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ABSTRACT

The nanoscale C60 and some of its doped derivatives with some elements
of group Il and V wasperformed by Density Functional Theory. EHOMO,
ELUMO, energy gap (AE), and those parameters that give valuableinfor-
mation about the reactive behavior: the ionization potential (1P), electron
affinities (EA), chemical potential (u), €lectronegativity (y), global hard-
ness (n), softness(S), electrophilicindex (o), thefraction of electronstrans-
ferred from the inhibitor molecul e to the metallic atom (AN) and the back-
donation (AE __, ..., Nave been calculated using the DFT/B3LY P meth-
ods with the 3-21G** basis set. The outcomes have shown that the (C60)
could experience more honest functioning as a corrosion inhibitor by the
substitution with heavier elements ongoing from B to In and from N to Sh.
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INTRODUCTION

Molecular (nanoscale) electronics are attracting
great attention dueto potentia applicationsin future
sensor devices, computing engineering and related
fidddY. Theoretica and observationd studiesaimed a
inferring the fundamental physics of molecular and
nanoel ectronic devices have started to throw light on
el ectron transfer mechani smsthrough moleculesand
engineered nanomaterid sand hel p identify gppropriate
molecular and nanosca earchitecturesfor effectivefunc-
tional e ementsin electronic devices??. Thediscov-
ery! and large scale synthesis® of C_ fullereneshave
simulated muchinterest intheexistenceof similar type
of clusters constructed with different species. Among
others, carbon fullereneisone of themost stableand a

well-known nano-scale mol ecular structure; C often
actsasasemiconductor quantum dot.

Since C_ isatruenanoscale singlemolecule, its
€lectronic structure and energy level scan be consider-
ably affected by modifyingasingleaominitsstructure.
Thus, doping of fullerenes can be generally looked to
changetheir e ectronic conductivity duetodterationin
thedengty of statesnear the Fermi surface. Many physi-
cistshavegonefor theinteraction of thefullerene cage
with foreign particles. Several groups®” produced
dopant substituted fullerenesC_ X (X =B, N, Si, Fe,
Co, Rh, and so on). Theoretically, Andreoni et al.[®
and Kuritaet al.® studied the properties of C59B and
C59N molecules.

Indeed, an experimenta study hasshown that the

C Nmoleculeactsasamolecular rectifierinadouble
59
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barrier tunnel junctionviathesingledectrontunneing
effect?,

The study of corrosion processesand their inhibi-
tion by organic compoundsisavery activefield of re-
search. Over theyears, considerabl e effortshave been
deployed tofind suitable corrosioninhibitorsof organic
origininvariouscorrosive medid2!, It hasbeen com-
monly recognized that organicinhibitor usudly promotes
formation of aclot onthemeta surface, whichincludes
thetransfer of electronsfrom the organic compounds
to metal, forming coordinate cova ent bond during such
chemical adsorption process®.

Theinhibition efficiency hasbeen closdy rdated to
theinhibitory adsorption abilitiesand themol ecular prop-
ertiesof different kinds of organic compounds#1,

Recently, dengity functiona theory, DFT, wasfound
to bequitewell suited for addressing and describing
such physical processesof internal rotation becauseit
provides appropriatetheoretical parameterslike eec-
tronic, chemical potential and molecular hardnessto
study such processes>1"%8, The hardness profileis
found to beafaithful description of the dynamics of
interna rotation of molecules?>'"18, The origin of the
barrier tointerna rotationisan ever-enticing problem
of theoretical chemistry. Schleyer et al .[*¥ has pointed
out that whilequiteaccurate barrier heightscan becal-
culated, even at relatively modest level sof theory, the
originof barrier isstill debatable. However, Ghosh et
al 1?2211 have observed that the determination of the
origin of barrier tothe physical processof inversionin
terms of energy partitioning analysis of Fischer and
Kollmar® isameaningful venture.

Thevast mgjority of these studies has been done
on C60 molecule. The electronic properties of such
systemshave been studied theoretically by performing
the semi-empirica and DFT cal culationsto understand
the dopinginfluences®4,

Inthisreport, wearegoing onthe DFT using the
standard 3-21G** basisset at thelevel of B3LY Pof
theory calculationsto predict the molecul ar properties,
corrosioninhibition performance and conduct of some
doped fullerenes.

COMPUTATIONAL DETAILS

All the computationa studieswere carried out us-

—= Full Paper

ing thedengity functiond theory (DFT) methodsimple-
mented in the Gaussian 03 suite of programs®!. By
aggregeting the effects of the GaussView!®! program.
The molecular properties of the C,, and some of its
doped derivativeswith some e ementsof group 11 and
V had been computed by DFT using the 3-21G** ba-
sisset. Inthe DFT calculations, Lee, Yang and Parr
correationfunctionsareemployed together with Becke’s
three parameters?® exchangefunctional B3LY P,
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Figurel: Optimized DFT structureof C60. Observethat the
dopant isreplaced with a carbon atom number 60

Figure 1. Demongtratesthe structure of C60, which
doped with somedementsof group 11 andV. Wehave
picked out some elementsof group 1 and V to besu-
perseded with the carbon atom number 60 in the
fullerene-C60 cage.

During thisinvestigation, the objectiveisto study
theanalyzing of some propertiesof C60, which doped
with someelementsof group Il and V isusing DFT
cdculaions. Thesepropertiesare: themolecular struc-
ture, EHOMO, ELUMO, energy gap (AE), and those
parametersthat give valuabledataaround thereactive
behavior: theionization potentid (IP), ectronaffinities
(EA), chemica potential (n), € ectronegativity (y), glo-
bal hardness (1), softness(S), electrophilicindex (o),
thefraction of electronstransferred from theinhibitor
mol eculeto themetallic atom (AN) and the back-do-
nation (AE Back-donation).
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Theionization potentid iscomputed astheenergy
difference between the energy of themoleculederived
from electron-transfer and the respective neutral mol-
ecule; IP=E cation - En. The EA wascomputed asthe
energy difference between the neutral moleculeandthe
anionmolecule: EA=E -E .17,

Koopman’s theorem states that if the single particle
energies are not moved by adding or taking away a
singledectron, then theioni zation energy istheenergy
of the highest occupied, single particle molecular or-
bital (the HOMO) and the e ectron affinity isthevigor
of thel owest unoccupied molecular orbitd (theLUMO)
with the negativesign as®!, IP=- EHOMO, EA =-
ELUMO, WherelP: ionization potentia, EA: eectronic
affinity, EHOMO: energy of the highest occupied mo-
lecular orbital and ELUMO: energy of thelowest un-
occupied molecular orbital.

Koopman’s theorem is extremely useful in predict-
ingionization energies and spectrad®!. Energy gap gen-
eraly referstothe energy difference betweenthehigh-
est occupied molecular orbital (HOMO) and |owest
unoccupied molecular orbital (LUMO) accordingtothe
K oopmanstheorem®30 Eg=ELUMO - EHOMO.

lonization energy (1P) setsastheminimum energy
needed to get rid of an electronfromthe particleina
gaseousform. lonization energy isexpressed in unitsof
electronvolt (eV) [30]. Electron affinity can be deter-
mined asthe energy rel eased upon attachment of an
electronto aparticleor moleculeresultingintheforma-
tion of thenegativeion.

Chemical hardnessistheimpedance of aspecies
tolose electrong®Y, for insulator and semiconductor,
hardnessishaf of the energy gap®?. We can estimate
thechemical hardness(n) asn = (IP-EA) /2. The soft-
ness can be specified asthe oppositeof thehardness®Y,
S=1/n. Thechemical potentia, pnasp=- (IP+EA) /2.
Onfurther approximeation, theabove equationstakethe
form:n=(E ,uo—E howo) 2and n=(E, 0+ E
Lumo) /2. Theélectronegativity (x), as:
¥ = (IP+EA) /2.

Electrophilicity isdefined astheindex (o) mesasures
the stabilization in energy when the system getsan ad-
ditiona electronic chargefromthesurroundings. Inthe
other word, it can be determined asastandard of en-
ergy, lowering dueto maximal electron flow between
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donor and acceptor®, o = p2/2 1.

Electronegativity, hardness and softness have
proved to bevery useful quantitiesinthechemical re-
activity theory. When two systems, Fe(iron) and in-
hibitor, are brought together, el ectronswill flow from
lower y (inhibitor) to higher y (Fe), until thechemical
potentialsbecomeequal. The number of transferring
dectrons(AN) wasd so cd culated™ by using theequar
tion below.

(x Fe — x inh)
[2(n Fe +n inh}]

Where (x Fe) and (y inh) denote the absol ute elec-
tronegativity of iron andinhibitor moleculerespectively
(n Fe) and (r inh) denotethe absol ute hardness of iron
and theinhibitor molecule, respectively. Inthiswork,
weutilizethetheoretical valueof (y Fe) =7.0EV and
(n Fe) = 0 for the computation of number of trans-
ferred dectrong®!. Thedifferencein electronegativity
drivestheédectrontransfer, and the essenceof thehard-
ness parameters actsasaresi stance®,

Granting to the simple chargetransfer model for
donation and back-donation of charges proposed re-
cently by Gomez et d.,*¥ an el ectronic back-donation
process might be occurring governing theinteraction
between theinhibitor moleculeand themetd surface.
The concept provesthat if both operationstake place,
namely chargetransfer to the molecule and back-do-
nation fromtheaom, theenergy changeisimmediatdy
linked to the severity of theatom, assuggested inthe
followingformulation. AE __, . .. =-1/4,

The AE __, iouion IMPliesthat onen > 0 and AE
Beacdonaion < O the charge transfer to a molecule, fol-
lowed by aback-donation from themolecul e, isener-
getically favored. In this context, therefore, it ispos-
sbleto comparethestabilization anonginhibitingmol-
ecules, sincetherewill beaninteractionwiththesame
metal, then it is expected that it will decrease asthe
hardnessincreases.

AN =

RESULTSAND DISCUSSION

Inlodgeto draw acomparison between C60 and
C59X (where, X=B, Al, Ga, In, N, P, As and Sb),
C60 cluster wasfirst considered. When aC atom of
C60 isreplaced by adopant atom, this dopant atom
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TABLE 1: ThechangesinHOMO,LUMO,HOMO-LUMO
gap [AE (eV)]and total energy (a.u) of C60and C59X (X=B,Al,
Gaand In),which calculated at B3LY P/3-21G** leve of theory

—= Full Paper

TABLE 2: ThechangesinHOMO,LUMO,HOMO-LUMO
gap[AE (eV)]and total energy (a.u) of C60and C59X (X=N, P,
Asand Sb), which calculated at B3LY P/3-21G** leve of theory

Molecule Electronic Sates (eV) AE (&) Total Energy
ELUMO EHOMO (au)

C60 -35 -6.51 301 -2273.521324

C59B -4.52 -6.15 1.63 -2281.328226

C59Al -4.35 -5.8 145  -2476.72808

C59Ga  -4.43 -5.87 144  -4151.210291

C59In -4.37 -5.79 142  -7953.20446

can occupy carbon site, and they are designated as
C59X.

TABLE 1, showsthechangesinHOMO, LUMO,
HOMO-LUMO gap (eV) and total energy (a.u) pa-
rametersfor C59B, C59Al, C59Ga, and C59In, which
obtained with DFT level calculations at B3LY P/3-
21G** and compared them with C60.

Cdculated HOMO, LUMO, HOMO-LUMO gap
(eV) and total energy (a.u) of C60 and C59X (X=N,
P, Asand Sh), at DFT-B3LY P/3-21G** levd of theory,
presented in TABLE 2.

The presence of substituent decreasesthe energy
gapsimprovesthe conductivitiesand also raisesthe
solubility of thesemolecules. TheLUMO-HOMO en-
ergy gaps of C59X (X=B, Al, Ga, In, N, P, Asand
Sh), moleculesislessthan that of C60 molecule, with
decreasing energy gap, €l ectrons can beeasily excited
fromtheground state. Andectronic sysemwithalarger
HOMO-LUMO gap should belessreactivethan one
havingsmaller gap.

ASAE decreasesthereactivity of themoleculelead-
ingtoincreasein theinhibition efficiency (%I E) of the
molecule. Lower values of the energy differencewill
render good inhibition efficiency, becausetheenergy to
transfer an el ectron from thelast occupied orbita will
below". A moleculewith alow energy gap ismore
polarizableandismostly affiliated with thehigh chemi-
cal activity andlow Kinetic stability and istermed soft
molecul€®. The consequencesasindicatedin TABLE
1and TABLE 2 show that all C59X havethelow en-
ergy gap, thisimpliesthat the molecule (C60) could
experience more honest functioning asacorrosionin-
hibitor by the subgtitution with heavier e ementsongo-
ingfrom B to Inand from N to Sh. Thetotal energy of
the best inhibitors C59In and C59Sb are equal to -

Electronic Sates (eV) Total Energy
Molecule-= " umo eromo 2EE) T (au)
C60 -35 -6.51 3.01 -2273.521324
C59N -3.8 -4.94 1.14  -2290.048084
C59P -3.85 -4.59 0.74 -2575.328175
C59As -3.97 -4.66 0.69  -4460.994627
C59Sh  -4.564 -4.65 0.086 -8524.419827

7953.20446 a.u. and -8524.419827 a.u, respectively.

Quantum chemica parametersare held from the
computationswhich areresponsiblefor theinhibition
efficiency of inhibitors such astheé ectronic, chemica
potentid (), e ectronegativity (y), eectronaffinity (EA),
global hardness (1), softness(S), ionization potential
(IP) and global electrophilicity index (o) are collected
inTABLE3and TABLEA4.

We recognize that the HOMO-LUMO gap and
thegloba hardnessaretheindex of chemical reactivity
and the chemical potential measuresthe el ectron-es-
caping tendency from amolecule. From TABLES 3
and 4 we can see that, the molecule of the larger
HOMO/LUMO energy gap, the harder the molecule.
Thehardnessisameasure of theres stance of achemi-
ca system speciesto changesinitselectronic configu-
ration, and it isthought to be anindicator of stability™.

Thelarger the hardness, the more stabl e the com-
pound. Theglobal eectrophilicity index, misaso cal-
culatedandlistedinTABLES 3and 4.

Theresults showed that theionization potential of
the C60 moleculeis greater than that for the C59X
molecules(X=B,Al, Gaand In), thisindicatesthat when
the doped C60 molecule with X=B, Al, Gaand In,
needslow energy to become cation comparing with the
C60. Likewise, for the C59X molecules(X=N, P As
and Sb).

Theeffectivenessof an acceptor moleculeismea
sured by itselectron affinity (EA) whichtheenergy re-
leased when adding one el ectronto LUMO“J. An ac-
ceptor must haveahigh EA, adding thedopant X (X=B,
Al, Gaand In), to C60leadsto increasing the power of
theeectronaffinity for the particle, asdemonstratedin
TABLES3and 4.

The behavior of electronegativity, softness and
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TABLE 3: Comparison of somemolecular propertiesof C60and C59X (X=B,Al, Gaand In), by performingthe DFT using

thestandard 3-21G** basisset at thelevel of B3LY Pof theory

M olecule IP(eV) EA (eV) n(ev) n(eV) x (eV) S ®
C60 6.51 35 1.505 -5.005 5.005 0.664451827 8.322267442
Ch59B 6.15 4.52 0.815 -5.335 5.335 1.226993865 17.46148773
CBH9Al 5.8 4.35 0.725 -5.075 5.075 1.379310345 17.7625
C59Ga 5.87 4.43 0.72 -5.15 5.15 1.388888889 18.41840278
C59In 5.79 4.37 0.71 -5.08 5.08 1.408450704 18.17352113

TABLE 4: Comparison of somemaolecular propertiesof C60and C59X (X=N, P,Asand Sb), by performingtheDFT usingthe

standard 3-21G** basisset at thelevel of B3LY P of theory

Molecule IP(eV) EA (eV) n (eV) p(ev) % eV) S o
C60 6.51 35 1.505 -5.005 5.005 0.664451827 8.322267442
C59N 494 38 0.57 -4.37 437 1.754385965 16.75166667
C59P 459 3.85 0.37 -4.22 422 2.702702703 24.06540541
C59As 4.66 3.97 0.345 -4.315 4315 2.898550725 26.98438406
C59Sb 4.65 4564 0.043 -4.607 4.607 23.25581395 246.7959186

TABLES5: Calculated thenumber of electronstransferred
(AN) and theback-donation (AE Back-donation) of C60and
C59X (X=B,Al,Gaand I n), by performingtheDFT usingthe
standard 3-21G** basisset at thelevel of B3LYPof theory

TABLE 6: Calculated thenumber of electronstransferred
(AN) and theback-donation (AE Back-donation) of C60 and
C59X (X=N, P, Asand Sb), by performingthe DFT usngthe
standard 3-21G** basisset at thelevel of B3LY P of theory

Molecule AN AE back-donation (eV) Molecule AN AE back-donation (eV)
C60 -0.199300699 -0.37625 C60 -0.199300699 -0.37625
C59N -0.156044986 -0.20375 C59N -0.300915332 -0.1425
C59P -0.189655172 -0.18125 C59P -0.329383886 -0.0925
C59As -0.17961165 -0.18 C59As -0.311123986 -0.08625
C59Sb -0.188976378 -0.1775 C59sb -0.259713479 -0.01075

electrophilicindex for the studied moleculesshowsthe
magnitude larger than thosefor the original molecules
C60, adding the dopants give the mol ecule more soft-
Ness.

Thenumber of dectronstransferred (AN) wastoo
calculated and tabulated in TABLES5and 6. If AN <
3.6, theinhibition efficiency increasesby increesing e ec-
tron-donating ability of theseinhibitorsto donate el ec-
tronstothemeta surface*Y. Therefore, thehighest frac-
tion of eectronstransferred isassociated with the best
inhibitor, whiletheleast fractionisassociated with the
inhibitor that holdstheleast inhibition efficiency.

INTABLE 5, thecd culated AE back-donation va-
ues for C60 and C59X (X= B, Al, Gaand In), are
heeled. The order followed is: C59X (X=B, Al, Ga
and In) > C60, which indicatesthat back-donationis
favored for the C59X (X= B, Al, Gaand In), whichis
thebestinhibitor.

flano Soienoe and flano Teohnology

Also, in TABLE 6, the calculated AE back-dona
tion valuesfor C60 and C59X (X=N, P, Asand Sh),
arelisted. Theorder followed is: C59X (X=N, P As
and Sh) > C60, which indicatesthat back-donationis
preferred for the C59X (X=N, P,Asand Sh), whichis
thebest inhibitor.

The substitution of C60 with heavier elementson-
going from B to In and from N to Sb hasthe highest
inhibition efficiency becauseit received thehighest (AE
Back-donation) valuesand lowest energy gap it was
themost capableof offering electronsandit could bear
amore serious performanceas corrosioninhibitor.

CONCLUSIONS

Quantum chemical parametersare obtained from
the ca culationswhich arerespons blefor theinhibition
efficiency of inhibitorssuch astheé ectronic, chemica
potentid (), e ectronegativity (y), eectronaffinity (EA),
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global hardness (1), softness(S), ionization potential
(IP), global electrophilicity index (w), thefraction of
electronstransferred from theinhibitor moleculeto the
metallic atom (AN) and the back-donation (AE _,
sonation) A€ have been predicted here. C60 could have
more honest functioning asacorrosioninhibitor by the
subgtitutionwith heavier dementsongoingfromB toIn
and from N to Sh.
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