In) will bestudied. Accordingly both HF
and B3LY Pwill be performed withthehelp of different
bases sets.

COMPUTATIONAL DETAILS

AsseeninFigure 1 the carbon atom number 60is
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replaced separately with B, Al, Gaand In respectively.
Accordingly the system under study isC_X where X
isC, B,Al,Gaand In.

All caculaionswerecarried out usng Gaussan 98
suite of program® without imposing any externa con-
straints. HF and B3LY Pmethodswere utilized using
different basissetsnamely STO-3G, 3-21G, 3-21G*,
3-21G**, 6-31G, 6-31G*, and 6-31G** respectively.
Inthefirst step, geometry optimizationswere performed
for C,, usingthebasis sets, STO-3G 3-21G, 3-21G*,
3-21G**, 6-31G, 6-31G*, and 6-31G** respectively.
Then geometriesof substituted fullereneswerefurther
optimized using B3LY Pwith 3-21G** basisset. The
resultsof a(B, Al, Ga, In) (p-type) substitutionin C,,
are reported. Highest occupied molecular orbital
(HOMO) and thelowest unoccupied molecular orbital
(LUMO) werecalculated at the samelevel of theory.

RESULTSAND DISCUSSION

First, the geometrieswerefully optimized for C,
with HF and B3LY P. The effects of basis sets were
regarded by considering STO-3G, 3-21G, 3-21G*, 3-
21G**, 6-31G, 6-31G*, and 6-31G** respectively.
Thenonelevd of theory ischosento discusstheeffect
of subgtitutions.

Optimized bond lengthsand bond anglesof C,,

TABLE 1 showsthe cal culated bond lengths and
bondanglesfor C_, whichcaculated by HFand B3LY P
methodswith different basi s sets. The obtained results
were compared with those availablein theliterature.
C,, hasonly oneunique atom and two different bond
distances. The calculated databy HF and B3LY P of
minimal valueof bond lengths, minimal value of bond
anglesand maximal value of bond anglesbetween car-
bon atoms) arein agreement with previousinvestiga-
tiong?. So that HF and B3LY Pmethods are accurate
enough for thegeometry optimization of C_, molecule.
The basis sets by considering STO-3G, 3-21G, 3-
21G*, 3-21G**, 6-31G, 6-31G*, and 6-31G** are
used totest itsinfluence onthegeometrical parameters.
In comparison between these different basis sets as
showninTABLE 1, thecalculated C-C bond lengths
for C, decreased asthe basissize or asthe polariza-
tion function included. Thistook place ongoing from
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STO-3Gt06-31G**. Generally the bond lengths ob-
tainedwith basissetsin combinationwith B3LY Parein
most casesin good agreement with previousinvestiga:

tiond” 2, Theanglesof C-C-C arevaried from 108°-
120° and it is in a good agreement with the results re-
portedintheliterature? %,

TABLE 1: Calculated bond lengths(A) and bond angles (°) for C,,» Whichcalculated by HF and B3LY Pmethodswith different

basis sets
Bass HF B3LYP Reference
et cc*  cc® ccct cect cct occd ocece cecct occR cc ccc* ceeb
STO3G 1376 1463 108 120 1412 1478 108 120 1'[3591 145513 1082028 120202
321G 1367 1453 108 120 1.390 1460 108 120
321G* 1367 1453 108 120 1390 1460 108 120
321G** 1367 1453 108 120 1385 1464 108 120
631G 1375 1452 108 120 1.398 1459 108 120
631G* 1373 1449 108 120 1392 1455 108 120
6-31G** 1373 1449 108 120 1.396 1454 108 120

(@) Minimal value of bond length between carbon atoms; (b) Maximal value of bond length between carbon atoms (c) Minimal
value of bond angle between carbon atoms; (d) Maximal value of bond angle between carbon atoms

Optimized bond lengthsand bond angles substi-
tuted fullerenes

In order to make a comparison between C_ and
C X (where, X=B, Al, Ga, In), C_, cluster wasfirst
studied. When acarbon atom of C_, isreplaced by a
dopant atom, thisdopant atom can occupy carbon Site,
andthey aredesignated asC_X.

TABLE 2, showstheoptimized geometrica param-
etersfor C_B, C_Al, C.Ga, and C_|In, which ob-
tainedwith DFT level calculationsat B3LY P/3-21g**
and comparedthemwith C,.

Thevariouscaculated C-X bondsareintherange
of 1.381t0 2.176A. The bond lengths for the larger
atomsincreased significantly. For example, C-X (min)
bond lengths of C_-B, C_-Al, C-Gaand C_In
amount to 1.52, 1.879, 1.896 and 2.144 A respec-
tively. Asit can be expected, bond lengths increase
monotonicaly downthegroupson goingfromB toIn.
Theaverage bond length between C and its nearest-
neighbor In atom C-Inislarger than that between C
and Gaatom (C-Ga), indicating theinteraction between
Cand Inatom (C_-In) istheweakest. Similarly, (C,,-
Ga) isweaker than (C_-Al), and (C_-Al) isweaker
than (C_,-B). Fromtheseresults, one can say that, the
stability for thegroup isdecreased by the substitution
withthe heavier elements. C_ and C_-B found to be
themost stablefor the group. Asshownfrom TABLE
2, thesevauesof averagebond lengthsareclosetothe

cdculated vauesin substituted fullerenes? 242, The
bond anglesbetween C-C-Cand C-X-Cared solisted
inTABLE 2for fullereneand subgtituted fullerene. From
thetableitisfound that thebond anglesCCCand CXC
decrease monotonically down the groups. Thecalcu-
lated bond anglesfor fullerene and boron substituted
fullerenearein agood agreement with the cal culated
results from the literatures® %, Regarding C_Al,
C,Ga, and C_JInthebond anglesarealittlebit smaller
thanthoselisted intheliteratures?®. Thisinsuresthat
C,, and C_B aremore stableas compared with C_Al,
C,Ga, and C_jIn.

TABLE 2: Calculated bond lengths (A) and bond angles (°)
for C,,and substituted fullerenes, which calculated at B3LY P/
3-21g** level of theory

Coo Cso-B C59-A| Cso-Ga  Cso-ln

CC(min) 1385 1387 1383 1.382 1381
CC(max) 1464 149 1528 1527 1518
CX (min)  ----- - 1520 1879 1.896 2144
CX (max) ----- - 1548 189 1.926 2176
Reference 1391- 143- 1872- 1875- 2.069-
145513 15419 19337 1.943%8 2138

CCC(min) 108 107.3 1059 105.8 106.2
CCC(max) 120 1221 1256 126.2 1263
CXamin) - - 1061 94 931  79.73
CXQmax) ----- 1187 1176 1166 1151
Reference 108- 10558 9003- 90.62- 80.8%-

120221 1182128 101.96% 103.9928 90.244%8
X=B, Al,Ga, and In
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TABLE 3: Calculated bond lengths (&), molecular point group
for C,, aswell assubgtituted C_, which calculated at B3LY P/
3-21g**

Bond Iength, A Ceo CsoB C59A| Cs9Ga Csggln
Dgo C1 1.385 152 1879 186 2144
Deo Cs 1464 1548 18% 1926 2176
Dgo C16 1464 1548 189 1926 2176
Mol eaular point
Gop G GG GG

D =C, B, Al, Gaand In respectively

From TABLE 3itisnoticed that infullerenesevery
atom makesthree bondswith itsneighboring carbon at-
oms. There aretwo types of bond lengths (two hexa-
gonsand one pentagons), asexample, for C_B thebo-
ron atom makesthree bondswith carbon atomsnumber
1, 5 and 16 respectively. B, -C1=1.520 A, B,-C5 =
1.548 A and B, -C16=1.548 A. Molecular point group
for C,, C, B, C,Al, C,Gaand C_JIniscorresponding
to C1 point group which meansrotation by 2r angle.
Figure 1 shows the fragment of substituted
buckmingerfullerene C, structureand thebondsbetween

carbon atom and the other neighboring atoms.

Figure 1: Buckmingterfullerene C; structureindicating
theatom which issubstituted with B, Al, Gaand I n respec-
tively

Calculated energy gap for C

Energy gap inthiswork iscalculated asthediffer-
ence between the highest occupied molecul ar orbital
(HOMO) and thelowest unoccupied molecular orbital
(LUMO) intheunit of eV. TABLE 4 showsthe cal cu-
lated energy gap for C_ which calculated by HF and

—== Pyl Paper
B3LY Pmethodswith different basissets.

TABLE 4: Calculated HOM O/LUM O energy gap as(eV) for
C,, Which calculated with HF and B3LYP methods with
different basissets

Basis st HF B3LYP Refer ence!®Y
STO-3G 8.66 323 2.2553
321G 7.70 2.94
321G* 7.70 2.94
321G** 7.70 3.01
6-31G 754 2.87
6-31G* 7.42 2.89
6-31G** 7.65 5.99

Theenergy gapisfoundfor C_; to bearound 3.00
eV. Thisdightly largeenergy gap indicatesthat C is
thermally stable. By comparing the cal culated energy
gap for C,, which shownin TABLE 4 with different
basis sets, it isfound that the energy gap which ob-
tained by B3LY P arein most casesin agood agree-
ment with previousinvestigations®¥. Thevaueof en-
ergy gap calculated by HF wasfound to belarger than
that listed inthe previousinvestigations.

Calculated energy gap for substituted fullerenes

TABLE 5 showsthecalculated energy gapfor C,
and substituted fullerene, which cal culated at B3LY P/
3-21g** leve of theory.

TABLES5: Calculated HOM O/LUM O energy gap as(eV) for
C,, and specific fullerene derivatives, which calculated at
B3LYP/3-21g** level of theory

Ceo CsB  GCsAl  CsGa  Csln
Eneray 301 163 145 144 142
Reference 2.26°8 2043 182% 1808 1475

(a) Tomekia et al., 2005; (b) Zou Y. et al., 1998

Theenergy gapsarefoundtobe 1.63€V, 1.45¢€V,
1.44 eV and 1.42 eV for C_B, C_Al, C, Gaand
C, Inrespectively. Thesevauesaremuch smaler than
that (3.01 eV) of C_. Accordingly the energy gaps of
al the studied C_X clusters are associated with the
chemical stabilitiesagainst electronic excitation, are
smallerthan C, . Theseresultsare nearly inagreewith
the val ues mentioned beford? 3, From theresultsone
can say that electronsinal C_X clustersareeasier to
excitefromtheHOMO tothe LUM O thanin the case
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of C,,. Furthermorethe stability for the group isde-
creased by the substitution with heavier eementson-
goingfromBtolin.

Replacing one C by B atom, one holeisdopedin
theHOMO of C, . Obviously, these substituted dop-
ing destroy the special symmetry of the C,, molecule
and maketheenergy degeneracy much reduced. Thus,
thereexist apossihility to produceasemiconductor com-
ponents C_X (where, X “dopant”= B, Al, Ga and In)
with various band gaps*” 24,

CONCLUSION

Thegeometriesand electronic propertiesof C, and
substituted fullerenewerefully optimized by using both
HF and B3LY Pmethods. C,, hasonly oneuniqueatom
and two different bond distances. The cal culated bond
lengthsand bond anglesarein agreement with previous
investigations. Also theeffects of basissetsfor both HF
and B3LY Pmethods by considering STO-3G 3-21G
3-21G*, 3-21G**, 6-31G, 6-31G*, and 6-
31G**were discussed. The B3LY P method and the
accuracy of the applied cal culations are good enough
for thegeometry optimization of C_molecule. Andaso
for C, with different basissets, itisfoundthat thebond
length decreasesasbasissizeor including the polari za-
tionfunction.

For thevarious calculated CX bondswhere X =B,
Al, Ga, and In, thebond lengthsfor thelarger atoms
increased significantly. The stability of group Il isde-
creased by the substitution with heavier elementson
goingfromBtolin.

Thelargeenergy gap (3.01 eV) indicatesthat C,,
isthermally stable. The energy gap obtained with the
basissets STO-3G, 3-21G, 3-21G*, 3-21G**, 6-31G
6-31G*, and 6-31G** in combination with B3LY P
methodsarein most casesin good agreement with pre-
viousinvestigations. Theenergy gapsof C_X clusters,
which areassociated with thechemicd stabilitiesagainst
electronic excitation, aresmaller thaninthecaseof C,.
It suggeststhat electronsinadl C_X clustersareeasier
to excitefrom the HOMO to the LUMO thanin the
caseof C,.. Finally, the stability for the group is de-
creased by substitutionwith heavier d ements. Accord-
ingly thereexistsaposs bility to produce semi conduct-

ing componentsfrom C_ X with various band gaps.
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