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Abstract:

Density Functional Theory (DFT) method of the type (B3LYP) and a Gaussian basis set (6-311G)
were applied for calculating the vibration frequencies and absorption intensities for normal coordinates (3N-
6) at the equilibrium geometry of the Di and Tetra-rings layer (6, 0) zigzag single wall carbon nanotubes
(SWCNTSs) by using Gaussian-09 program. Both were found to have the same symmetry of Dgy point group
with C--C bond alternation in all tube rings (for axial bonds, which are the vertical C--Ca bonds in rings
layer and for circumferential bonds C—Cc in the outer and mid rings bonds). Assignments of the modes of
vibration IR active and inactive vibration frequencies (symmetric and asymmetric modes) based on the
image modes applied by the Gaussian 09 display. The whole relations for the vibration modes were also done
including vCH stretching, vC--C stretching, 8CH, dring (6C--C--C) deformation in plane of the molecule)
and yCH, yring (yC--C--C) deformation out of plane of the molecule. The assignment also included modes of
puckering, breathing and clock-anticlockwise bending vibrations.

Key word: Di and Tetra-rings Layer, IR Absorption Intensities, Modes of vibration, Normal coordinates,
SWCNT, Vibration frequencies.

Introduction:

The vibration behavior of carbon nanotubes These tubes are placed in various physical
(CNTs) has been extensively investigated due to environments and subject to various constraints.
their importance in  Nano-electro-mechanical Influence of these constraints is investigated on

systems and Nano sensor application. Raman  vibration characteristics of single-walled carbon
spectroscopy is a technique widely used to study the nanotubes (SWCNTs). Carbon nanotubes (CNTS)
vibrational modes of CNTs and characterize their have a vast field of applicationsin material strength
structures. The Raman spectrum analysis focuses on analysis. Some worth-mentioning fields are
the low-frequency radial breathing modes with less emanation panel spectacle, chemical sensing, drug
than 300 cm™, which are very sensitive to the deliverance, and Nano-electronics. Having a good
nanotube diameters (1-4).Since experiments at the utilization of these tubes in fields of science and
Nano scale are extremely difficult to conduct, industry, however, their mechanical behavior
theoretical modeling of the mechanical response of  demands more understanding in this aspect of study.
CNTs has been carried out (5,6). They are shown Use of these tubes had found in the fields of
graphically and have been compared with those electrical and chemical engineering and biological
available in the literature. Vibration characteristics  sciences. An experimental aspect of vibration
of CNTs have been widely examined for the last problems of (SWCNTSs) have also been interest of
fifteen years. Such characteristics are studied by  researchers along with analytical study of
thin shell (7), beam (8) and ring (9) theories of information got through it. Three fundamental
continuum models (10). Theoretical study of CNTs  techniques are utilized to generate them, which
reflects those mechanical aspects which are difficult ~ include molecular dynamic (MD) simulations,
to observe by experimental and atomistic simulation atomistic-based modeling and the continuum
methodologies. A study of their free vibration is an approach. Mostly the continuum method is applied
important phenomenon in dynamical science. These  to fabricate them. Since these are material objects
characteristics are impressed by their material can get deformed in practical situations, so their

properties. buckling and vibration investigations are
Department of Chemistry, College of Science, University ~ fundamental problems in CNTs motions at non-
of Baghdad, Baghdad, Irag. mechanical levels. Lordi and Yao (11) applied
Corresponding author: Rehab_mmr_kb@yahoo.com molecular  dynamic  simulations  todetermine

726


http://dx.doi.org/10.21123/bsj.2019.16.3(Suppl.).0726
https://creativecommons.org/licenses/by/4.0/
mailto:Rehab_mmr_kb@yahoo.com

Baghdad Science Journal

Vol.16(3) Supplement 2019

vibration frequencies of SWCNTs using the
universal force field method.

In the recent studies we calculated and
studied theoretically, the complete assignments for
vibration frequencies and absorption intensities of
(3N-6) for monoring segments of CNTs (linear,
angular and angular-chiral) (12,13) and for the (6,0)
linear  (zigzag  Tri-rings  layer) SWCNT.
Comparisons were done for the vibration
frequencies of monoring SWCNTs with different
diameters (14), for construction units of (6,0) (15)
armchair and zigzag SWCNTSs (16). In this work,
the theoretical calculations of the Density
Functional Theory quantum mechanical method
(DFT) (17), is applied, in the form of the B3LYP
approach (18-19) and the 6-311G Gaussian bases
set (20) is used, for calculating vibration
frequencies and normal modes of vibration (3N-6)
for Di and Tetra-rings layer (6, 0) linear (zigzag)
SWCNTs

Computational Details

DFT (6-311G/ B3LYP) calculations were
performed with complete geometrical optimization,
for Di and Tetra-RL (6, 0) linear (zigzag) SWCNTs
using Gaussian-09 software package (21). The

calculations were used to analyze and describe the
characteristics of the structural nature of the modes
of vibration with IR absorption intensities for Di
and Tetra-rings layer zigzag SWCNTSs.

Results and Discussion:

The classifications of carbon nanotubes Di and
Tetra-rings layers can be described as SWNTs
resembling rolling graphene sheet into a cylindrical
structure.They are uniquely defined by specifying
the coordinates of the smallest folding vector (n, 0)
linear zigzag SWCNTSs (22), composing of linear
numbers of benzene ring molecules. So Di and
Tetra rings layer SWCNTs are composed of linear
six members of benzene aromatic rings in each of
the two or four rings layer respectively. DFT
(B3LYP/6-311G) calculations of the equilibrium
geometries, shows Dgg symmetry point group for
both (23). The geometric parameters were defined,
distinguished between axial bonds (C--Ca), outer,
and mid circumferential bonds (C--Cc). Figure 1,
shows the space filling; minimize geometry and
repetitive sections of the two types of bonds in Di
and Tetra-rings layer zigzag CNTs due to their Dgy
symmetry.
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Figure 1. The space filling (a), minimize geometry (b), repetitive sections of bonds and angles for Di
and Tetra-rings-layer (6, 0) zigzag (SWCNTSs) according to the Dgy point group (c).

All C-C bonds were found to be alternated
in the rings tube according to Dgq point group. The
C-C bonds at the optimize zigzag Di-rings-layer
SWCNTs were all being as conjugated double
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bonds.Tables 1a, 1b show that (C--Cc) bonds length
for both Di and Tetra-rings layer SWCNT were
being longer (weaker with lower force constant) on
going from outer to mid bonds in Di rings layer or
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on going to center bonds in (Tetra rings layer). The
(the reverse were shown for the axial bonds (C--
Ca)(12,15-16). Also the Gaussian 09 program have
been employed to computesome physical properties
such as a standard heat of formation AHjy, dipole
moment p which is equal to zero Debye, the
HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital).
Enomo is often associated with the ability of
donating electrons. High values of Epomo likely
indicate a tendency for donating electrons to
appropriate acceptors with low energy and empty
molecular orbital. Similarly, E ymo represents the
ability of the molecule to accept electrons. The
lower value of E_ymo suggests high probability for
accepting electrons (12). The low value of AEsomo-
Lumo leads to ensure better physical properties of
electrical conductivity (15-16, 24-25). Figure 2,
shows the numbering of the atoms of (6, 0) Di and
Tetra-ring layers (zigzag) SWCNTSs respectively.

(2)

(b)

Figure 2. Numbering of atoms for (6, 0) Di (a)
and (b) Tetra-rings layer (zigzag) SWCNT.

The calculation of the geometric structures
and some physical properties for the Di and Tetra-
rings layer SWCNT at the equilibrium geometry,
are listed in Tables 1a, 1b respectively.

Table 1a. DFT calculations for the geometrical structure and some physical properties of the Di-rings-

Physical properties

layer SWCNT.

Bond lengths (A°%) & bond angles (deg.)
C1-C7 (C-Cc) outer 1.425
C7-C13 (C-Ca) axial 1.448
C13-C20 (C-Cc) mid 1.432
C1-H37 1.083
< C7C1C12 115.529
< C1C7H13 118.462
< H1C12C6 116.814
< C13C19C18 114.349
< C7C1H37 118.265

Molecular formula
M.wt. (g/mol.)

AH; (kcal/mol)
Electronic energy (eV)
Core-core repulsion (V)
lonization potential (eV)
Eromo (V)

ELumo (V)

AE homo -Lumo (V)
Dipole moment (Debye)

C36H12
444.491
532.942
-48491.023
44059.087
4.633
-4.633
-2.793
1.84

0.000

Table 1b. DFT calculations for the geometrical structure and some physical properties of the Tetra

rings-layer SWCNT.

Bond lengths (A% & bond angles (deg.)

Physical properties

C1-C7 (C-Cc) outer 1.427
C7-C13 (C-Ca) outer 1.433
C13-C19 (C-Cc) mid. 1.444
C19-C25 (C-Ca) mid. 1.420
C25-C36 (C-Ca) mid. 1.446
C1-H61 1.083
< CrcClci2 116.019
< CilC7C13 119.329
< C7C13C19 119.593
< (C13C19C18 114.171
< C19C13C20 114.249
< €20C26C31 119.691
< C31C25H36 114.068
< C7C1H61 119.708

Molecular formula

m. wt. (g/mol.)

Point group

AHg (kJ/ mol)

Electronic energy (eV)
Core-core repulsion (eV)
lonization potential (eV)
Enomo (V)

E Lumo (eV)

AE homo-Lumo (V)
Dipole moment (Debye)

CeoH12
732.755
Deg
2945.663
590749.199
229970.081
3.822
-3.822
-3.384
0.438

0.000

AEg: ELumo- Eromo.
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The finger print vibrations (basic vibrations)
of Di and Tetra-rings layer (Di and Tetra-RL)
SWCNTs were calculated and assigned such as
breathing, puckering, elongation and clock-anti-
clockwise bending or deformation modes. Active
vibrations cause a change in its geometric structure.
Measurements were made to study the effect of
curvature distortion on the electronic properties of
carbon nanotubes (26-29).

For a normal mode of vibration to be active in
infrared, there must be a change in the dipole
moment of the molecule during the vibration
process (during the vibration motion of a molecule,
a regular fluctuation occurs in the dipole moment,
and the established fieldcan interact with the
radiation-related electric field). In order to absorb
the infrared, radiation, a molecule must undergo a
net change in its dipole moment due to its own
vibration movements (30).

Vibration  Frequencies and  Absorption
Intensities of the Calculated SWCNTSs
Geometrical optimizations have been performed at
the calculations of (DFT/B3LYP) to evaluate the
vibration frequencies and Infra-Red (IR) absorption
intensities for of (6,0) zigzag Di and Tetra-RL.
Equilibrium geometry of (Dgg) point group makes
the (6,0) Di andTetra-rings layer zigzag SWCNT
undergo 24 symmetry operations (E, 2Si,, 2Cs, 2S,,
2C3, 25°1,, Cy, 6C's, 664) (23, 30).

-Vibration Frequencies Assignment of Di-Rings
Layer (6, 0) Zigzag SWCNT

The Di-RL zigzag SWCNT posses 138 fundamental
vibrations.  Inspection  of its irreducible
representations, as defined by the symmetry
character table (23), results in the following modes
of vibration;

1ﬂvibraltionz 1—‘totall' (rrotation"' Ftranslation) = 3N-6= 3x48-6=
144-6= 138=8A;+ 4B;+ 3A,+ 7B+ 11E; + 12E,+
12E3+ 12E4+ 11E;

- Symmetric to the Plane (of the Molecule)

There are 18 IR active modes of vibration (7B,+
11E,), and 31Raman activemodes of vibration (8A;
(polarized) +12E, (depolarized)+11Es (depolarized)
(22, 25), can be assigned as follows:

- vCH Stretching Vibrations

These are 12 CH stretching vibrations according to
number of (CH) bonds. The range of frequency
values is (3028-3041cm™), showing the following
correlation:

Veym CH str (3041 cm™) (A1)> VagymCH str. (3040
cm™) (B,)

The highest intensity is 120.444 km/mol due to
v16(3040 cm™) (B,).
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- v(C--C) Stretching Vibrations

The range of the calculated (C--C) stretching
vibration frequencies is (1323-1555 cm™), shown in
the following relations;

Veym (C--C str.)(1555 cm™)(axial.)(A1)>Vasym (C--C
str.)(1525 cm™)(axial.)(E;)

Veym (C--C str.)(1555 cm™)(axial.)(A1)>Vasym (C--C
str.)(1513 cm™)(circum.)(Es)

In general:vgym (C--C str.) >vgym (C--Cstr.)

- vRing (C--C--C) Stretching Vibrations

The vibration of these modesare not located at
definite C atoms like v(CC)as could be seen from
the atomic displacement vectors. According to their
zlalssignment, they fall in the range of (1198-1468 cm’
).

Vaym (C--C--C  str) (1468 cm™) (axial.)
(B2)>Vasym (C--C--C str.)(1360 cm™)(circum.)(Es)
The highest intensity is 4.299 km/mol for vi;
(1468cm™) (B,).

8CH in-Plane
DeformationVibrations
Their displacement vectors are mainly located at the
corresponding H atoms. The range of the calculated
frequency values is (1152-1440 cm™).

(8CH)asym scissoring (1440cm™) (Ez)> (8CH)asym
(clock-anticlockwise) (rocking) (1418cm™) (A,)
The highest intensity is 16.451km/mol due to v,7,5
(1367 cm™) (Ey).

- In Plane (of the Tube) Deformation Vibrations
(6C--C--C)

The deformation of smaller values is (8C--C--C)
vibrations. According to their assignment, they were
fallen in the range of (328-1302 cm™). These modes
include the expected clock and anticlockwise
vibration motions, also showing the following
relations;

(8C--C--C)ym (elongation) (1302 cm™) (A;) > (5C-
-C--C)asym.(Circum.) (1262 cm™)(Ey)

The highest intensity is 34.914km/mol for v,; (580
cm™) (By).

the CH

(of tube)

- Out of Plane (of the Tube) Deformation
Vibration Frequencies (yYCH)

The range of the (yCH) out of plane vibrations
frequency is (436-931cm™). The following relations
hold to;

(YCH)aym (931cm™) (wagging) (Bz) > (YCH)agym
(928 cm™) (wagging) (A,)

(YCH)agym (931cm™) (wagging) (Bz) > (YCH)agym
(867 cm™) (twisting) (E>)

The highest intensity is 391.477km/mol due to va;
a (894 cm™) (Ey).
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- yRing Out of Plane (of the Tube) Deformation
Vibrations (yC--C--C)

The range of the vibrations frequency values for the
ring out of plane (yC--C--C) is (144-995 cm™). The
modes include deformations, puckering as well as
breathing vibrations of the whole ring. The relation
of the asymmetric to the symmetric modes for the
zigzag molecule is viewed in the following relation;

(yC--C--C)asym (puck.) (995 cm™) (E;)> (yC--C--
C)sym. (breath.) (750 cm™) (A)

The highest intensity is 83.668km/mol due to vgs 3
(797 cm™) (Ey).

Table 2, shows the assignment of (3N-6)
vibration frequencies and IR active absorption
intensities of the Di-RL (6, 0) zigzag SWCNT.
Figure 3, shows the IR spectrum of the Di-RL
SWCNT as calculated by DFT method. Figure 4
shows the images of some modes of vibration for
Di-RL SWCNT.

Table 2. Vibration frequencies assignment of (3N-6) and absorption intensities of the active IR modes

for the Di-RL (6,0) zigzag SWCNT.

Symmetry & description

DFT (6-311G/ B3LYP)

Freg. (cm™) Intensity (km/mol)
A

Vi CH str. 3041.32 0.000
vy ring (CC str.)(axial) 1555.02 0.000
V3 dring (6CCC) elongation 1301.52 0.000
\7 vCH (wagging) 928.21 0.000
Vs yring (yCCC) breathing 749.83 0.000
Ve dring (8CCC) elongation 548.30 0.000
vy yring (yCCC) breathing 468.15 0.000
Vg yring (yCCC) external edge (puckering) 430.31 0.000
B

vgl ring (CC str.) ( circumference ) + 8CH clock-anti clock 1460.42 0.000
V1o ring (CC str.) (circumference) + 8CH 1335.11 0.000
Vi1 S8CH (rocking) 1179.69 0.000
Vio dring (8CCC) clock-anti clock 327.60 0.000

A,

Vi3 SH clock-anti clock (rocking) 1418.05 0.000
Vg SH clock-anti clock (rocking) 1181.57 0.000
Vis dring (6CCC) clock-anti clock 561.09 0.000
B,

Vig CH str. 3040.27 120.444
V17 ring (CCC str.) (axial) 1468.06 4.299
Vig dring (8CCC) elongation 982.90 0.144
Vig vCH (wagging) 931.42 238.655
Voo yring (yCCC) (puckering) axial 701.02 27.138
Vo1 dring (6CCC) elongation 580.41 34.914
Va2 vCH (wagging) 436.15 4.194
E

v; ” CH str. 3036.42 19.391
V5, 26 ring (CC str.) (axial) + 6CH 1525.31 1.101
V27,28 S8CH (rocking) 1366.78 16.451
Va9, 30 dring (8CCC) circumference 1261.86 4.206
Va1, 32 SCH (rocking) + dring (8CCC) 1154.48 1.222
V33, 34 vCH (wagging) 894.44 391.477
Vs, 36 yring (yCCC) (puckering) circumference 797.08 83.667
V37,38 yring (yCCC) puckering (circumference) 681.10 4.812
V39, 40 yring (yCCC) puckering (circumference) 603.02 22.013
Va1, 42 yring (yCCC) (puckering) circumference 485.34 0.053
V43, 44 yring (yCCC) puckering (circumference) 312.42 0.002
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V5, 46
Va7, 48
V49, 50
Vs1, 52

V53,54
Vs5, 56

V57,58
V59, 60

V1, 62
V63, 64
V65, 66
V67, 68
Es
V69,70
V71,72
V73,74
V75,76
V1,78
V79,80
V81,82
V83,84
V85,86
Vg7,88
V89,90
Vo1,92
E,
V93,94
V95,96
Vo7,98
V99,100
V101,102
V103,104
V105,106
V107,108

V109,110
V111,112
V113,114

V115,116
Es

V117,118
V119,120

V121,122
V123,124
V125,126
V127,128
V129,130
V131,132
V133,134
V135,136

V137,138

SCH (scissoring) + ring (CC str.)(axial)
ring (CCC str.)

8CH (scissoring)
ring(CCCstr.) (circumference)
yring (yCCC) (puckering)
yCH (twist.)

yCH (twist.)

yring (yCCC) (puckering.)
yring (yCCC) (puckering.)
yring (yCCC) (puckering.)
yring (yCCC) (puckering.)
yring (yCCC) (puckering.)

CH str.

OCH (scissoring)

ring (CCC str.) (circumference)

ring (CCC str.)

ring (CCC str.) (circumference )

dring (8CCC) + 6CH (scissoring)

yCH (twisting.)

yring (yCCC) (puckering) external edge
yring (yCCC) (puckering.)

dring (8CCC)

yring (yCCC) (puckering.) axial

yring (yCCC) (puckering.) external edge

CH str.

CH str.

ring (CC str.) (circumference) + 8CH (sciss.)
8CH (scissoring)

ring (CC str.)

8CH (scissoring) +dring (8CCC)

dring (8CCC) + 86CH (scissoring)

yCH (twist.)

yring (yCCC) (puckering.)

yring (yCCC) (puckering.)
yring (yCCC) (puckering.)

yring (yCCC) (puckering) external edge

CH str.
ring (CC str.) (circumference) + 6CH

ring (CC str.)(axial) + 3CH (rocking)
8CH (rocking)

8CH (rocking)

dring (8CCC) elongation

YCH (wagging)

yring (yCCC) (puckering.)

yring (yCCC) (puckering.)

yring (yCCC) (puckering.)

yring (yCCC) (puckering.)

1495.19
1370.78
1281.73

1198.02

994.60
866.74

780.40
635.02

501.47
429.99
313.58
144.30

3028.26
1439.92
1359.87
1328.79
1267.64
1061.53
849.01
716.09
677.53
540.47
363.79
272.46

3036.14
3030.71
1504.60
1418.32
1322.60
1217.29
1026.64

864.83

742.32
678.44
483.87

171.96

3030.69
1512.57

1435.91
1279.57
1151.61
959.57
885.61
726.15
631.81
481.57
307.70

0.000

0.000
0.000
0.000

0.000

0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Figure 3. IR spectrum of Di-rings layer SWCNT as calculated applying DFT method.
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Figure 4. Images of some modes of vibration for the calculated Di-RL (6, 0) zigzag SWCNT using,

Gaussian 09 program.
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- Vibration Frequency Assignment for the Tetra
Rings-layer (6,0) Zigzag SWCNT (CgoHy2)

The Tetra-ring layers zigzag SWCNT posses
210 fundamental vibrations. Inspection of its
irreducible representations, as defined by the
symmetry character table (23).The results were
shown for the following modes of vibration;
l—‘vibration: l—‘total - (rrotation+ l—‘translation) = 3N-6= 216-
6=210= 12A1+ Bl+5A2+ 1le+ 17E1+ 18E2+ 18E3
+18E,4+ 17Es
These are 75 modes of vibration in number, of
which 47 are Raman active (12A; (polarized) +
18E; (depolarized) +17Es (depolarized), and 28 IR
active (11B, + 17E,).
- vCH Stretching Vibrations
There are 12 CH stretching vibrations according to
number of CH bonds. The range of the frequency
values is (3001-3050cm™), showing the following
correlations:
VemCH r(3050.17 cm™) (A)) > VaymCH &
(3050.04 cm™) (By)
The highest intensity is 65.390 km/mol due to
v24(3050.04 cm™) (By).
In general:vsym CH sr> VagymCH gir.
-v(C--C) Stretching Vibrations
The range of the calculated C--C stretching
vibration is (1260-1573cm™), shown in the
following correlations;
Veym (C--C &) (1573 cm™) (axial.)(Ay) >Vasym (C--C
«.) (1562 cm™) (axial.) (B,)
Veym (C--C &) (1573 cm™) (axial.)(Ay) >Vasym (C--C
«r.) (1513 cm™)(circum.) (Es)
Veym (C--C &) (1573 cm™) (axial.) (mid rings)(A,)
>vem(C--C &) (1527cm™) (axial) (outer rings)
(A)
In general: veym (C--C str) >Vagym. (C--Cyyr)
The highest intensity is 584.722 km/mol due to
v4s(1404 cm™) (Ey).
-vRing (C--C--C) Stretching Vibrations
The vibration of these modesare not located at
definite C atoms like v(CC) as could be seen from
the atomic displacement vectors, Figure 2.
According to their assignment, they were fallen in
the range of (1216-1516 cm™).
Vasym(C--C--Cstr.)(1516 cm™) (axial)(Es)>Vasym (C-
-C--Cstr.) (1513cm™)(circum.)(Es)
The highest intensity is 62.722 km/mol due to v4g,41
(1478cm™) (E,).
In Plane (of the Tube) CH Deformation
Vibrations (6CH)
Their displacement vectors are mainly located at the
corresponding H atoms. The range of the calculated
frequency values is (1055-1443 cm™).
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(8CH)asym. SCissoring (1443 cm™) (Ez) > (8CH)asym.
clock-anticlock) (1437 cm™) (B,)

(8CH)asym. SCissoring (1494 cm™) (E4) > (8CH)asym.
rocking (1256 cm™)(E,)

The highest intensity is17.708 km/mol due to vg 49
(1256 cm™) (Ey).

In Plane (of the Tube) Deformation Vibrations
(8C--C--C)

The (6C--C--C) vibrations are of smaller values
than 8 CH. According to their assignment, they were
fallen in the range (209-1297 cm™). These mode
include the expected clock and anticlockwise,
elongation vibration motions, also showing the
following relations;

(8C--C--C)ym (elongation)(1297cm™) (Ay)> (5C--
C--C)asym (€longation)(1150 cm™) (By)

The highest intensity is 5.039 km/mol due to vs
(650 cm™) (By).

Out of Plane (of the Tube) Deformation
Vibration Frequencies (yCH)

-The range of the (yCH) vibration frequenciesis
(798-904cm™). The following relations hold too;

(YCH)  m  (904cm™)  (wagging) (A) >
(YCH)asym.(893 Cm_l) (Waggmg) (BZ)
(YCH)  ¢m(904cm™)  (wagging) (A) >

(YCH)asym (856 cm™) (twisting) (E.)

The highest intensity is 179.346 km/mol due to
V54,55 (835 Cm-l) (El)

-yRing out of Plane (of the Tube) Deformation
Vibrations (yC--C--C)

The range of the vibration frequencies for the (yC--
C--C) is (152-819 cm™). The modes include
breathing, and puckering deformation modes of the
whole ring. The relation of asymmetric to
symmetric modes is viewed in the following
relation;

(yC--C--C)asym. (puckering) (819 cm™) (Ey) > (yC--
C--C)yym (breathing) (727 cm™) (Ay)

The highest intensity is 100.250 km/mol due to vs3
(461 cm™) (By).

Table 3 shows the vibration frequencies
assignment (3N-6) and absorption intensities of
active IR absorption intensities of the Tetra-
RLSWCNT.

Figure 5 shows the IR spectrum for the Tetra-
RLSWCNT as calculated applying DFT method.

Figure 6 shows the images of some vibration
modes for the calculated Tetra-RL using Gaussian
09 program.
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Table 3. Vibration frequencies assignment (3N-6) and absorption intensities of the active IR modes for
the Tetra-RL (6,0) zigzag SWCNT.

Symmetry & description DFT (6-311G/ B3LYP)
Freg. cm™)  Intensity
(km/mol)
Ay
\Z CH str. 3050.17 0.000
Vs ring (CC str.) (axial) mid. 1573.34 0.000
V3 ring(CC str.) (axial) outer 1526.85 0.000
2 dring (8CCC) elongation 1297.02 0.000
Vs dring (8CCC) elongation 917.81 0.000
7 yCH (wag.) 904.03 0.000
7 yring (yCCC) breathing 727.13 0.000
Vg yring (yCCC) breathing 698.79 0.000
Vg yring (yCCC) breathing 522.12 0.000
V1o yring (yCCC) breathing 474.02 0.000
Vi1 yring (yCCC) outer 418.71 0.000
V1o dring (3CCC) elongation 320.45 0.000
B1
Vi3 S8CH (clock-anti clock) + dring 1437.28 0.000
Via S8CH (clock-anti clock) + dring 1371.39 0.000
Vis Ring str. (CC str.) circum. + 8CH(rock.) 1259.78 0.000
Vie S8CH (clock-anti clock) 1148.48 0.000
V17 dring (8CCC) clock-anti clock 536.07 0.000
Vig dring (8CCC) clock-anti clock 208.79 0.000
Az
Vig 8CH (clock-anti clock) + &ring 1417.28 0.000
Vao 8CH (clock-anti clock) + &ring 1313.87 0.000
Va1 S8CH (clock-anti clock) 1149.00 0.000
Voo dring (8CCC) clock-anti clock mid 635.98 0.000
Vo3 yring (yCCC) (puckering) 392.11 0.000
B>
Vos CH str. 3050.04 65.390
Vs ring (CC str.) (axial) 1561.57 367.437
Vg ring (CC str.) (axial) 1457.54 44.707
Vo7 dring (8CCC) (elongation) 1150.28 0.025
Vag vCH (wagging) 893.44 101.677
Vag yring (yCCC) (puckering) 745.40 2.085
Va0 dring (8CCC) (elongation) 650.30 5.039
Va1 yring (yCCC) (puckering) 636.55 7.176
Vao yring (yCCC) (puckering) 591.57 69.467
Va3 yring (yCCC) (puckering) 461.31 100.250
Vas yring (yCCC) (puckering) outer 419.39 6.542
=
V3s, 36 CH str. 3046.70 10.261
Va7, 38 ring (CC str.) 1505.86 36.991
Vag, 40 ring (CCC str.) + 8CH (rocking) 1477.99 62.722
Va1, 42 ring (CC str.) (axial) 1417.50 13.351
Va3, 44 ring (CC str.) (axial) 1403.64 584.722
V5, 45 ring (CC str.) (circumference) 1300.10 9.432
Vg, 48 8CH (rocking) + dring 1256.36 17.707
Vg, 50 S8CH (rocking) 1169.82 3.587
V51, 52 dring (8CCC) elongation 921.27 3.556
Vs3, 54 vCH (wagging) 834.74 179.345
Vss, 56 yring (yCCC) (puckering)+yCH (wagging) 819.43 8.412
V57, 58 yring (yCCC) (puckering)(axial) outer 651. 96 18.455
V59, 60 yring (yCCC)(puckering) 632.27 40.451
Vo1, 62 yring (yCCC) (puckering) 578.43 90.228
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V63, 64
V65, 66

V67, 68
=

V69, 70
V71, 72

V73, 74
V75, 76
V77, 78
V79,80
Vg1,82

V83,84

Vg5,86
Vg7,88
V89,90
Vo1,92

V93,94
Vo5,96
Vg7,98

V99,100
V101,102

V103,104
Es

V105, 106
V107; 108
V109s 110
V111 112
V113, 114
V115, 116
V117, 118
V119, 120

V121 122
V123, 124
V125, 126
V127, 128
V129, 130
V131, 132
V133, 134
V135, 136
V137, 138

V139, 140
E,
Via1, 142

V143, 144
V145, 146

V147, 148
V149, 150
V151, 152
V153, 154
V155, 156
V157, 158

V159, 160
Vi61, 162

yring (yCCC) (puckering)
yring (yCCC) (puckering)
yring (yCCC) (puckering)

CH str.
Ring(CCCstr.)(circum.)outer+ 8CH (sciss.)

CC str. (axial) + 6CH (scissoring)
ring (CCC str.)

CC str. (axial) + 8CH (scissoring)
S8CH (scissoring) + dring (8CCC)
dring (8CCC)

dring (8CCC)

dring (8CCC)

yCH (twisting)

yCH (twisting)

yring (yCCC) (puckering.)
yring (yCCC) (puckering.)
yring (yCCC) (puckering.)
yring (yCCC) (puckering.)

yring (yCCC) (puckering.)
yring (yCCC) (puckering) (circumference)

yring (yCCC) (puckering.)

CH str.

8CH (scissoring)

ring (CCC str.) (circumference) mid

ring (CCC str.) (circumference) mid
ring(CCC str.) (circum.) mid+ 8CH (sciss.)
8CH (scissoring) + dring (83CCC)

dring (8CCC)

yCH (twisting)

yring (yCCC) (puckering)

yring (yCCC) (puckering) (axial)

yring (yCCC) (puckering)
yring(yCCC)(pucking) (axial) outer ring
yring (yCCC) (pucking)(axial) mid ring
yring (yCCC) (puckering)

yring (yCCC) (puckering)

yring (yCCC) (puckering)

yring (yCCC) (puckering) mid ring

yring (yCCC) (puckering)(axial) outer ring

CH str.

ring(CCC str.)(circum.)outer+ 6CH (sciss.)
ring (CC str.)(circum.) mid + 3CH (sciss.)

ring (CC str.) (circumference)

ring (CC str.)(axial) + 3CH (scissoring)
SCH(sciss.)+ ring (CCC str.) (circum.) mid
SCH (scissoring)

dring (8CCC)

dring (8CCC)

yCH (twisting)

yCH (twisting)

430.69
377.88
207.87

3042.18
1481.76

142411
1350.08
1312.88
1216.32
1182.03

1078.35

928.83
847.11
810.69
728.06

651.73
589.85
496.79

414.62
225.64

-45.12

3000.85
1443.32
1330.83
1312.60
1216.34
1055.44
942.40

836.30

728.42
726.67
704.04
668.75
629.43
615.47
536.13
520.10
392.04
332.18

3042.63

1494.00
1455.65

1391.52
1356.95
1287.28
1208.01
1135.34
969.99

855.54
797.80

3.856
1.639
1.926

0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000

19.391
0.017
0.000
0.000
0.000
0.000
0.000
0.000

3.463
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

735



Baghdad Science Journal Vol.16(3) Supplement 2019

Vies, 164 Yring (YCCC) (puckering)(axial) mid 677.90 0.000
vies, 166 Yring (yCCC) (puckering) 654.68 0.000
V167, 168 yring (yCCC) (puckering) mid 581.61 0.000
V169, 170 yring (yCCC) (puckering) outer ring 515.46 0.000
V171, 172 yring (yCCC) (puckering)(axial) 485.68 0.000
V173, 174 yring (yCCC) (puckering) outer ring 339.50 0.000
V175, 176 yring (yCCC) (puckering) outer ring 152.04 0.000
E
V1577, i7g  CHstr. 3046.78 0.000
V179, 180 ring (CCC str.) (axial) 1516.20 0.000
Vig1, 182 ring (CC str.) (circumference) outer 1513.30 0.000
Vigs, 184 ring (CCC str.) (axial)+ 3CH (rocking) 1411.13 0.000
vigs, 186 ring (CCC str.) + 8CH (rocking) 1383.44 0.000
vigs, 1gs 1ing (CCC str.) 1382.63 0.000
V189, 190 S8CH (rocking) 1238.80 0.000
V191, 192 O6CH (rocking)+adring (6CCC) 1183.72 0.000
Vie3, 104  oring (8CCC) 1108.50 0.000
Vigs, 106 oring (8CCC) 942.40 0.000
V197, 108 vCH (wagging) 847.63 0.000
Vige, 200  Yring (yCCC) (puckering.) 792.04 0.000
Voo, 202 Yring (yYCCC) (puckering.) 646.24 0.000
Voos, 179 Yring (YCCC) (puckering.) 556.87 0.0000
Vaoss 179 Yring (YCCC) (puckering.) 539.21 0.0000
Vagg, 179 yring (yCCC) (puckering.) 348.80 0.0000
V210, 179 yring (yCCC) (puckering.) 293.40 0.0000
4500 e 1800
i WE
5
3 n _,-..JL__!.J_ o, -J.'l‘ A L.
: - o :5:0""1"0"3)' (u'n?:'?]: - - -

Figure 5. IR spectrum for Tetra-RL SWCNT as calculated applying DFT method.
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vy, 3050.17 cm™ Vi7s, 3046.78 cm™ Vg5, 1561.57 cm™ Vigo, 1516.20 cm™
CH sym. str. CH asym. str. ring (CC str.) (axial) ring (CCC str.)

-

@ oo @ —¢

Va6, 1457.54 cm™ Vios, 1443.32 cm™ Visg, 1391.52 cm™ Va2, 1312.60 cm™
ring CC str. (axial) S8CH (scissoring) ring (CC str.)(circum.) ring (CCC str.) (circum.)

B

cidl

O

Va7, 1150.28 cm™t Vo1, 1149.00 cm™ Vg, 522.12 cm™ vig, 474.02 cm™t
éring (elongation) | 8CH (clock-anti clock) yCCC (breathing) YCCC (breathing)

o O 9
~ &%
& Fo%ed
$%e°2

o 3 -@

vas, 419.39 cm™ Viss, 392.04 cmt Vi, 332.18 cm™t V1o, 320.45 cmt
yCCC (puckering) yCCC (puck.) mid yCCC (puck.)(axial) outer 3CCC

Figure 6. Images of some modes of vibration for the calculated Tetra-RL (6, 0) zigzag SWCNT using
Gaussian 09 program.

Conclusion: 2- Comparison of the geometry, physical properties,

1-Quantum mechanical calculation method DFT (6- vibration frequency modes were done for the even-
311G/B3LYP) was carried out for optimization of Di rings layer Di and Tetra-RL SWCNTSs.
and Tetra-rings layers of (6,0) zigzag SWCNTSs. 3-The finger print vibrations (basic vibrations) of Di and
Bothwere showed Dgg point group. Gaussian 09 Tetra RLSWCNTs were measured and completely
program was used to investigate the assignment of assigned such as 8C--C--C (elongation and clock-
(3N-6) mode of vibrations (IR active and Raman anti-clockwise), (yCCC) (puckering, breathing),6CH
active) at minimize geometries. (clock-anti clock, scissoring, rocking), and yCH
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(wagging, twisting) deformation modes, which are
directly related to the viability electronic
conductivity.

Conflicts of Interest: None.
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