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Nanotubes of type (n,n) are called armchair nanotubes because of their “W” shape, which is
perpendicular to the tube axis. One primary armchair nanotube is the SWCNT(5,5)-armchair. To
establish a good structural relationship between the structure of molecules [SWCNT(5,5)-Armchair-
CnHazg] (n=20-190) 1-18, the number of carbon atoms (C,) as well as the LUMO-HOMO gap (AE in
eV), absolute hardness (), adiabatic ionization potential (lpa), vertical ionization potential (I,), and the
LUMO and HOMO energies of 1-18 were used as the numerical and structural properties of these
unsaturated compounds. In this study, the relationship between this index with the electron
reorganization energy (1e) and hole reorganization energy (/n) were assessed using the Marcus theorem
for the predicted SWCNT 1-18. The results were extended for [SWCNT(5,5)-armchair-C,H0] (n=200-
310) 19-30. In addition, the cascade-feed forward back-propagation neural network (CFFBP-NN)
method was utilized for modeling.

Keywords: Single-wall Nanotubes; Electron reorganization energy (4¢); Hole reorganization energy
(An); Marcus Theory; Neural Network; Molecular modeling.

1. INTRODUCTION

Nanoscale structures of carbon display an attractive variation of structural characteristics, and
many useful forms have been synthesized and identified. Single wall carbon nanotubes (SWCNTSs) are
among some of the most interesting new materials discovered in many years. Grown catalytically at
high temperature in the gas phase, they can almost be structurally perfect and show ballistic electron
motion at 23°C over lengths of several micrometers.[1-3] This near structural perfection, coupled with
physical rigidity and weak vibronic coupling compared to other conjugated aromatic polymers, makes
them ideal for fundamental studies of electrons in one dimension. Infinite length SWNTSs are z-bonded
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aromatic molecules that can either be semiconducting or metallic, depending on the diameter and
helical angle. [1-3] In a pioneering 1992 DFT calculation, Mintmire, Dunlap, and White predicted that
the infinite length of the (5,5) armchair SWNT (0.67 nm diameter) would be metallic with a very low
transition temperature separating the uniform (high temperature) structure from the Peierls bond,
alternating (low temperature) the structure.[1,2] This specific SWNT is the elongated tube of the
molecular family of Cgo, C70, and so on. The electronic structure of SWNTs can also be simply
understood using the most elementary topological Hiickel (tight-binding) molecular orbital (MO)
analysis. [2,3]

SWNTSs are highly promising for building miniaturized electronics beyond the scale currently
used. [4-8] The one-dimensional (1-D), nanowire-like structure of SWNTSs especially has the potential
to construct ideal nano-highways for charge carriers on electrodes. Thus, SWNTs have been studied
for the use of electron- or hole-transporting materials in photovoltaic and photoelectrochemical
devices. [9-29] The most widely studied SWNT-based photovoltaic devices involve a photoactive
layer of bulk heterojunction structures, in which SWNTs are blended with electron-donating, z-
conjugated polymers, such as poly(p-phenylenevinylene) and polythiophene. [15-18] In such cases,
SWNTs are expected to act as electron-transporting pathways and electron acceptors. In addition,
individual SWNTSs provide a large surface area at the polymer-SWNT interface, which would be
favorable for the efficient dissociation of excitations. [4]

Nanotubes of type (n,n) are called armchair nanotubes because of their “W” shape, which is
perpendicular to the tube axis. They are symmetrical along the tube axis with a short unit cell (0.25 nm
or 2.5 A) that is repeated along the entire section of the long nanotube. All other nanotubes are called
chiral nanotubes and have longer unit cell sizes along the tube axis.[1,30,31] The simplest type of
nanotube is a cylindrical structure, which could conceptually be formed by the folding and gluing of
one pair of opposite sides of a rectangular graphite sheet [1,30-45]. If both ends are capped, the
nanotube will have at least two pentagons and, therefore, be a type of fullerene. Nanotubes are large,
linear fullerenes with aspect ratios as large as 10° to 10° [31]. The walls of such tubes could exhibit
various sizes of polygons.[46-48] Although many nanoscale fullerene materials occur regularly in
applications, the controlled production of many fullerenes and nanotubes with well-defined
characteristics has not yet been achieved.[37-39, 46-48] Because of their properties, they can act as
lightweight, large surface-area packing materials for gas storage and hydrocarbon fuel storage devices,
nanoscale devices for molecular drug delivery and as casting structures for making nanowires and
nanocapsulates. Exceptionally strong nanotubes can be used to make lightweight structural materials.
Nanotubes, such as “capsulates” can help store and carry hydrogen and other hydrocarbon-based fuel
in engines or aboard spacecraft. These important groups of carbon allotropes can be easily closed on
both sides. Single-wall carbon nanotubes are among the most interesting new carbon allotropes that
have been discovered in many years [1,30].

Carbon nanotubes possess many special properties, such as an open mesoporous structure, high
electrical conductivity and chemical stability, as well as extremely high mechanical strength and
modulus [31, 40-43]. These properties aid in the transportation of ions and facilitate the charge of the
double layer as well as present advantages in the development of electrochemical capacitors [43].
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Single-walled carbon nanotubes have been recognized as potential electrode materials for
electrochemical capacitors [43-45].

One of the most widely recognized structures of nanotubes is the (5,5) tube. The structure of
the (5,5) tube can be built by successively adjoining sections of 10 C atoms. In the infinite tube, the
periodic unit cell is composed of two such sections consisting of 20 C atoms [1]. The electronic
structures and electrical properties of single wall nanotubes can be simulated from a layer of graphite
(graphene sheet) [40-44].
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[SWCNT(5,5)-Armchair-C,Hap] (n=20-310) Expansion

Figure 1. (a) The expanded form and (b) the structures that were investigated are as follows: CyoH2o
(1),Cs0H20 (2),Ca0H20 (3),CsoH20 (4),CeoH20 (5),Cr0H20 (6),CsoH20 (7),CaoH20 (8),C100H20
(9),C110H20 (10),C120H20 (11),C130H20 (12),Cra0H20 (13),Cis0H20 (14),Ci0H20 (15),Ca70H20
(16),C130H20 (17) and Clgono (18)

Figure 1 shows the (5,5) armchair form and the imaginary structures of the [SWCNT(5,5)-
armchair-C,Hzo] n=20-310). In experiments, the nanotubes may not contain any hydrogen atoms (there
is no hydrogen in the electric arc technique), and the nanotubes can be easily closed at both ends.

The electronic structures of tubular aromatic molecules derived from the metallic (5,5)
armchair SWCNT for CyoHyo up to Cai0H20 (see Figure 1) were reported by Zhou et al. in 2004 [1];
that report considered how the electronic structures of short molecular sections of the (5,5) tube related
to, differed from, and asymptotically approached those of an infinite metallic tube [1]. Some of the
structural and electronic properties were investigated, such as the ionization potential, electron affinity,
Fermi energy (Es), chemical hardness, and relative energetic stability. All of these parameters exhibited
the length periodicity, which was also seen in the frontier orbital (FO, i.e., HOMO-LUMO: Highest
Occupied Molecular Orbital-Lowest Unoccupied Molecular Orbital) gap, in contrast to the optical
"charge transfer” transition and the static axial polarizability [1]. These (5,5) nanotubes have two types
of symmetry; for nanotubes with odd identification numbers (1-17 odd numbers), the point group is
Dsg, and for nanotubes with even identification numbers (2-18 even numbers), the point group is Dsy,.
In that study, static and TD-DFT (Time Dependent—Density Function Theory) were independently
used to optimize the structure for neutral, cationic and anionic complexes [1]. The hybrid non-local
B3LYP (Becke, three-parameter, Lee-Yang-Parr) functional was applied [1].
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Infinite length SWCNTSs are n-bonded aromatic structures that can be either semi-conducting or
metallic, depending on the diameter and helical angle of the SWCNTSs. In a pioneering 1992 DFT
calculation, Mintmire et al. predicted that the infinite length (5,5) armchair SWCNT (6.70 A diameter)
would be metallic with a very low transition temperature separating the uniform (high temperature)
structure from the Peierls bond alternating (low temperature) structure [35,37]. This specific SWCNT
is the elongated tube of the molecular family of Cgo, C70, and so on [1].

Graph theory has been determined as a useful tool in assessing the QSAR (Quantitative
Structure Activity Relationship) and QSPR (Quantitative Structure Property Relationship) [46-62].
Considerations based on a Quantitative Structural Analysis Relationship Study (QSARS) must be
taken into account when extrapolating results of one compound to another; this process primarily
depends on how close the physical and chemical properties are of the compounds in question [63,64].
Numerous studies in the above areas have also utilized topological indices (TI) [65-68]. It is important
to use effective mathematical methods to make strong connections between the data corresponding to
several chemical properties. One of the most useful numerical and structural values of unsaturated
compounds, such as in nanotubes, is the degree of unsaturation (Dy). This quantity is a useful index for
determining the number of cyclic structures and/ or n-bonds in a molecule. [50-64] In previous studies,
the relationship between the Dy index, the electron affinity, the reduction potential (R**E;) of
[SWCNT(5,5)-armchair-C,Hx] and the free energy of electron transfer (4G between [SWCNT(5,5)-
armchair-CnHzo] structures and fullerene Cgo (as Ceo@[SWCNT(5,5)-armchair-Cr,Hz0] complexes) was
investigated [50]. The relationship between the Dy index and the free energy of electron transfer
(AGet), which was assessed using the Rehm-Weller equation on the basis of the first oxidation
potential (*E;) of Sc,@Cgs and Er,@Cs;, for the predicted supramolecular complexes between and the
endohedral metallofullerenes Sc,@Cgs and Er,@Csg, as [M.@Cy]@[SWCNT(5,5)-Armchair-C,Hz]
(M = Er and Sc, x=82 and 84), have been presented and discussed in previous studies [63,64].

In a study on the structural properties of [SWCNT(5,5)-armchair-CrHyo] (n=20-190) 1-18, the
relationship among the number of carbon atoms of the SWCNT (C,) index, the gap between the
LUMO-HOMO states (AE in eV), the absolute hardness (#), the adiabatic ionization potential (lpa), the
vertical ionization potential (lp,), the LUMO and HOMO energies of 1-18 to calculate the electron
reorganization energy (4e) and the hole reorganization energy (1), as assessed using the Marcus theory
on the basis of the electron transfer process, were investigated. These results have been extended to
[SWCNT(5,5)-armchair-C,Hyo] (n=200-310) 19-30. Marcus's theory builds on the traditional
Arrhenius equation for the rates of chemical reactions in two ways. First, it provides a formula for the
pre-exponential factor in the Arrhenius equation, which is based on the electronic coupling between
the initial and final state of the electron transfer reaction (i.e., the overlap of the electronic wave
functions of the two states). Second, it provides a formula for the activation energy, which is based on
a parameter called the reorganization energy and the Gibbs free energy. The reorganization energy is
defined as the energy required to reorganize the structure of the system from the initial to the final
coordinates, without changing the electronic state.[69-78]
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2. GRAPHING AND MATHEMATICAL METHODS

The number of carbon atoms (C,), as a structural index for compounds (1-18 and 19-30), were
analyzed along with the LUMO-HOMO gap (AE in eV), absolute hardness (#), adiabatic ionization
potential (lps), vertical ionization potential (lp,), LUMO and HOMO energies of 1-18. After some
mathematical operations, the results were obtained and are shown in the tables and figures for
[SWCNT(5,5)-Armchair-C,Hzg] (n=20-190) nanotubes 1-18.[1]

All graphing and mathematical operations were performed using the MATLAB-
7.8.0.347(R2009a) and Microsoft Office Excel-2007 software programs. The number of carbon atoms
(Ch), the LUMO-HOMO gap (AE in eV), absolute hardness (#), adiabatic ionization potential (Ipa),
vertical ionization potential (Ip,), and LUMO and HOMO energies of 1-18 are very useful numerical
and structural values for the application of the model. The cascade-feed forward back-propagation
neural network (CFFBP-NN) models were examined in this study to calculate the electron
reorganization energy (4¢) and the hole reorganization energy (4,). Some other indices were examined,
however, only the best results and equations for extending the physicochemical and electrochemical
data were chosen.

X
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Figure 2. The block diagram of a simple neuron.

A neural network is an information processing system that is composed of an interconnected
assembly of simple processing units called neurons [79]. Each neuron has a non-linear transfer
function (activation function) and is connected to other neurons via weighted interconnections. Figure
2 is a block diagram of a simple neuron showing the input signals {Xi, Xa,..., X}, the weighted
interconnects {ws, Wo,..., wy}, and the non-linear activation function. A common activation function is
the sigmoid. See Figure 2.

y=fla)=—= (Eq. 1)

1+s

The "a" is the sum of the weighted interconnections to a particular neuron and is given by the
following equation:

a= LitiW; X (Ea. 2)
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The weighed interconnections {wi, Wo,..., wy}, are determined by training the neural network.
A neural network is trained by using a known set of input and output patterns. A known input pattern
is applied to the neural network and subsequently, the weighed interconnections are adjusted until the
output of the neural network matches the desired output, within a certain tolerance.[79]

Trained neural networks have several properties that make them attractive for use in crack
dimension estimation problems. These properties include the following [79]:

1) The ability to generalize from the training set.

2) The output signal is insensitive to noise appearing at its inputs.

3) Trained neural networks have fast execution times.

The Marcus theory of electron transfer implies a rather weak (<0.05 eV) electronic coupling
interaction between the initial (locally excited, LE) and final (electron transfer, ET) states; in addition,
it presumes that the transition state is close to the crossing point of the LE and ET terms. The value of
the electron transfer rate constant ke is controlled by the activation free energy 4G, which is a
function of the reorganization energy (1/4) and the electron transfer driving force 4Ge. For organic
molecules, the reorganization energy was found to be in the range 0.1-0.3 eV.[69-76] The small
reorganization energy leads to an acceleration of the charge separation (CS), and the deceleration of
the charge recombination (CR) is processed as expected from the Marcus theory of electron transfer.
[77,78,80] The rate of CR can be clearly slowed by shifting deep into the inverted region of the
Marcus parabola, where the driving force (-4Ge ) is larger than the total reorganization energy (1) of
electron transfer.[77,78,80] Extensive efforts have been directed towards establishing the driving force
dependence of rate constants for the electron transfer and thereby probing the Marcus inverted region
where the electron-transfer rate decreases with increasing the driving force of electron transfer. [80-90]

3. RESULTS AND DISCUSSION

The Marcus theory is currently the dominant theory of electron transfer in chemistry. The
Marcus theory is widely accepted because it makes surprising predictions about electron transfer rates
that have been supported experimentally over the last several decades. The most significant prediction
is that the rate of electron transfer will increase as the electron transfer reaction becomes more
exergonic, but only to a certain point. [69-78,80-90]

Electron transfer (ET) is one of the most important chemical processes in nature, and it plays a
central role in many biological, physical and chemical (both organic and inorganic) systems. Solid-
state electronics depend on the control of the ET in semiconductors, and the new area of molecular
electronics depends critically on understanding and controlling the transfer of electrons in and between
molecules and nanostructures. The other reason to study electron transfer is that it is a very simple type
of chemical reaction, which once understood, can provide insight into other types of chemical and
biochemical reactions. After all, chemistry is basically the transfer of electrons from one place to
another. [69-78,80-90]

The free energy of electron transfer AGg is the difference between energy values of the
reactants on the left and the products on the right; the value of AGe" represents the activation energy.
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Reorganization energy is the energy it would take to force the reactants to have the same nuclear
configuration as the products, without permitting the electron transfer. If the entropy changes are

ignored, the free energy becomes energy or potential energy. [69-78,80-90]

Table 1. The selected "Input™” data of [SWCNT(5,5)-Armchair-C,H2o] (n=20-190) 1-18 for calculation
the electron reorganization energy (4e) by the neural network model. See Ref.[1].

LUMO-HOMO 3.58 2.48 3.04 2.21 1.56 2.20 1.73 1.11 1.70

gap A

absolute 6.31 5.08 5.50 451 3.75 4.31 3.73 3.04 3.56

hardness #

adiabatic 6.27 5.73 5.96 5.47 5.17 5.48 5.24 4.94 5.23

ionization

potential I,

vertical 6.39 5.87 6.07 5.54 5.27 5.56 5.28 4.98 5.25

ionization

potential Iy,

LUMO -1.44 -2.08 -1.79 -2.18 -2.61 -2.30 -2.55 -2.91 -2.63

| HOMO | 5.02 4.56 4.83 4.39 4.17 4.50 4.28 4.02 4.32
CioH2o  CiooHzo  CizoHz2o  CusoHzo  CisoHzo  CieoHoo  CizoHzo  CisoHzo  CigoH2o

LUMO-HOMO 151 0.88 1.30 1.33 0.73 1.14 1.21 0.70 0.93

gap A

absolute 3.30 2.62 2.99 2.93 2.34 2.65 2.72 2.19 2.37

hardness #

adiabatic 5.09 4.81 4.98 4.99 4.69 4.82 4.92 4.65 4,72

ionization

potential I,

vertical 5.14 4.83 5.02 5.00 4,74 4,90 4,95 4.68 4.79

ionization

potential Iy,

LUMO -2.74 -3.08 -2.87 -2.88 -3.20 -3.00 -2.98 -3.24 -3.13

| HOMO | 4.24 3.96 4.18 4.21 3.93 4.14 4.19 3.94 4.07

The values of the relative structural coefficients for the SWCNT (5,5) armchair for CyoHz up
to CigoHz ([SWCNT(5,5)-armchair-CnHyo] 1-18), the LUMO-HOMO gap (AE in eV), absolute
hardness (#), adiabatic ionization potential (Ia), vertical ionization potential (lp), and LUMO and
HOMO energies of 1-18 are shown in Table 1. The values shown in Table 1 for 1-18 exhibited some
mathematical structure. The data were utilized to calculate the electron reorganization energy (/)
using the Marcus theorem for the predicted SWCNT 1-30 by the neural network model.
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Table 2. The "Target” energy data for [SWCNT(5,5)-Armchair-C,Hy] (n=20-190) 1-18 of the
electron reorganization energy (4e) by the neural network model.

electron 0.260 0.110 0.100 0.110 0.050 0.080 0.060 0.040 0.020
reorganization
energy Ae

CioH20 CizoH2o CizoHzo  CisoHzo CisoHzo CieoHzo  CizoHao  CigoHao  CigoHzo
electron 0.070  0.030 0.040 0.060 0.030 0.100 0.010 0.030 0.040
reorganization
energy Ze

Table 3. The "Test" data for [SWCNT(5,5)-Armchair-C,Hy] (n=200-310) 19-30 of the electron
reorganization energy (1) by the neural network model. See Ref.[1].

CoooH2o  CoroH2o  CooH2o  CoasoHao  CasoHao  CasoHzo
LUMO-HOMO gap A 1.17 0.7 0.6932  0.6524  0.6133  0.5759
absolute hardness # 2.59 2.03 2.095 2.027 1.962 1.9
adiabatic ionization potential 1p, 4.6791 4.6474 46171 4,5882 4.5606 45341
vertical ionization potential 1, 491 4.63 46323  4.6021 45732  4.5454
LUMO -3.02 -3.27 -3.123 -3.1499  -3.1757 -3.2003
| HOMO | 4.20 3.97 3.8163 3.8023 3.789  3.7762

CosoHzo  CoroHzo  CogoH2o  CogoHao  CaooH20  CaioHzo
LUMO-HOMO gap A 0.54 0.5055  0.4724  0.4404  0.4095  0.3797
absolute hardness 1.84 1.783 1.727 1.674 1.623 1.573
adiabatic ionization potential 1p, 4.5086 4,484 4.4604 44376 4.4155 4.3942
vertical ionization potential 1, 45187 44931 44683  4.4445 44214  4.3991
LUMO -3.224 -3.2467 -3.2686 -3.2896 -3.31 -3.3296
| HOMO | 3.764 3.7522  3.7409  3.73 3.7195  3.7093

Table 2 shows the "Target" energy data for [SWCNT(5,5)-Armchair-CrHy] (n=20-190) 1-18
with the corresponding electron reorganization energy (/e) using the neural network model. Table 3
shows the "Test" data for [SWCNT(5,5)-Armchair-C,Hz] (n=200-310) 19-30 with the corresponding
electron reorganization energy (4e) using the model. Table 4 demonstrates the "Output” data for the
[SWCNT(5,5)-Armchair-C,H,] (n=200-310) 19-30 with the corresponding electron reorganization
energy (4e) using the neural network model.
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Table 4. The "Output" data for [SWCNT(5,5)-Armchair-C,Hzo] (n=200-310) 19-30 of the electron
reorganization energy (1) by the neural network model (45 LOGSIG, 50 LOGSIG, 1
PURELIN).

CooH20 CaoH2o CozoHzo  Caa0H20

electron reorganization  0.061 0.038 0.072 0.074 0.076
energy Ae

CasoH2o CoroHzo CasoHzo  CaooH2o  CsooHzo  CaigH2o

electron reorganization  0.080 0.081 0.083 0.084 0.086 0.087
energy Ae

Table 5. The selected "Input" data of [SWCNT(5,5)-Armchair-C,Hy] (n=20-190) 1-18 for
calculation the hole reorganization energy (i) by the neural network model. See Ref.[1].

CaoH2o  CsoH2o CroH2 CgoH2o CooH2o  CiooH20
LUMO- 3.58 2.48 3.04 2.21 1.56 2.20 1.73 1.11 1.70
HOMO gap
A
absolute 6.31 5.08 5.50 451 3.75 431 3.73 3.04 3.56
hardness #

adiabatic 6.27 5.73 5.96 5.47 5.17 5.48 5.24 494 5.23
ionization

potential I,

vertical 6.39 5.87 6.07 5.54 5.27 5.56 5.28 4.98 5.25

ionization

potential I,

LUMO -1.44 -2.08 -1.79 -2.18 -2.61 -2.30 -2.55 -2.91 -2.63
CuoH2o Ci2Hzo CizoHzo CisoHzo  CisoHzo  CigoH2o  CizoH2o  CigoH2o  CieoH2o

LUMO- 1.51 0.88 1.30 1.33 0.73 1.14 1.21 0.70 0.93

HOMO gap

A

absolute 3.30 2.62 2.99 2.93 2.34 2.65 2.72 2.19 2.37

hardness #

adiabatic 5.09 4.81 4.98 4.99 4.69 4.82 4.92 4.65 4,72
ionization

potential I,

vertical 5.14 4.83 5.02 5.00 4.74 4.90 4,95 4.68 4.79
ionization

potential 1,

LUMO -2.74 -3.08 -2.87 -2.88 -3.20 -3.00 -2.98 -3.24 -3.13
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Figure 3. The CFFBP-NN method used to calculate /. for 1-30.

The data corresponding to the layers of the neural network model that were used to calculate
the electron reorganization energy are as follows: LOGSIG=45, LOGSIG=50 and PURELIN=1 (see
Tables 2-4 and Figure 3). From CyH2o up to Ci99H20, the point groups alternated between Dsg and Dsy,.
To calculate the hole reorganization energy (45), the data from Table 5 were utilized to predict values
for SWCNT 1-30 by the neural network model. The LUMO-HOMO gap (AE in eV), absolute hardness
(), adiabatic ionization potential (lpa), vertical ionization potential (I,y) and LUMO energy levels of 1-
18 are shown in Table 5.

Table 6. The "Target" energy data for [SWCNT(5,5)-Armchair-C,Hz] (n=20-190) 1-18 of the hole
reorganization energy (4n) by the neural network model.

CoHzo CazoHao CaoHo CsoHzo CeoHzo CroHzo  CgoHzo  CooHzo  CigoH2o

hole 0.120 0.140 0.110 0.070 0.090 0.080 0.040 0.040 0.030
reorganization
energy An

CiioH20 Ci20H20 CizoHzo CisoH2o CisoHzo CisoH20 CizoH20 CigoHzo0  CigoHoo
hole 0.050 0.010 0.040 0.010 0.050 0.080 0.020 0.030 0.070
reorganization
energy

Table 6 shows the "Target" energy data for [SWCNT(5,5)-Armchair-CrHy] (n=20-190) 1-18
with the corresponding hole reorganization energy (/n) calculated by the neural network model. Table
7 shows the "Test" data for [SWCNT(5,5)-Armchair-C,Hy] (n=200-310) 19-30 with the
corresponding hole reorganization energy (4n) calculated by the model. Table 8 demonstrates the
"Output" data for [SWCNT(5,5)-Armchair-C,Hz] (n=200-310) 19-30 with the corresponding hole
reorganization energy (4,) by the neural network model. The layers data of the neural network model
used to calculate the hole reorganization energy are as follows: LOGSIG=20, TANSIG=40 and
PURELIN=1. See Tables 6-8 and Figure 4.
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Table 7. The "Test" data for [SWCNT(5,5)-Armchair-C,Hy] (n=200-310) 19-30 of the hole
reorganization energy (4) by the neural network model.

LUMO-HOMO gap A 1.17 0.7 0.6932 0.6524 0.6133  0.5759
absolute hardness # 2.59 2.03 2.095 2.027 1.962 1.9
adiabatic ionization potential I,, 46791 46474 46171 45882 45606  4.5341
vertical ionization potential 1, 491 4.63 46323 4.6021 45732 45454
LUMO -3.02 -3.27 -3.123 -3.1499  -3.1757 -3.2003
CosoH2o  CoroHao  CogoHzo  CogoHzo  CsgoHzo  CaigHao
LUMO-HOMO gap A 0.54 0.5055  0.4724  0.4404  0.4095  0.3797
absolute hardness # 1.84 1.783 1.727 1.674 1.623 1.573

adiabatic ionization potential 1, 4.5086 4.484 4.4604 44376 4.4155 4.3942
vertical ionization potential 1,y 45187 44931 44683 44445 44214 43991

LUMO -3.224 -3.2467 -3.2686 -3.2896 -3.31 -3.3296

4 e i A -

Figure 4. The CFFBP-NN method used to calculate 4y for 1-30.

Table 8. The "Output" data for [SWCNT(5,5)-Armchair-C,Hz] (n=200-310) 19-30 of the hole
reorganization energy (4,) by the neural network model (20 LOGSIG, 40 TANSIG, 1
PURELIN).

hole reorganization 0.051 0.023  0.045 0.047 0.050  0.053
energy An

hole reorganization 0.055 0.058 0.061 0.064 0.066 0.070
energy An

To calculate the /e, the cascade-feed forward back-propagation neural network (CFFBP-NN)
method that was used for training was utilized (Figure 3). As shown in Figure 3, each of the input data
values of the network consisted of a (6x1) vector, and the output value of the network for each vector
of input was the electron reorganization energy (4e).
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Figure 5. The three dimentional relationship among the selected "Input" data of [SWCNT(5,5)-
Armchair-C,Hyo] (n=20-190) 1-18 for calculation the electron reorganization energy (1) by the
neural network model. See Table-1.
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Figure 6. The three dimentional relationship among the selected "Target" data of electron
reorganization energy (1¢) by the neural network model for [SWCNT(5,5)-Armchair-C,Hxo]
(n=20-190) 1-18. See Table-2.
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The network used to calculate the 4, value was the cascade-feed forward back-propagation
neural network (CFFBP-NN), which was also used for training (Figure 4). Figure 4 shows that each of
the input data values of the network consisted of a (5x1) vector and that the output data values of the
network for each input vector was a hole reorganization energy (1) value.

Using two CFFBP-NN models, it was possible to derive a good approximation to extend the
formulas for the electron reorganization energy () and the hole reorganization energy (4,) for the
[SWCNT(5,5)-armchair-C,H] (n=20-310) 1-30. Herein, the extension of the A and A, data are
reported for the first time for [SWCNT(5,5)-armchair-C,H,] (n=200-310) 19-30. Tables 2 to 4 for 1.
and Tables 6 to 8 for A, show the data for the CFFBP-NN process. Figure 5 demonstrates the three
dimensional relationship between the selected "Input” data of the [SWCNT(5,5)-Armchair-C,H]
(n=20-190) 1-18 for the calculations of the electron reorganization energy (1e) by the CFFBP-NN
model. Figure 5 is related to Table-1.

Figure 6, which is related to Table 2, shows a three dimensional relationship for the "Target"
data of the electron reorganization energy (4.) calculated by the neural network model for the
[SWCNT(5,5)-Armchair-C,Hy0] (n=20-190) 1-18. Figure 7 illustrates the three dimensional
relationship among the selected "Test" data for the [SWCNT(5,5)-Armchair-C,H,] (n=200-310) 19-
30 of the electron reorganization energy (/) by the neural network model (45 LOGSIG, 50 LOGSIG,
and 1 PURELIN). Table 3 is related to Figure 7.

HOMO

vertical ionization potential

adiabatic ionization potential

absolute hardness

LUMO-HOMO gap

Figure 7. The three dimentional relationship among the selected "Test" data for [SWCNT(5,5)-
Armchair-ChHy] (n=200-310) 19-30 of the electron reorganization energy (1) by the neural
network model (45 LOGSIG, 50 LOGSIC, 1 PURELIN). See Table-3.
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Figure 8. The three dimentional relationship among the selected"Input” data of [SWCNT(5,5)-
Armchair-C,Hy] (n=20-190) 1-18 for calculation the hole reorganization energy (4,) by the
neural network model. See Table-5.
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Figure 9. The three dimentional relationship among the selected "Target" data of hole reorganization
energy (4n) by the neural network model for [SWCNT(5,5)-Armchair-C,H,0] (n=20-190) 1-18.
See Table-6.
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Figure 10. The three dimentional relationship among the selected "Test" data for [SWCNT(5,5)-
Armchair-C,Hy] (n=200-310) 19-30 of the hole reorganization energy (4,) by the neural
network model (20 LOGSIG, 40 TANSIG, 1 PURELIN). See Table-7.

Figure 8 displays the three dimensional relationship for the selected "Input" data of the
[SWCNT(5,5)-Armchair-C,H,0] (n=20-190) 1-18 for the calculations of the hole reorganization
energy (4n) by the CFFBP-NN model (see Table 5). Figure 9, which is related to Table 6, shows a three
dimensional relationship among the "Target" data for the hole reorganization energy (/) by the
CFFBP-NN model for the [SWCNT(5,5)-Armchair-C,Hy] (n=20-190) 1-18. Figure 10 displays the
three dimensional relationship for the selected "Test" data of the [SWCNT(5,5)-Armchair-C,H]
(n=200-310) 19-30 of the hole reorganization energy (i) by the neural network model (20 LOGSIG,
40 TANSIG, and 1 PURELIN) (see Table 7).

Using the cascade-feed forward back-propagation neural network (CFFBP-NN) model, it was
possible to calculate the electron reorganization energy (1¢) and the hole reorganization energy (i) for
[SWCNT(5,5)-Armchair-C,Hz0] (n=200-310) 19-30 in accordance with the Marcus theory.

Good correlations were established for the number of carbon atoms (C,), the LUMO-HOMO
gap (AE in eV), absolute hardness (#), adiabatic ionization potential (la), vertical ionization potential
(Iov), the hole reorganization energy (4n), and the LUMO and HOMO energies with the electron
reorganization energy (Z) in the applied CFFBP-NN model for [SWCNT(5,5)-Armchair-C,Hzo]
(n=20-190) of 1-18; thus, it was possible to use these values to calculate the electron reorganization
energy (4e) and the hole reorganization energy (4,) for [SWCNT(5,5)-Armchair-C,Hzo] (n=200-310)
19-30.

The results of the CFFBP-NN model were extended towards the calculations of the 4. and A, of
CoooH20 up to CsigHyo in the [SWCNT(5,5)-armchair-CrHyo] 19-30. With the appropriate CFFBP-NN
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model operations, it was possible to calculate the 4. and 4, in 1-18 and 19-30. The values of 4. and 4,
reported herein for 19-30 have neither been previously measured nor reported.

4. CONCLUSIONS

Nanoscale structures of carbon display an attractive variation of structural characteristics, and
many useful forms, such as for building computers, microchips, sensors, actuators and machines, have
been synthesized and identified. An important type of nanoscale structures is called a single wall
carbon nanotube (SWCNT). The number of carbon atoms (C,) and the LUMO-HOMO gap (AE in eV),
absolute hardness (#), adiabatic ionization potential (lpa2), vertical ionization potential (l,,), LUMO and
HOMO energies of 1-18 show a strong correlation with the values of the electron reorganization
energy (4e) and the hole reorganization energy (/) in the (5,5) armchair SWCNT 1-18 and 19-30; these
are important factors obtained for these materials using the cascade-feed forward back-propagation
neural network (CFFBP-NN) method. The values of A, and A, were calculated using the CFFBP-NN
model based on the Marcus theory for [SWCNT(5,5)-Armchair-C,Hy] (n=200-310) 19-30
nanostructures. Using this model and the associated methods, it was possible to calculate the electron
reorganization energy (le) and the hole reorganization energy (/) of this family of compounds 1-30 in
a simple manner and with good approximation.
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