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Theory calculations (DFT/ B3LYP/ 6-311G) were carried out to evaluate Vibration frequencies,
the vibration frequencies and Infra-Red (IR) absorption intensities for ~electronic charge
equilibrium geometries, of 6,7,8,10 and 12 cyclacene's molecules of INtensities.

different diameters for (SWCNTs). The Gaussian 03 and MOPAC
computational packages have been employed throughout this study to
compute the geometrical Parameters (bond lengths and bond angles) and
the energetic properties, (vibration frequency, heat of formation and
electronic charge distribution for the modeled 6,7,8,10 and 12 cyclacene's
molecules of different diameters nanostructures (zig-zag).  The results
include the assignment of all puckering, breathing and clock-
anticlockwise bending vibrations. They allow a comparative view of the
charge density at the carbon atom too. According to the group theory and
character tables all the irreducible representations of the vibration were
assigned. The comparison of the calculated models revealed general
correlations among the frequencies of (CH and CC) stretching vibration
modes, the diameter and chirality.

Atrticle info

Received: Nov. 2011
Accepted: May. 2012
Published: Dec. 2012

LYY LR 2 (SWCNT) CopeadiSaboalt ciliy Jad Alaal) cilfilaay) g 5 3580 culas i dd 4o
(DFT) 48k (g adall g 53l (¢ 99 S 55U ) quS 5 claa o)
Al cilall) el aad 3 (AS dala s
Ay daala cejlzl\ Al (LX) (';.Né
dadal)
Claall a3 gai (38 5 oSN lilSpe Cillua aladinly o) peal) iad 428y Cida (aliaial 203 5 )Y Gl 5 s
<Ly 3 «(DFT) (B3LYP/6-311G) A4S J) 5 4 ki 345 sl sl #3503 5 PM35 MINDO/3 (s 88
5Zig-zag & » Ox Sl il S i claag o Al (12 510 58 5 7 5 6) L8Vl cadlials uu IS
i LS Gaussian 03 5 MOPAC luall oaali s aladiulyy ) 5l gl JSEI die b puali 5 LS Lgizdlia
A IV AR w358 5 0 sSEl Bl yaS Ay gl 3adll lieall (amy 5 jualill Ul g 5 J1shal #) aci)
ALl ye @lli e el 4 pualill Jaal) S pad ABLaiall LLadU ) 3a¥) cilas 5 ol a5 el 05 45 )lie die
(8CC) 5 (SCH) ALyl S yall ABLaiall oo )35 Y1 laa 335 5585 5 ¢(C-C) mal sY uSall 5 (C-H) sl 5Y
Gl A4 C-Cy i 5 clalal) sanaie 4 yhaall il all L8 4le sa Lol dilae 5 ) gy 5 Ailaiall by yildai (e el
Ol A8 5 o5 LS 2l Qlilal doa Hlal) Gl pad) aie ddamall jual Y1 Jidi C-Cp s 4 sendl jual 5Y1 Zig Zag
4k (38 5) delud) (e olat) use g olaily AilinsV o Al 5 dpalaniV) LS jall sailall 4y 51 iAW) Lalai¥i anes
(e A g IV AR w555 Al 50 5 lea i L, ) 3a Y1 o) e (e Alialadl s ol Lel 3 a3 ) 5 ¢(de ganal)
Ay 3adl a3 Jliel (e diaall (DU Aglua sall 5 4 by Sl Ciliuall pe 281 gl il CuilS g oy Jall o2a <l )

135



Iragi Journal of Physics, 2012

Introduction

Single  wall  carbon  nanotubes

(SWCNTSs) are formed from folded sheets of
annulated six member aromatic rings [1].
The hybridization of each carbon atom in the
sheet is sp? [2]. They are of aromatic
characters, similar to graphite, and posses'
conjugated C-C bonds [3]. Their aromaticity
is graded according to the space distribution
of the atoms, the nature of their molecular
orbitals, the symmetry and chirality [4].
Various quantum mechanical studies were
done for the physical properties of the
nanotubes [5-9]. To study the vibration
motions of such molecules with different
diameters, their geometric parameters have
to be defining, the vibration of a nanotube
causes a change in its geometry Fig. 3.
Structure deformation is expected to change
their thermal and electronic properties too.
Basic vibrations of SWCNTs were measured
and assigned as breathing, puckering and
clock-anti-clockwise deformation modes
[10]. The frequencies of their active
vibrations range between (873-1557) cm™
[11], they are considered as finger print
vibrations for the carbon nanotubes (CNTS)
[12]. Measurements were done to study the
impact of the puckering distortion on the
electronic properties of CNTs [13-15].
CNTs are of great interest to the
industry[16].
The vibration modes of the nanotubes
become accessible with the sub-nanometer
precision typical of that instrument when
tunnelling electrons transfer energy to the
carbon lattice, Fig.1.

The results are  fundamental  for
understanding the flow of heat and electrical
charge in carbon nanostructures, the

vibration motion of carbon nanotubes
reflects mechanical strength or softness and
depends critically on the perfection of the
carbon structure on the atomic scale.
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Fig. 1:

Structure deformation of a [6]
Cyclacene (zig zag) molecule as caused by its
vibration motion (SWCNTSs).

Vibration motion of atoms decreases the
electrical conductivity of nanotubes and
limits the performance of nanotransistors
and other electronic devices based on them
similarly [17], the stiffness of a nanotube
and its capability for transporting heat is
reduced with increasing defect density [18,
19]. A nanotube’s thermal conductivity is
predicted to be 10 times higher than silver
[20]. Unlike metals, which conduct heat by
moving electrons [21], CNTs conduct heat
by wiggling the bonds between the carbon
atoms themselves [22-24]. However no
study could be found in the literatures for a
complete normal coordinate analysis of the
simplest type of nanotube i.e, the cyclacene
nanoring molecules.

Results and Discussion

SWNCs are composed of (6,7,8,10 and
12) cyclacene's molecule of variable
diameter interconnected by various linker
compounds. Cyclacenes map directly onto
and can be viewed as the shortest segments
of (n,0) zig zag carbon nanotubes, Fig.2.
Depending upon the nature and the
orientation of the linkers molecule which
composed of annulated 6, 7,8,10 andl2
member aromatic rings.
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Fig. 2: Schematic diagram showing how a
hexagonal sheet of graphite is ‘rolled’ to form
a carbon nanotube.

Geometry  optimizations  have  Dbeen
performed at the semi-empirical methods
(MINDO/3, PM3) and density functional
theory calculations (DFT/B3LYP) were
carried out to evaluate the vibration
frequencies and Infra-Red (IR) absorption
intensities for equilibrium geometries, of [6]
cyclacene, [7] cyclacene, [8] cyclacene, [10]
cyclacene and [12] cyclacene, Fig.3.

The Gaussian 03 [25] and MOPAC
computational packages [26] have been
employed throughout this study to compute
the geometrical Parameters (bond lengths
and bond angle) and the energetic properties,
(vibration frequency, heat of formation and

electronic charge distribution for the
modeled (n= 6,7,8,10,12) Cyclacene,
molecules of different diameters

nanostructures (zig-zag). According to the
group theory and character tables all the
irreducible representations of the vibration
were assigned [27, 28].

Fullerene (1) (Ceo)

Vol.10, No.18, PP.135-146

Generally the calculated frequencies
applying  MINDO/3  program  were
acceptable. Scaling factors have been

applied for MINDO/3 outputs to improve
the frequency values, in such away to accord
with the experimental values and the ab
initio results. The comparison of the
calculated models revealed  general
correlations among the frequencies of (CH,
CC) stretching vibration modes, with
different diameter [29], by using Gaussian
03 and MOPAC computational packages.

Zig Zag Cyclacene Molecules

The (zig zag) molecules in our research
contain (6,7,8,10 and 12) benzen rings
fuized together, calculations (DFT/B3LYP)
were carried out to evaluate for equilibrium
geometries, of Cyclacene molecules. They
showe (Dgn),(C2v), (Da4pn), (Dsg) and (Dsp)
point group [30,32]. Figure 4 show the
structure of [6] Cyclacene (zig zag)
molecule, indicating the two types of C-C
bonds; C-Caxial (C-Ca) and
CCcircumferential as an example.
Equilibrium geometry of the [6] Cyclacene's
molecule applying Mindo/3, PM3 and DFT.
Due to its symmetry (Den) it undergoes the
following symmetry operations (E, 2Cs ,
2C3, Cz , 3C\2, 3C“2 y | y 253 y 286 ,Oh, 3Gdy
3oy). Fig. 5 shows a repeated section of [6]

[8] Cycl;enexfb_gh) (zig-zag)

[10] Cyclacene (Ded) (zig-zag)

[12] Cyclacene (Dsh)(zig-zag)

Fig.3: Equilibrium geometry for (6, 7,8,10 and 12) Cyclacene (zig zag) with Fullarene molecules.
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Fig .4: Structure of [6] Cyclacene (zig zag)
molecule, indicating the two types of C-C
bOﬂdS; C'Caxial (C'Ca) and CCcircumferential-

Fig. 5: Repeated section of the bonds and
angles according to the symmetry of the [6]
Cyclacene (Zig-Zag) molecule.

Table 1: Calculated geometries and some of physical properties for [6] Cyclacene by MINDO/3, PM3

and DFT calculations.
iﬁgd 'eé‘gﬁz (A; - tes || MOPAC Gaussian (DFT)
(o) giest (MINDO/3) B3LYP/ 6-311G

C.C,
CiHas
C,Cy
C,Cs
C4Ha
CsCs
CsCyo
CoHasg
<C,C,C,
< C,C,Cs
< C,C4Cs
< C,C5Cy
<C,CiC3
< C,CiHs
< C2CsCyo
< CsCoCy
< CsCyHyg

1.394
1.108
1.476
1.510
1.108
1.394
1.476
1.108
118.512
116.541
118.510
118.228
117.727
117.667
118.223
117.741
117.665

1.386
1.095
1.441
1.446
1.095
1.386
1.441
1.095
116.821
119.573
116.812
119.566
113.829
120.300
119.564
113.841
120.300

1.413
1.083
1.421
1.455
1.083
1.413
1.421
1.083
117.184
118.317
118.317
118.317
115.779
118.179
118.179
115.779
118.179

cyclacene's molecule, and (Table 1) shows its calculated geometric parameters.

The vibration frequencies were calculated. Totally 102 modes of vibrations are expected for the
molecule. They are classified according to the following representations [30]:

Fvib = Ftot - (Frot + Ftran)z 3N-6= 108 - 6= 102= 6A1g+ 2Agg+ 4Blu+ 582u + 8E1u + 9E29+ 3Alu + 5A2u +
5B14+ 4Byy+ 8, + 9E,,

Relative to the 6, reflection plane the vibration modes are classified as symmetric and antisymmetrical
modes.

a- Symmetric modes with respect to 6y, (+6p).

[i6n= 6Ag+ 2A55t+ 5By + 4By, + 8Ey,+ 9E,, (In-plane o, modes of vibrations)

b- Antisymmetric modes with respect to 6y, (-0y).
I"_6n = 3A1+ 5Ay+ 4Byt 5Bogt 8E 4+ 9E,, (Out of plane o, modes of vibrations)
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Table 2: Calculated vibration frequencies and IR absorption intensities of [6] Cyclacene (Zig-Zag)
molecule.

Scaled Intensity
Symmetry & descrlptlon MINDO/3 PM3 I_:lreq. (DFT) B3LYP/ ?
Freq omt cm 311G Freg.cm km/mol

CH str. 20.066
CH str. 20.066
ring (CC str.)(axial b.)+ 8CH(rock.) 3.559
ring (CC str.)(axial b.)+ 8CH(rock.) 3.559
ring(CC str.) (axial b.) 32.422
ring (CC str.) (axial b.) 32.422
8CH (rock.) + ring (CCC str.) 0.117
8CH (rock.) + ring (CCC str.) 0.117
yCH (twist.) 557.652
yCH (twist.) 557.652
8ring(8CCC)(axial b.) (elongation) 5.054
dring(8CCC)(axial b.) (elongation) 5.054
éring (8CCC) (cercum. b.) 19.554
dring (8CCC) (cercum. b.) 19.554
yring (yCCC) (cercum. b.) (puck.) 8.433
yring (yCCC) (cercum. b.) (puck.) 8.433

CH str. 58.588

ring (CC str.) (cercum. b.) + 3CH 90.410
(rock.) .

yCH (wag.) 378.955

yring (yCCC) (axial. b.) (puck.) 131.157
yring (yCCC) (cercum. b.) (puck.) 76.438

Scaling factors for Mindo/3 calculation: 0.885 (CH str.); 0.98 (ring CC str.); 1.07 (ring (CCC str.)); 1.03 (3CH); 1.09
(yCH).
Special scaling factors were used for vibration modes with overlaps of different types of motion; 1.09 (3CH +
8CCC) or (yCCC+ yCH) or (yCC + yCH) or (yCH + yCC); 1.10 (8CC + 8CH); no scaling factors for other modes
[19].
Scaling factors: 0.96 (CH str.) for all DFT (B3LYP/6-311G) frequencies, [23].
v: Out of plane of the molecule. &: In- plane of the molecule., (breath.): ring breathing mode., (puck.): ring
puckering mode. , (rock.): CH rocking mode. (sciss.): CH scissoring mode., (twist.): CH twisting mode., (wag.):
CH wagging mode.

frequency values in Table 4 detect the

1- Frequencies of the symmetric modes of following correlations:
vibration (+6y,) vsymC-Hstr. (Cyclacene 6) > vgmC-H str.
(Cyclacene 7) > veymC-H str. (Cyclacene8) >
CH stretching vibrations veymC-H str. (Cyclacene 12) (PM3)
The displacement vectors of which are vemC-Hstr. (Cyclacene 6) > vegmC-H str.
located at the H atoms Fig.6.  Their (Cyclacene 7) > vgymC-H str. (Cyclacene 8)
(DFT)

139



Iragi Journal of Physics, 2012

VasymC-H str. (Cyclacene 6) > vasymC-H str.
(Cyclacene 7) > vasymC-H str. (Cyclacene 8).
> vasym C-H str. (Cyclacene 12). (PM3)

Ring (CC stretching) vibrations

Their displacement vectors are mainly
located at the carbon atoms of the related
bonds Fig.6. Their calculated vibration
frequencies show the following relations
Table 4.
vsymC-C str. (Cyclacene 6) < vgmC-C str.
(Cyclacene 7) < veymC-C str. (Cyclacene 8)
< veym C-C str. (Cyclacene 12) (PM3)
vsymC-C str. (Cyclacene 6) < vgmC-C str.
(Cyclacene 8) < vgymC-C str. (Cyclacenel0)
DFT
VasymC-C str. (Cyclacene 6) < vasymC-C str.
(Cyclacene 7) < vaymC-C str. (Cyclacene
12) (PM3)

Rehab M. Kubba and Huda N. Al-Ani

Bending (CCC) vibrations (6CCC)

Of smaller values are the deformation
(0CCC) vibrations. According to their
assignment, these modes include the
expected clock and anticlockwise vibration
motion.

Their symmetric modes are of higher
frequency than the asymmetric Fig.6.
Bending CH vibrations (6CH)

Their displacement vectors are mainly
located at the corresponding H atoms Fig.6.

2- Frequencies of the asymmetric modes
of vibration (-6,).

The (yCH)out of plane vibration
frequencies, The ring out of plane vibrations
(yCCC), The modes include puckering
deformations, as well as breathing vibrations
of the whole ring Fig.6.

Table 4: PM3 and DFT calculations for vibration frequencies (cm™) of (6,7,8,10 and 12) Cyclacene

(Zig-Zag) molecules.

3073-3071
3067-3055
3067-3066

Cycla. 6 (PM3) Dg,

Cycla. 6 (DFT) Dgy,
Cycla. 7 (PM3) Dy,

Cycla. 7 (DFT) Cov 3068-3065

Cycla. 8 (PM3) Dg,
Cycla. 8 (DFT) Dy
Cycla. 10 (PM3) Dsq
Cycla. 10 (DFT) Dsq

3004-2999
3182-3170
3065-3055
3110-3099
2994-2989

Cycla. 12 (PM3) Dg,

1697-1479
1565-1347
1681-1445
1762-1563
1708-1449
1632-1377
1731-1602
1604-1406
1738-1551
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1717-864
1531-845
1661-1402

1428-832
1363-892
1246-821
1397-625
1402-298
1132-875
1399-421
1393-90

1700-1256
1542-1281
1662-1349
1591-1349

1624-1369 1235-619
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sym. CH str.
(v1, Alg, 3067)
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asym. CH str.
(v33. A2u. 3064)

sym.CC str.(cercum. b)
(vR7. F2n. 1547

sym. CCstr. (axial b.)
(v71, E2g, 1382)

asym CC str.(cercum. b.)
(v54, A2u, 1300)

Sym. yring (axial. b.)
(VGO! BZg! 665)

asym yring (cercum. b.)

sym. yring (cercum. b.)
(v81, Blu, 324)

sym. yring (axial b.)
(v84, E2g, 133)

Fig.6. The graphical pictures of some vibration modes for [6] Cyclacene (zig zag) molecule as
calculated applying DFT method.
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The correlations.

1- Relation is found between the verity
radiuses increased with the increase number
of rings (n) for cyclacene molecules of
different diameters, Fig.7.

56 7 8 9M0111213

Fig.7: Relation between the diameters length
and number of rings (n) for cyclacene
molecules of different diameters applying DFT
and PM3 methods.

-
o

~ O 00

Diameter (A°)

2. Relation is found between the verity
lengths increased with the increase of
number of rings (n) for cyclacene molecules
of different diameters, Fig.8.

5 6 7 8 9 10 11 12 13

n

Fig.8: Relation between the length and number
of rings (n) for cyclacene molecules of different
diameters applying DFT and PM3 methods.

3. Relation is found between the heats of
formation AH increased with the number of
rings (n) for cyclacene molecules of
different diameters, Fig.9.
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1900
1800 A
1700 A
1600 A

AHf (kJ/mol)

1500 A
1400 ~

1300

Fig.9: Relation between the heat of formation
AH and number of rings (n) for cyclacene
molecules of different diameters applying PM3
method.

4, Relation is found between the AE nomo-
Lumo and number of rings (n) for cyclacene
molecules of different diameters, Fig.10.

EfeVIHOMO LMD

FIglO Relation between the EHOMO, ELumo and
number of rings (n) for cyclacene molecules of
different diameters applying PM3 method.

6.5

n

Flgll Relation between the AEHOMO—LUMO and
number of rings (n) for cyclacene molecules of
different diameters applying PM3 method.
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5- The relation is found for zig zag
cyclacene  [n]  vibration  frequencies
calculated with different diameters by DFT,
PM3 treatment:

1- Comparing all the C-H modes, the
following correlation is detected

veymCHstr.  (Cyclacene- 6) > veymCHsir
(Cyclacene -7) > vsymCHstr. (Cyclacene-8) >

vsymCH  str.  (Cyclacene-12) MOPAC
(PM3)
VsymCHStr. (Cyclacene- 6) >

VsymCHstr(CyCIacene '7) > VsymCHStr
(Cyclacene-8) Gaussian (DFT)

2- Comparing all the CC stretching

vibrations modes, the  following
correlation is detected
VsymCCstr. (CyC|acene-6) < VsymCCStr

(Cyclacene-7) < vgmCCstr.(Cyclacene-8) <
vsymCC sir. (Cyclacene 12) (PM3).

veymCCsr  (Cyclacene-6) < vgymCCstr
(Cyclacene-8) < vsymCCs (Cyclacenel0)
Gaussian (DFT)

VasymCCstr (Cyclacene
VasymCCsrr.(Cyclacene  7) <
(Cyclacene. 12) (PM3)

6 <
VasymCCstr

Vol.10, No.18, PP.135-146

1800

1750 A
1700 -

i —a— C-Cstr.(PM3)
1600 A

v C-Cstr.(cm-1)

1550 1

1500

5 6 7 8 9 10 11 12 13

n

Fig. 12: Graphical correlation between the
number of rings (n) at different diameters with
the C-C stretching vibration frequencies
applying DFT and PM3 methods.

Conclusions
The Gaussian03 and MOPAC
Computational ~ Packages have  been

employed through out this study to compute
the geometrical Parameters (bond lengths
and bond angle) and the energetic
properties of different diameters Cyclacene
(6,7,8,10,12) (zig-zag) molecules. The
importance of these nano sized molecules
based on their extensive applications in
various technological and industrial fields.
Obviously, the vibration of a nanotube
causes a change in its geometry structure
deformation is expected to change their
thermal and electronic properties too.

Table 3: DFT Calculations for geometries, and some physical properties of (Cyclacene 6,7,8,10 and 12)

(Zig-Zag) ) molecules.

Diameter
(A

Length

Molucule (AO)

Cyclacene 6 (Dgh)
Cyclacene 7 (Dsh)
Cyclacene 8 (Dgh)
Cyclacene 10 (Dsd)

Cyclacene 12 (Dsh)

Terminal
vCCstr. C
(cm™) Electronic
Charge.

c- bond
length®)
(A9

*(a) CC circumferential bond. «*(b) C=C bond, <* (c) C-C axil bond, & (d) bond C-H
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Measurements were done to study the
comparison of the calculated models
revealed general correlations among the
frequencies of (CH, CC, ring) stretching
vibration modes, the impact of the puckering
distortion on the electronic properties of
CNTs [32,33] with different diameters
molecules.

Cyclacene 6 (zig-zag)

Cyclacene 7 (zig-zag)

Rehab M. Kubba and Huda N. Al-Ani

The electronic Charge density at the carbon
atoms have also been calculated, Fig.13, the
charge densities are mainly concentrated at
the circumferential carbon and hydrogen
atoms of cyclacene. The axial carbon atoms
have diminishing charges. And whereas the
H atoms are positively charged, the C atoms
are of the negative charge.

Cyclacene 8 (zig-zag)

—0.165

—0.168

B -0.184

0.176

0.137

0.127

Cyclacene 12 (zig-zag)

0.031

Cyclacene 10 (zig-zag)

Fullerene Cg (1)

-0.171

-0.195

H 0.0

0.182

0.138

-0.011

0.057

Fig.13: Distribution of charge density at the atoms of Cyclacene (6,7,8,10 and 12) (zig-zag) molecules
and Fullerene as calculated applying DFT (B3LYP/6-311G).
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