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ABSTRACT

Anarmchair (4,4) graphene sheet hasbeenrolled up to build single-walled
carbon nanotube fragments (SWCNTFS) by computational quantum chem-
istry methods. Noncovalent -w stacking interactions of the benzene mol-
ecule with the central rings of SWCNTFs have been investigated. The
binding energies of the n-x stacked benzene-SWCNTF complexesversus
R (true strain parameter) change in three brands. Structural parameters,
electron charge density values at the bond and ring critical points of all
SWCNTFsand n-w stacked complexes were studied. Also, effects of aro-
maticity and charge transfer (CT) on the binding energies were gauged.
Results indicate that partially localization of the & electron clouds of
SWCNTFs enhances strength of the n-n stacking interactions in some
cases. Thus, changing the n electron clouds of SWCNTs improves
noncovalent functionalization of these materials through the n-n stacking
interactions, which has an important role in biomedical applications such
asin cancer therapy.  © 2014 Trade Sciencelnc. - INDIA
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Carbon Nanotubes (CNTs) are a new type of
materialswhich consist of one[single-walled carbon
Nanotubes (SWCNTS)] totensof coaxia tubes[multi-
walled carbon Nanotubes(MWCNTS)]. SWCNTsand
MWCNTSs have the diametersrangefrom 0.4 t0 6.0
and 2.0t0 50.0 nm, respectively.

Diameter of CNTsisanimportant parameter that
controlsthe unique physical, mechanica and chemical
propertiesof them. Carbon atomsof the CNT surface
have SP2-hybridization. Thep-orbita electronsof the

graphene sheet arrangein band valence (m) and con-
duction (z*) bands?. When graphene sheet isrolled
up to the cylindrical form of SWCNT, its© and ©*
electron clouds change which causes partial -« hy-
bridization®. Thus, thed ectron chargedensity around
asmall diameter SWCNT isdispersed, whilealarge
diameter SWCNT has confined electron charge den-
Sty at theatomic core position.
CNTshavesignificantly larger length to diameter
ratio than any other materia. SWCNswith different
diametersand therefore variable surface areaaregood
bedsfor interactionsof biomolecules. Surfacesof small
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diameter CNTsarepolarized, but largediameter CNTs
have more hydrophobic surfaces®.

Theeélectronic structureof SWCNTsisrelated to
the tube diameter (d) and depends on the pair (n,m)
which demonstratesthe number of unit vectorsinthe
graphenesheet lattice. Thiseectronic tructurechanges
upon interactionsof proteinsor DNA with surfaces of
SWCNTs.

Electronic propertiesof SWCNTsmakethem useful
biosensord®”. The unique properties of CNTs make
them capabl e of drug delivery for treatment of various
diseases®. For example, CNTsact as potent drug de-
livery vehiclesin cancer therapy®. Indeed, CNTscan
be used asmultifunctiona biologica transportersand
near-infrared agentsfor selective devastation of cancer
cdllg,

CNTs have nano scale dimensions and deliver
gmaller dosesof drugsinthebody whichresultsinlower
sideeffects. Therefore, efficiency of CNTsin disease
cell targetingimprovesremarkablyY.

CNTsact asmolecular transportersfor walled plant
cellsand are ableto penetrate cell membranes. This
motif hasfundamenta importancefor plant intracd lular
labeling andimaging, genetictransformation and under-
standing plant cell biology™*2.

CNTshaveavery low solubility in agueous solu-
tionsand thismatter isamajor barrier for avariety of
gpplications. Surfacefunctionalization of CNTsby co-
vaent or noncova ent interactionsisan effort toincrease
solubility of thesematerialsin various solventg**17,

Functionalization of SWCNTs with (R-)
oxycarbonyl Nitrenes have been experienced by M.
Holzinger et al.l*®l. They showed that this sidewall
functionalization alowsthe covaent binding of akyl
chains, aromatic groups, dendimers, crown ethersand
oligoethylene glycol unitsto SWCNTsand leadsto a
ggnificantincrement of solubility in organic solvents.

Polar functional groups increase interactions of
CNTswith charged polypeptides'®*®1. Functiondized
SWCNTsareableto carry small interfering RNA into
cells. Thesematerials can becomeuseful inthethera-
peutic strategy for chronic myelogenous leukemia
cellg?y,

Unlike covaent modification of SWCNTSs, which
partly deformsthee ectronic and structural properties
of thesemateria's, noncova ent modificationsimprove
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solubility of them. Indeed, geometric, el ectronic and
mechanical propertiesof SWCNTs preservethrough
noncova ent modifications

In several published works, functionalization of
SWCNTswith biomoleculesand their biomedicd ap-
plications have been reported™*?>23, Noncovalent in-
teractions of biomacromol eculeswith the surface of
SWCNTs have considered recently in both agueous
and organic solventg+29,

Noncova ent functionalization of SWCNTsvian-nt
stacking forcesexertsminor disorderlinessonthecar-
bon nanotube el ectroni ¢ network!?¥. Functionalized
SWCNTshavehigh tendency to crosscell membranes
and areuseful for thedelivery of therapeuticaly active
molecules®.

AnindyaDaset d. haveutilizedtheabinitioHartree-
Fock method together with theclassical forcefield cal-
culationto estimate the binding energy of nucleobases
with (5,5) SWCNTS®L,

Sepan G Sepanian et d. havestudiedinteractions
between NucleicAcid Bases (NABS) and SWCNTS®,
They used M P2 method for optimization of structures
and a so evauated ability of variousDFT methodsin
predicting the optimized structures and binding energy
values. They showed that M05-2X functional isca-
pableof correctly predicting structuresand binding en-
ergies, but M05, MPWB1K and MPW1B95 density
functionasareonly capableof correctly predictingthe
structure of SWCNT-NAB complexes.

Noncoval ent -rt stacking and cooperative CH---/
NH---m interactions of the cytosine molecule with
SWCNTshave beeninvestigated by Wang and But®3.
They showed that el ectron correl ation isadominant
sourcefor n-n stacked conformations and electrostatic
attractionshave mgjor roleson thestability of CH...n
and NH...w complexes.

TapasKar et a. have employed the M P2 method
to evauatethebinding energy of the benzene and naph-
thalene molecules at the outer surfaces of different
nanotubes®. They showed that configurationwhichthe
benzene moleculelays on thetop of aCP%C double
bond of SWCNT isthemost stable structure.

Wang et a. have studied adsorption of nine
tripeptides on SWCNTs with MPWB1K and MP2
methods™®!. They reveal ed that the aromatic groups of
proteins play important role in functionalization of
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SWCNTSs, and complexeswith aromatic residueshave
the highest electron correlation effects.

Some authorsinvestigated adsorption of thedrug
isoniazid onto carbon nanotubesusing DFT calcula
tiond®l. Also, N. C. Dekaet d. revealed preferential
stesdectivity for adsorption of drugisoniazid onto dif-
ferent carbon nanotubes®”.

The binding energies of interaction of 2-
methyl heptylisoni cotinate antitubercul ar drug onto car-
bon nanotubes have been reported using DFT-PW9L/
DNPcalculations®. Also, pyrazinamide adsorption
onto covaently functionalized (5,5) snglewalled car-
bon nanotube has been investigated using theoretical
studies™.

Because functionalized-SWCNTs have biomedi-
cal applications, such asin cancer therapy, it isneces-
sary to understand effectsof variousfactorswhich con-
trol functionalization of SWCNTS. It seemsthat, delo-
calization and localization of the electron clouds of
SWCNTs to be important in noncovalent
functionalization of these materiasthrough the n-n
stackinginteractions.

Inthiswork, an (4,4) armchair graphene sheet has
been rolled up by computationa quantum chemistry
methodsto build single-walled carbon nanotubefrag-
ments (SWCNTFs). These SWCNTFshavethesame
number of atomsand represent partsof SWCNTswith
different outer diameters. Then-n stacking interactions
of the benzene molecule with the central rings of
SWCNTFswereinvestigated. Structural parameters,
€lectron chargedensity v uesat thebond and ring criti-
cal points (BCPand RCP) of al SWCNTFsand -n
stacked benzene-SWCNTF complexeswere studied.
Also, effectsof aromaticity and chargetransfer (CT)
were gauged to determinerol es of del ocalization and
localization of ther electron clouds of SWCNTSs on
ther-rt stacking binding energies. Resultshighlight the
roleof partialy localization of ther electron clouds of
SWCNTsinenhancement of then-n stacking binding
energiesin some cases.

COMPUTATIONAL METHODS
Structures of all monomersand complexeswere

optimized with Gaussian09 program package®” at the
MO05-2X/6-31G (d) level of theory. The second-order
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Mogller-Plesset perturbational method (MP2) usually
overestimate binding energy (JAE|) valuesand is not
adequate for evaluation of the n—n stacking binding
energies. TheDFT methodsare useful for studyingthe
biologica systems, but theB3LY Pmethodfailsfor dis-
persioninteractionsand can’t describethen—m stack-
ing interactions. However, Stepan G. Stepanian et al.
have studied interactions between NucleicAcid Bases
(NABs) and SWCNTS*, They showed that the M05-
2X functiona iscapableof correctly predicting struc-
tures and binding energies of SWCNT-NAB com-
plexes. Indeed, Zhao and Truhlar proposed that hybrid
meta-GGA M 05-2X functional hasgood performance
for computingn—n stacking binding energies*l. They
showed that the M05-2X functional compensate the
deficienciesof other hybrid functional sby incorporat-
ing animproved treatment of spinkinetic energy den-
sty in both theexchangeand correlation functionals.

Theinteraction energy of each complex wascacu-
lated asdifference between energy of binary complex
and condtituting monomers:

AE=Ebenzene~SNCNTF_(Ebenzene+ESNCNTF) (1)

Therefore, thebinding energy of each complex was
conddered asabsol utevaueof interaction energy (JAE).

The binding energieswere cal culated with correc-
tionfor the basis set superposition error (BSSE) using
the Boys-Bernardi counterpoisetechniqueé®?. Theto-
pological properties of electron charge density have
been cal cul ated by theAIM method on thewavefunc-
tionsobtained at the M 05-2X/6-31g (d) leve of theory
using AIM 2000 program*, Atomic net charges have
been cal culated using Chel pG schemes* at the above
mentioned level. Thediamagnetic and paramagnetic
effectsof ring currentsrel ated to aromaticity and anti-
aromaticity can be evaluated by nucleusindependent
chemical shift (NICS)“>“ criterion. TheNMR calcu-
lations have been performed at the M 05-2X/6-319g (d)
leve of theory using gaugeindependent atomic orbital
(GIAO) method*™.

RESULTSAND DISCUSSION

Sructural parameter sand energy data

Anarmchair (4,4) graphene sheet has been con-
structed using HyperChem 7.1 software®d. This
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graphene sheet isshown inthe Scheme 1. To generate
SWCNTFs, potential energy surface (PES) relaxed
scanswere performed. In fact, distances of terminal
hydrogens of the graphene sheet werefixed asredun-
dant coordinates. These distanceswerereduced by 10
A during 100 step-by-step full optimizations. Thus, each
SWCNTF hasatruestrain parameter (R) which can
be estimated as below:
R=Ln(rr) 2
Inthisequation, r,andr isthedistances between
terminal hydrogens of the graphene sheet and
SWCNTFs, respectively. Also, terminal C-H bond
lengths of the graphene sheet and SWCNTFswerekept
constant during 100 step-by-step full optimizations.

Rolling up
the (4.4)
graphene

sheet

Then-n stacking interactions of the benzenemol-
eculewiththecentra ringsof SWCNTFshavegauged.

Typical structures of the n-n stacked benzene-
graphene sheet and one case of the n-n stacked ben-
zene-SWCNTF complexesareshownin Scheme 2.

Binding energies of al n-n stacked benzene-
SWCNTF complexesversusR aredepictedin Figure
1. Ascan beseen, |AE| valuesvary inthreebrands. In
fact, thethree brands show decrement or increment of
the binding energieswith increment of R. Inthefirst
brand (=), increment of R isaccompanied by decre-
ment of AE values with a sharp slope. In the second
brand (A), increment of R isaccompanied by decre-
ment of |[AE|values. Findly, inthethird brand (x), in-

Schemel: Rolling up the (4,4) graphenesheet tobuild SWCNTFs
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Scheme?2: Typical structuresof thez-wt stacked benzene-graphene sheet and one case of the -7 stacked benzene-SWCNTF

complexes

crement of R isaccompanied by increment of |AE|val-
ueswithamild dope.

To explainthisbinding energy changes, the most
important structura parametersof al complexeswere
studied. Resultsshow that thert-n stacking interactions
of the benzene molecule with the central rings of
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SWCNTFslead to decrement of bond lengthsof these
rings (C1-C2 or C2-C3 bondsin Scheme 1). How-
ever, unlikecova ent functiondization, theseinteractions
don’t change surfaces of SWCNTFs.

InFigure 2, |AE| values against the C1-C2 bond
lengths of all n-n stacked benzene-SWCNTF com-
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plexesaredemonstrated.

Ascan beobserved, inthefirst brand (»), decre-
ment of JAE| valuesinitialy isaccompanied by decre-
ment of the C1-C2 bond lengths. In these complexes
the benzenemol ecul einteractswith thegraphene sheet
and some SWCNTFswith large outer diameters. In
fact, rolling up the planar graphene sheet leadsto dec-
rement of [AE| values. Then, few complexesare ob-
served which decrement of |AE| valuesisn’t accompa-
nied by changes of the C1-C2 bond lengths. Finally,
decrement of |AE| valuesisaccompanied by increment
of the C1-C2 bond lengths. In the second brand (A),
decrement of |AE| valuesisaccompanied by increment
of the C1-C2 bond lengths. On the other hand, inthe
third brand (%), decrement of |AE| valuesisfollowed
by decrement of the C1-C2 bond lengths. Resultsshow
that rolling up the graphene sheet initia ly leadsto dec-
rement of the C1-C2 bond lengths. However, thisdec-
rement in the C1-C2 bond |lengths continuesto amini-
mum and then increment of the C1-C2 bond lengths
occurs. Aswas said, the - stacking interactions of
the benzene molecule with the central rings of
SWCNTFslead to dightly decrement of the C1-C2
bondlengths. Infact, rolling up thegraphene sheet leads
to achangein the nt electron clouds of SWCNTFs.
Thischangeinfluencesthen-rt stacking interactions of
the benzenemoleculewith SWCNTFs.
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Figurel: Thebinding energiesof thesn-zn stacked benzene-
SWCNTF complexesver susrolling up parameter for thefirst

(w), second (A), and third (x) brands
Thevertica equilibrium distance between the ben-
zene moleculeand each SWCNTF isdenoted as Rc-
c. Investigation of the correl ations between the Rc-c
and AE values may help to find reason of thesevaria-
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tionsintheAE| vaues. Thesecorrdationsareshownin
Figure3for al complexes.
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Figure2: Thebinding ener giesof then-x stacked benzene-
SWCNTF complexesver susC1-C2bond lengthsfor thefirst
(m), second (A), and third (x) brands
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Figure3: Thebinding ener giesof the n-n stacked benzene-
SWCNTF complexesagainst vertical distance between the
benzene molecule and SWCNTFsfor thefirst (m), second
(A), and third (x) brands

As can be seen, in thefirst () and second (A)
brands, decrement of binding energiesisaccompanied
by increment of Rc-c valueswhichisareasonable be-
havior. Ontheother hand, inthethird brand (x), com-
plexeswiththelarger Rc-c va ueshavethehigher bind-
ing energies. Indeed, increment of the JAE| valuesinthis
brand isaccompanied by increment of the C1-C2 bond
lengths. Theseincreasesin the C1-C2 bond lengths
imply that hyper conjugation effectsdiminishin these
bonds which arise from lower overlap between p or-
hitals. Infact, n- electrons are somewhat localized in
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Figure4: Thebinding ener giesof thes-n stacked benzene-
SWCNTF complexesobtained from the M 05-2X (m), BSSE
corrected M 05-2X (), MPWBI1K (A), and MPW1B95 (x)
methods
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Figure5: Thebinding energiesversusp, . valuesof them-n
stacked benzene-SWCNTF complexesfor thefirst (m), sec-
ond (A), and third (x) brands

thiscase. Therefore, increment of the |AE|vaueswhich
isaccompanied by increment of Rc-c values can be
related to theinteractionsof thedelocalized n electron
cloud of the benzenemoleculeand partidly locdized n
electron cloudsof SWCNTFs. Thisfindingindicates
that strength of the n-n stacking interactions on
SWCNTscan be controlled by effectsof delocaliza-
tionandlocalization of then electrons.

In accord with Koopmanstheorem!*9, ionization
energy (1) and electron affinity (A) can be considered
as-E and-E (E and E are highest

HOMO LUMO HOMO LUMO
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occupied molecular orbital and lowest unoccupied mo-
lecular orbital energies, respectively). Onthebasisof
Mulliken theory™?, tendency of aspeciesto liberate
electron at itsground state is considered as el ectron
chemicd potentia which can beevauated asbel ow:
n=-(1+A)2 ©)

Resultsreveal that increment of R leadsto decre-
ment of EHOM O and ELUMO vauesof SWCNTFs.
Indeed, E,,,,, and E,,,, Values of the n-r stacked
benzene-SWCNTF complexes are lower than the
grgphenesheet and SWCNTFs. Thus, functiondization
of SWCNTsthrough the - stacking interactions in-
creases tendency of these materialsto liberate elec-
trons.

To compare binding energy valueswhich obtained
from other theoretical functionals with the M052X
method, singlepoint energy cal cul ationshavebeen per-
formed on some optimized n-t stacked benzene-
SWCNTF complexesby MPWB1K and MPW1B95
methodsin conjunction with the 6-31G (d) basis set.
Ascan beseenin Figure4theM052X method gives
larger binding energies than the MPWB1K and
MPW1B95 methods. Also, BSSE corrected binding
energiesfor the some optimized n-r stacked benzene-
SWCNTF complexesareshowninthisFigure.

AIM analysis

Tointerpret changesof the binding energy values
with R in the n-n stacked benzene-SWCNTF com-
plexes, AIM calculations have been performed onthe
wavefunctionsobtained at theM05/2X 6-31G (d) leve
of theory. Electron charge density valuesat the bond
critical points(p,,,) of al monomers and complexes
confirmthestructural parameters. Formation of the -
7 stacked benzene-SWCNTF complexes leadsto en-
hancement of the e ectron chargedensity valuesat the
ring critical points (p,.) of thecentral ring (ringA) of
the graphene sheet and SWCNTFs.

Resultsindicatethat rolling up the graphene sheet
leads to enhancement of the el ectron charge density
values at the central rings of SWCNTFs. Indeed, in-
crement of R leadsto increment of p_, vauesat the
central ring of the - stacked benzene-SWCNTF
complexes. InFHgure5, binding energiesversusthep .,
values of the n-n stacked benzene-SWCNTF com-
plexes are demonstrated. As can be seen, inthefirst

A udéan Journal



PCAIJ, 9(6) 2014

Pouya Karimi and Mahmoud Sanchooli

201

6.0
aE

5.0 ot
E M”\ i
..E 4.0
= L
i
<q 3.0 ™ A

M
2.0
-5.0 -8.0 -11.0 -14.0

NICS(1)/ppm
Figure6: Thebinding energiesof then-rn stacked benzene-
SWCNTF complexesversusNICS(1) valuesat the central
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Figure7: Thebinding ener giesof then-rn stacked benzene-
SWCNTF complexes against chargetransfer for the first
(w), second (A), and third (x) brands

(w) and second (A) brands, increment of thep_ ., val-
uesgoesa ongwith decrement of binding energies, but
inthethird brand (x) different behavior isobserved. In
thisbrand, increment of thep,. ., vauesisaccompanied
by increment of binding energies.

Comparison of Figure5 and Figure 3indicatesthat
thep,., vauesinfluencethevertical equilibriumdis-
tances between the benzene moleculeand SWCNTFs.
Infact, rolling up the graphene sheet dtersthern elec-
tron clouds and structures of SWCNTFs.

Inthefirst (w) and second (A) brands, delocalized
7 electron cloud of thebenzenemoleculeinteractswith
thede ocdized n electron clouds of SWCNTFs. Inthese
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cases, increment of thep,, ., va uesleadsto decrement
of binding energies. Accordingly, Rc-c valuesarein-
creased. In contrast, inthethird brand (x), increment
of thep,,., va uesisaccompanied by increment of bind-
ing energiesand Rc-cvaues. Infact, inthiscasedeo-
calized rt electron cloud of the benzenemoleculeinter-
actswith thepartially localized = electron clouds of
SWCNTFs. It seemsthat, increment of the electron
chargedengity valuesat the central ringsof SWCNTFs
havearepulsveeffect ontheinteracting ringsand leads
to higher Rc-cvaues. Thisfinding highlightstheroleof
partialy localization of ther electrons of SWCNTSsiIn
enhancement of the n-n stacking binding energies.
Bloom and Wheeler havereported effectsof locaiza
tion of thewt electrons on the binding energies of n-n
stacked complexes®. These authorsindicated that the
monomer aromaticity iSnot necessary in aromaticin-
teractions in some cases and localized © electrons
enhancether-n stacking binding energies. Therefore,
ateringthen electron clouds of SWCNTscan beim-
portant in improvement of the noncovalent
functiondization of thesematerid sthrough ther-m stack-
inginteractions, which hasanimportant rolein biomedi-
cal gpplicationssuch asin cancer therapy.

NM R calculations

TheNMR cdculationshave been performed at the
MO05-2X/6-31g (d) level of theory using the GIAO
method“”. The NICS(0) and NICS(1) valuesat the
central ringsof thegraphenesheet and SWCNTFswere
evaluated. Results show that rolling up the graphene
sheet leadsto decrement of thesevaues. Infact, rolling
up the graphene sheet leadsto achangein ther elec-
tron clouds of SWCNTFs. The NICS (0) valuesre-
vedl effectsof sigma-bondsat rings, while NICS (1)
onesreflect n-bond effects at rings. Therefore, NICS
(1) isabetter criterion than NICS (0) and represents
them-aromaticity at rings.

Thebinding energiesof then-n stacked benzene-
SWCNTF complexesversusNICS (1) values at the
central ring of the graphene sheet and SWCNTFsare
showninFigure 6. Ascan beseen, inthefirst (w) and
second (A) brands, decrement of the NICS (1) values
iIsaccompanied by decrement of binding energies. As
wassad, inthese casesdel ocdlization of ther electron
clouds of SWCNTFs (which isrelated to the t-aro-
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maticity) issgnificant. Infact, moreddocdized nelec-
tron clouds of SWCNTFsleadsto thelarger binding
energies. In contrast, inthethird brand (x) different
behavior isobserved. In this case, decrement of the
NICS (1) valuesleadsto increment of binding ener-
gies. Thus, partidly localization of ther electron clouds
of SWCNTFs(whichisrelated tothelessm-aromatic-
ity) isanimportant factor which enhancesthe -t stack-
ing binding energiesin some cases. This consegquence
iscong stent withtheresult of AIM andysisand accen-
tuatestheroleof partially localization of ther electrons
inaugmentation of then-rt stacking binding energies.

Chargetransfer analysis

To understand effects of chargetransfer inthen-n
stacked benzene-SWCNTF complexes, atomic
chargesinthegraphene sheet, SWCNTFsand al com-
plexes have been calculated using the ChelpG
Scheme*. Resultsindicate that formation of the -
stacked benzene-SWCNTF complexesleadstoincre-
ment of total negative charge onthe benzenemolecule.
Consequently, chargetransfer (CT) directioninthese
complexesisfrom the graphene sheet and SWCNTFs
to the benzene molecule (the graphene sheet or
SWCNTFs —benzene). Themagnitudeof thischarge
transfer isintherange of -0.048—-0.091 e. The bind-
ing energiesversusCT inthementioned complexesare
demongtrated inFigure7.

Ascan be observed, changes of binding energies
with CT aresmilar tothe changes of thesevalueswith
R (see Figure 1). Therefore, different response of
SWCNTFstothen-n stacking interactions, which gen-
eratesthreebrandsfor changes of binding energy with
R, can beinterpreted on the basis of charge transfer
effects in the n-n stacked benzene-SWCNTF com-
plexes.

Inthefirst (w) and second (A) brands, increment
of CT goesalong with decrement of binding energies.
Thus, CT isn’t main factor for enhancement of the n-nt
stacking binding energiesin these complexes. Asprevi-
oudywassad, inthese complexeslarger binding ener-
giesarisefrominteractionsbetween delocdized rt elec-
tron cloud of the benzenemol ecule and moredelocal -
ized rt electron clouds of SWCNTFs. Therefore, more
delocalized nt electron clouds of SWCNTFs leadsto
thelessCT to thebenzene molecule. Onthe other hand,
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inthethird brand (x) increment of CT is accompanied
by increment of thebinding energies. Inthiscaselarger
binding energies arisefrom interactions between delo-
calized nt electron cloud of the benzene molecule and
partialy localized n electron clouds of SWCNTFs.
Thus, inthiscasepartidly locdization of ther electrons
alowsthelessCT to the benzene moleculewhich en-
hancesthe n-r stacking binding energies.

Asaresult, strength of the n-n stacking interac-
tionson SWCNTsiscontrolled by severd factors, such
as properties of the rt electron clouds of interacting
molecules, aromaticity, del ocdization andlocalization
of ther electron clouds of SWCNTsand chargetrans-
fer effects.

CONCLUSIONS

Anarmchair (4,4) graphenesheet wasrolled up by
computational quantum chemistry methodsto build
single-waled carbon nanotubefragments (SWCNTFs).
Noncovalent n-r stacking interactions of the benzene
moleculewiththecentra ringsof these SWCNTFshave
beeninvestigated.

Binding energies of the n-n stacked benzene-
SWCNTF complexes versus R values vary in three
brands.

Rolling up thegraphene sheet |leadsto achangein
ther electron clouds of SWCNTFs and results in dif-
ferent n-r stacking binding energies with benzene.

Strength of the n-n stacking interactions on
SWCNTscan be controlled by effects of delocaliza-
tionandlocalization of ther electrons.

Noncovaent functionalization through the n-n
stacking interaction increasestendency of SWCNTsto
liberate el ectrons.

Rolling up the graphene sheet leads to enhance-
ment of thed ectron chargedengity vauesat the centra
ringsof SWCNTFs.

Rolling up the graphene sheet |eadsto decrement
of the NICS (0) and NICS (1) values at the central
ringsof SWCNTFs.

In some 7-rt stacked benzene-SWCNTF com-
plexes, delocalization of the n electron clouds of
SWCNTFsissignificant and leadsto increment of the
7-1 stacking binding energies. Incontrast, in Somecases
partially localization of the & electron clouds of
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SWCNTFsisanimportant factor which enhancesthe
n-m stacking binding energies.

Chargetransfer direction in ther-n stacked ben-
zene-SWCNTF complexesisfrom the graphene sheet
or SWCNTFsto the benzene mol ecule and magnitude
of this charge isin the range of -0.048 — -0.091 e.
Different response of SWCNTFsto the n-n stacking
interactions can beinterpreted on the basisof charge
transfer effectsinthern-n stacked benzene-SWCNTF
complexes.

Altering ther electron clouds of SWCNTs can be
important in improvement of the noncovalent
functionalization of these materiasthrough the n-n
stackinginteractionsand hasavitd rolein biomedical
applications such asin cancer therapy.
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