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Nanoscale structures of carbon display an attractive variation of structural characteristics, and many use-
ful forms have been synthesized and identified. One of these structures is the carbon nanotubes. Carbon
nanotubes are either single-wall (SWCNT) or multi-wall; the former attract more attention due to their
unique electronic, optical and spectroscopic properties. The electrochemical properties of the fullerene
Ceo have been studied previously. The accommodation of Cgq inside the SWCNT leads to significant peri-
odic modifications of the electronic states of SWCNT. One of the main recognized structures of nanotubes
is the (5,5) single-wall tube (SWCN). A topological index is a mathematical invariant of a chemical graph,
which shows a significant correlation with some chemical or physical property. They have been success-
fully used to construct effective and useful mathematical methods for finding good relationships between
structural data and the properties of these materials. To establish a good structural relationship between
the structure of molecules Cgg and [SWCN(5, 5)-Armchair-C,Hyg] (n = 20-190) 1-18, the molecular degree
of unsaturation (Dy) was used as one of the useful numerical and structural electrochemical properties of
unsaturated compounds. In this study, the relationship between this index and electron affinity; the
reduction potential (**“E) of [SWCN(5, 5)-Armchair-C,H,o] 1-18 and 19-29; and the free energy of elec-
tron transfer (AG;) as assessed using the Rehm-Weller equation between 1-18 and fullerene Cg as

Ceo@[SWCN(5,5)-Armchair-C,Hag] 30-47 and 48-58 complexes, are presented.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes in 1991, SWNTs and
MWNTs have been generated that display exceptionally strong
and stable mechanical properties along the nanotube’s axis and
flexible characteristics along the normal to the tube’s axis [1-4].
Researchers have tried to exploit nanotube’s strength in reinforcing
fibers in nanotube-polymer composite materials [5]. Studies of the
electronic properties of these materials such as the ionization po-
tential, electron affinity, chemical hardness, and relative energetic
stability have produced highly effective results in applications in
different areas of science [5,6].

Nanotubes of type (n,n) are called armchair nanotubes because
of their ‘W’ shape perpendicular to the tube axis. They are symmet-
ric along the tube axis, with a short unit cell (0.25 nm or 2.5 A) that
can be repeated along the entire section of a long nanotube. All
remaining nanotubes are called chiral nanotubes and have longer
unit cell sizes along the tube axis [6-8]. The simplest type of nano-
tube is a cylindrical structure that, conceptually, could be formed
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by folding and gluing one pair of opposite sides of a rectangular
graphite sheet [1-17]. If both ends are capped, it will have at least
two pentagons and be a type of fullerene. Nanotubes are large, lin-
ear fullerenes with aspect ratios as large as 103-105 [7]. The walls
of such a tube could have various sizes of polygons [17a-c].
Although many nano-scale fullerene materials occur regularly in
applications, controlled production of many fullerenes and nano-
tubes with well-defined characteristics has not occurred [1-16].
Because of the nanotubes properties, such as the fact that they
are hollow, tubular, caged molecules, they can act as lightweight,
large surface-area packing material for gas storage and hydrocar-
bon fuel storage devices, as well as nanoscale applications for
molecular drug delivery and casting structures for making nano-
wires and nanocapsulates. Exceptionally strong nanotubes can be
used to make lightweight structural materials. Nanotubes as ‘cap-
sulates’ can help to store and carry hydrogen and other hydrocar-
bon-based fuel in engines or aboard spacecraft. These important
groups of carbon allotropes can be easily closed on both sides. Sin-
gle-wall carbon nanotubes (SWNTs) are among the most interest-
ing new carbon allotropes discovered in many years [6,7].

Carbon nanotubes possess many special properties, such as an
open mesoporous structure, high electrical conductivity and chem-
ical stability, as well as extremely high mechanical strength and
modulus {8-13]. These properties, which not only help in the
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transportation of ions, but also facilitate the charging of the double
layer, will confer advantageous attributes to the developments of
electrochemical capacitors [14]. Single-walled carbon nanotubes
(SWNTs) have been recognized as a potential electrode material
for electrochemical capacitors [15,16].

One of the main recognized structures of nanotubes is the (5,5)
tube. In the (5,5) tube, the structure can be built up by successively
adjoining sections of 10C atoms. In the infinite tube, the periodic
unit cell is two such sections consisting of 20C atoms [6].

The electronic structures and electrical properties of single-wall
nanotubes can be simulated from those of a layer of graphite
(grapheme sheet) {9-16].

In Fig. 1 the (5,5) Armchair form of nanotubes is shown. Fig. 1a
shows the expanded form or graphite shapes for the single-wall
nanotubes. In experiments, the nanotubes may contain no hydro-
gens (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 SWCN for CygHzg up to Cyy9Hzg
(see Fig. 1) were reported by Zhou et al. [6]. That report considered
how the electronic structures of short molecular sections of the
(5,5) tube relate to, differ from, and asymptotically approach the
infinite metallic tube [6]. Some of the structural and electronic
properties were investigated, such as the ionization potential, elec-
tron affinity, Fermi energy (E;), chemical hardness, and relative
energetic stability, all of which show the length periodicity seen
in the HOMO-LUMO gap, in contrast to the optical ‘charge transfer’
transition and the static axial polarizability [6]. These (5,5) nano-
tubes have two types of symmetry. For nanotubes with odd iden-
tification numbers (1-17), the point group is Dsy and for
nanotubes with even identification numbers (2-18), the point
group is Dsp. In that study, static and time-dependent DFT (TD-
DFT) were used to independently optimize the structure for neu-
trals, cations and anions. The hybrid non-local B3LYP functional
was utilized [6].

After the discovery of Cgy peapods by Luzzi et al. [18,19a,19b],
the aligned structure of encapsulated molecules due to the mole-
cule-molecule and/or molecule-SWNT interactions has been stud-
ied as a new type of hybrid material [19b]. Zhang et al. [19d]
reported evidence for the latter interaction by a measurement of
the thermal stability of Cgq peapods [19a~c].

Infinite length SWNTs are m-bonded aromatic structures that
can be either semiconducting or metallic, depending upon the
diameter and helical angle of SWNTs. In a pioneering 1992 DFT cal-
culation, Mintmire, Dunlap and White predicted that the infinite
length (5,5) armchair SWNT (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 [15]. This specific SWNT is the elon-
gated tube of the Cgq, C70, etc., molecular family [6].

b

The electrochemical properties of the fullerene Cg, have been
studied since the early 1990s, when these materials became avail-
able in macroscopic quantities (for a review see [20b]) [20a,20b]. In
1990, Haufler et al. [21] have shown that Cgy is electrochemically
reducible in the CH,Cl, medium to Cg, and CZ;. In 1992, Echegoyen
et al. [22] have cathodically reduced both Cg in six reversible one-
electron steps for —0.97 vs. Fc/Fc* (Fc = ferrocene). This fact, along
with the absence of anodic electrochemistry of fullerenes, matches
the electronic structure of fullerenes: the LUMO of Cgg can accept
up to six electrons to form C5;, but the position of the HOMO does
not allow for hole-doping under the usual electrochemical condi-
tions. In 1991, Bard et al. [23] first reported on irreversible electro-
chemical and structural reorganization of solid fullerenes in
acetonitrile medium. Dunsch et al. [24] have upgraded the experi-
mental conditions by investigating highly organized Cg films on
HOPG in aqueous medium. The reduction of such films manifested
itself by re-structuring into conductive nanoclusters of ~10% nm in
diameter [24,25].

Fullerene peapods are supramolecular complexes, which are
formed via filling of SWCNT by fullerenes from the vapor phase
[19,20a]. Most reports are related to Cgo@SWCNT and C;o@SWCNT
[20,26].

The diameter sizes of Cgg and [SWCN(5,5)-Armchair-C,Hyo] 1-
18 were reported to be 6.70 and 6.94 A, respectively [27]. With these
diameters, it is not possible to encapsulate Cgo inside the
[SWCN(5,5)-Armchair-C,Hyg] in the structure of Cgo@[SWCN(5,5)-
Armchair-C,Hyp] (see the imaginary scheme in Fig. 1).

Graph theory has been found to be a useful tool in assessing the
QSAR (Quantitative Structure Activity Relationship) and QSPR
(Quantitative Structure Property Relationship) [28-33]. Numerous
studies in the above areas have also used what are called topological
indices (TI) [34-37]. It is important to use effective mathematical
methods to make good correlations between several data properties
of chemicals. One of the useful numerical and structural values in
unsaturated compounds like nanotubes is the degree of unsatura-
tion (Dy). This quantity is a useful index for determining the number
of cyclic structures and/or m-bonds in a molecule [18a,27,38].

In this study of the structural properties of m-bonds, was
attempted to describe a relationship between the Dy index and
electron affinity, reduction potential (*°?E;) of [SWCN(5,5)-Arm-
chair-C,H,o] 1-18 (and extension the results to 19-29) as well as
the free energy of electron transfer (AG..) between 1-18 and
fullerene Cgo as Cgo@[SWCN(5,5)-Armchair-C,Hyg] 30-47 (and
extension the results to 48-58) complexes.

2. Graphs and mathematical method
The degree of unsaturation (Dy), as a structural index for com-

pounds (1-18) with unsaturated hydrocarbonic structure, was
determined in these stages: [18a,27,38]
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Fig. 1. (a) The imaginary structure of Csp@[SWCN(5,5)-Armchair-CyoHyo] and (b) the forms related to the Cso@[SWCN(5, 5)-Armchair-C,Hao] of (5,5) armchair nanotubes (30-

47 and 48-58).
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(1) Recognition of skeletal structure of compounds 1-18.

(2) Counting the carbon and hydrogen atoms, and writing the
molecular formulae of compounds such as 1-18. The num-
bers of hydrogen atoms in compounds are denoted by the
‘H,’ symbol.

(3) Transcribing the molecular formula of an Alkane according to
the number of carbons that were counted in stage-2. The
numbers of hydrogen atoms in the molecular formulae are
shown with a ‘Hg’ symbol.

(4) Calculating the ‘degree of unsaturation’, by comparing the
number of H-atoms between stages - 3 and 4. See Eq. (1).

Dy = (H; — Hy)/2 (1

The results after some simple mathematical operations are
shown in Table 1 for (5,5) nanotubes 1-18.

All graphing operations were performed using the MicrosorFT oF-
FICE ExCEL-2003 program. The summation of the degree of unsatura-
tion (Dy) seems a useful numerical and structural value for the
empty fullerenes. For modeling, both linear (MLR: Multiple Linear
Regressions) and nonlinear (ANN: Artificial Neural Network) mod-
els were examined in this study. Some of the other indices were
examined and the best results and equations for extending the
physicochemical and electrochemical data were chosen.

The Rehm-Weller equation estimates the free energy change
between a donor (D) and an acceptor (A) to be:

AG® = €e[E;, — Ej] — AE" + wy 2)

where ‘e’ is the unit electrical charge, Ep and E; are the reduction
potentials of the electron donor and acceptor, respectively, AE is
the energy of the singlet or triplet excited state, and ), is the work
required to bring the donor and acceptor to within the ET distance.
The work term in this expression can be considered to be ‘0’ in as
much as there exists an electrostatic complex before the electron
transfer [39)].

3. Discussion

The energy (Ax) is released upon attachment of an electron to an
atom or a molecule (X) resulting in the formation of the negative

Table 1

The values of the relative structural coefficients of [SWCN(5,5)-Armchair-C,Hzq]
(n=20-190) 1-18 and Cso@[SWCN(5,5)-Armchair-CqHz] 30-47.% Values for all
species were calculated and reported at the 6-31G level. (See Ref. [1]).

No. Molecular Point D,  Adiabatic Redp No.  AGe: (kcal mol 1)

formula group electron V) Cgo@[SWCN(5,5)-

affinity E,q Armchair-C,Hjo]
(eV) 30-47

1 CaoHag Dsgy 11034 -0.34 30 35.05

2 CspHoo Dsp 21 0389 -0.89 31 47.73

3 CaoHzo Dsy 31 067 -0.67 32 42.66

4 CsoHyo Dsp 41 114 ~1.14 33 5350

5  CeoHao Dsq 51 156 -156 34 63.18

6 CyoHzo Dspy 61 134 -1.34 35 5811

7 CaoHao Dsy 71 161 ~161 36 6434

8 CooHao Dsp, 81 1.98 -198 37 7287

9  CioHzo  Dsg 91 171 171 38 6664

10 CiuoHye  Dsp 101 191 -191 39 7125

11 Gzt Dsy 111 224
12 Cy3oHyo Dsp, 121 2.06

—224 40 78.86
—2.06 41 7471

13 CyaoHao Dsy 131 213 —213 42 7633
14 CysoHa Dsy, 141 243 —243 43 8325
15 CigoMao Dsy 151 235 —235 44 8140
16 Cy7oHa0 Dsp, 161 223 —223 45 7863
17 Cigobao Dsg 171 253 —-2.53 46 8555
18 CygoHao Dspy 181 245 —245 47 83.71

¢ The compounds Cgo@[SWCN(5,5)-Armchair-C,H,o]| 30-47 were not synthesized
or reported. The data of AG. (kcal mol~") for compounds 30-47 were calculated by
the Rehm-Weller equation and the complexes were not reported.

ion X7, i.e. X+e™ — X+ Ay. As in the case of ionization potential,
one can define an adiabatic electron affinity and a vertical electron
affinity. The adiabatic Ay is equal to the difference between the to-
tal energies of a neutral system (X) and the corresponding anion
(X~). The vertical Ay is equal to the difference between the total
energies of X and the anion X~ in the equilibrium geometry of X
[40]. The free energy of this reaction [AE{A — A™)] corresponds
to the absolute redox energy for the above process. The free energy
of an electron (e~) at rest in the gas phase is set to zero [41,42]. It is
possible to calculate the redox energy of reaction (X+e —
X~ +Ax) using the thermodynamic equation (see Eq. (3)). In this
equation, AG4A) and AG4(A™) are the solvation energies of mole-
cule A and its anion A™, respectively, and AE,(A — A7) is the energy
difference between molecule A and its anion (which is defined as
the redox energy in the gas phase). On the basis of this thermody-
namic cycle, one can obtain AE{(A — A™), the absolute redox en-
ergy, by [41,42]:

AEs(A — A7) = AEg(A — A} + AGs(A) — AGs(A™) (3)

Thus, by calculating the gas phase energies and solvation ener-
gies of molecule A and its anion A™, one can derive the absolute re-
dox potential (scaled) of molecule A in solution. A scaling
coefficient that translates electron affinity to standard redox
potentials can be thus extracted [42].

With respect to the interesting results of Ref. [ 1]: The static and
time-dependent DFT (TD-DFT) and independently optimized struc-
ture were used to calculate the physicochemical and electronic
structure of tubular aromatic molecules derived from the metallic
(5,5) armchair single-wall carbon nanotubes. The hybrid non-local
B3LYP functional was employed [6,43-45].

In the most elementary cluster model, the ionization potential
of a small metal or semiconductor particle differs from the nega-
tive of the bulk Fermi energy (—E;) by a classical charging energy
plus a quantum size effect term [6,46,47]. The charging energy
by itself at high particle dielectric constant gives a correction to
the ionization potential I,, I,= —Ef+e%/2R, and to the electron
affinity E,) E, = —E; — e?/2R. Here, R is the cluster radius. The ioni-
zation potential is larger than the electron affinity, as is the normal
situation for molecules. For very small clusters, the electron affin-
ity may even become negative [6].

It is possible to calculate the reduction potential (*“E) of 1-18
using the Gibbs equation (AG = —nFE) and the definition of adia-
batic electron affinity. In this equation, AG is equal to the adiabatic
electron affinity (the free energy of electron transfer, AGe in
Jmol™', 1eV=96471]mol~!, F=96495 coulomb and n=1). For
example, the reduction potentials (Re9EY of CaoHao and CagHoq are
equal to -0.34 and -0.89V. The reduction potentials (*¢?E) of
[SWCN(5,5)-Armchair-C,Hyg] (n =20-190) 1-18 have been calcu-
lated and are presented in Table 1. As a rapid result the amount
of *9E (in V) = —E,, (in V). E4, is the adiabatic electron affinity.

It is recognized that buckminsterfullerene Cgg is a highly elec-
tronegative molecule [48a-e,49]. As an electron acceptor, the first
oxidation potential ®*E; of Cgp was reported to be +1.21 V [46]. The
°*E, value for Cgo was obtained in the irreversible condition and by
DPV (Differential Pulse Voltammogram), pulse amplitude, 50 mV,
pulse width, 50 ms, pulse period, 200 ms and scan rate of 20 mV/
s. The value of the diameter of Cgo was reported to be 6.94 A.

The values of the relative structural coefficients of the (5,5)
armchair SWCN for CygHyp up to CiggHug (JSWCN(5,5)-Armchair-
CyHaol, 1-18), the degree of unsaturation (Dy), the adiabatic elec-
tron affinity (E,, in eV) and the reduction potentials (**E in V) of
1-18 are shown in Table 1. The values shown in Table 1 demon-
strate that the degree of unsaturation (Dy) increases with the
molecular size of compounds (1-18). Table 1 reveals that the dis-
tances of Dy between compounds 1 to 18 are 10 units. The num-
bers shown in Table 1 for 1-18 (and extended in Table 1 for
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compounds 19-29) have some mathematical structures. The abso-
lute values of E,, or *®E increase with increasing Dy in 1-18. From
CaoHzg up to CyggHao, the point groups alternated between Dsy4 and
Dsh.

Table 1 also shows the values of the free energy of electron
transfer (AGe) by the Rehm-Weller equation between Cgo and
[SWCN(5,5)-Armchair-C,Hx], 1-18 in the structures
Ceo@[SWCN(5,5)-Armchair-C,Hzo] 30-47 (n = 20-190).

The results of the reduction potentials (*/E in V) were extended
for Cy10H20 up to CspoH20 ([SWCN(S,5)-ArmChair-CnH20], ]9—29)
The calculated results for **“E, as well as the free energy of electron
transfer (AGe) according to the Rehm-Weller equation between
Ceo and [SWCN(5,5)-Armchair-C,Hyo], 19-29 in the structures
Ceo@[SWCN(5,5)-Armchair-C,Ho] 48-58 (n=210-300) are pre-
sented in Table 2.

Fig. 2 shows the curve of the relationship between the values of
the ‘Dy versus the adiabatic electron affinity (E, in eV) of
[SWCN(5,5)-Armchair-C,Hyg] (11=20-190) 1-18 as presented in
Table 1. Eq. (4) applies to Fig. 2 and shows the Nieperian logarith-
mic behavior of the relationship. Using this equation, it is possible
to achieve a good approximation for extending the adiabatic elec-
tron affinity (Eg, in eV) for the other [SWCN(5,5)-Armchair-C,Hzg]
(n=200-300) 19-29. The R-squared value (R?) for this graph is
equal to 0.9374.

E. = 0.8062 Ln(Dy) — 1.748 (4)

The predicted values of E,, for [SWCN(5,5)-Armchair-C,Hzg|
(n =200-300) 19-29 were calculated using Eq. (4) (see Table 2).

Eq. (5) shows the relationship between the values of the molec-
ular degree of unsaturation ‘Dy’ versus the reduction potential (*¢E
in V) of [SWCN(5,5)-Armchair-C,H»o] (n=20-190) 1-18. Eq. (5)
similar to the Eq. (4) shows the Nieperian logarithmic behavior of
the relationship. The R-squared value (R?) for this graph is equal
to 0.9374.

Redf — —0.8062 Ln(Dy) + 1.748 (5)

Using this equation, it is possible to achieve a good approxima-
tion for extending the determination of the reduction potential
(RedE) for the other [SWCN(5,5)-Armchair-C,Hso] (11 = 200-300)
19-29.

The relationship between the values of the ‘D’ of [SWCN(5,5)-
Armchair-C,Hyo] (n=20-190) 1-18 versus the free energy of
electron transfer (AGe in kcalmol™ ') of Cgo@[SWCN(5,5)-Arm-
chair-C;H,0] 30-47 is shown in Eq. (6). The Eq. (6) also exhibits
Nieperian logarithmic behavior. The R-squared value (R?) for this
graph is equal to 0.9374.

E.2=0.8062Ln(D,) - 1.748
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Fig. 2. The relationship between the values of ‘Dy’ and the adiabatic electron
affinity (Eqq in eV) of [SWCN(5,5)-Armchair-C,Hze] (n=20-190) 1-18.

Using this equation, it is possible to extend the calculation of
the free energy of electron transfer (AGe in kcal mol~') for some
of the other supramolecular structures of Cse@[SWCN(5,5)-Arm-
chair-C,Hyo] 30-47.

There are very good linear relationships between the values of
the adiabatic electron affinity (E,, in eV) and the values of the
reduction potential (**E in V) of [SWCN(5,5)-Armchair-C,Hxo]
(n=20-190) 1-18 versus the free energy of electron transfer (AG;
in kcal mol~1) of Cgo@[SWCN(5,5)-Armchair-C,H,o] 30-47, respec-
tively. Egs. (7) and (8) are used to the correlations, respectively,
giving the R-squared value (R?) for these two relationships of 1.00.

AGer = 23.06(Eqq) + 27.209 (7)
AGey = —23.06(%E) + 27.209 (8)

In light of the good linear correlations between AG, and E,, and
Redg of 1-18 and 30-47, respectively it is possible to use the values
of E.q and ®°E to calculate the free energy of electron transfer (AGe
in kcal mol™') of Cgo@[SWCN(5,5)-Armchair-C,H,5] (n = 20-300)
30-47 & 48-58. The electron affinity and the reduction potential
are in fact the same magnitude with the sign reversed, whereas
the free energy of electron transfer is calculated with the Rehm-
Weller equation, which can be straightforwardly proven to be lin-
early depending on the electron affinity of compounds studied
here. In Table 2 the values of the free energy of electron transfer
obtained for compounds 48-58 from Eqs. (7) and (8) and those ob-
tained with the Rehm-Weller equation (values in parenthesis) are
compared. Obviously these numbers are equal since those calcu-
lated with the Rehm-Weller equation were calculated using elec-
tron affinities obtained from Eq. (4), which is in fact equivalent

AGe: = 18.592 Ln(Dy) — 13.101 6)  toEq. (6).

Table 2

The values of the relative structural coefficients of [SWCN(5,5)-Armchair-C,Hyg] (n = 20-190) 19-29 and Cgo@[SWCN(5,5)-Armchair-C,Hyo] 48-58.

No. Molecular Point group Dy, Adiabatic electron Redg (y) No. AGe; (kcal mol™1)? Cgo@[SWCN(5, 5)-Armchair-C,H,,] 48-58
formula affinity Euq (eV) Eg. (7) &/or (8) Rehm-Weller equation

19 CagoHzo Dsy 191 249 ~2.49 48 84.63 (84.63)

20 Ca10H20 Dsy, 201 2.53 —2.53 49 85.55 (85.55)

21 CyaoHoo Dsy 211 2.57 -2.57 50 86.47 (86.47)

22 CosoHogo Dsy, 221 2.60 -2.60 51 87.16 (87.16)

23 CagoHao Dsq 231 2.64 -2.64 52 88.09 (88.09)

24 CosoHag Dsy 241 2.67 -2.67 53 88.78 (88.78)

25 CasoHao Dsq 251 2.71 -2.71 54 89.70 (89.70)

26 CozoHa0 Dsp, 261 2.74 -2.74 55 90.39 (90.39)

27 CagoHao Dsy 271 2.77 -2.77 56 91.08 (91.08)

28 CagoHa0 Dsy 281 2.80 —-2.80 57 91.78 (91.78)

29 CspoHa0 Dsy 291 2.83 -2.83 58 92.47 (92.47)

2 The species data were calculated using Eqs. (1), (2), (4)-(8). The data in parenthesis of AG. (kcal mol~") for compounds 48—58 were calculated using the Rehm—Weller

equation, and the complexes were not svnthesized and reported.
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The values of Dy, Eqq "E and AGe; of [SWCN(5,5)-Armchair-
CoHao] (n=200-300) 19-29 and their complexes with Cgg
(Ceo@[SWCN(5,5)-Armchair-C,Hy] (n=200-300) 48-58) are
shown in Table 2. In Fig. 2 the periodicity of the points plotted
which appear to be 3, is quite common among benzenoids. By
using Eq. (1) (for Dy), (2) (Rehm-Weller equation) and (4)-(7) (or
Eq. (8)) the values of Dy, Eu "°E and AGe were calculated for
19-29 and 48-58. The values of the degree of unsaturation (Dy)
show a good relationship with the values of the adiabatic electron
affinity (E4 in eV), the values of the reduction potential (*¢“E in V)
of [SWCN(5,5)-Armchair-C,H,p] (n=20-190) 1-18 & 19-29 and
the free energy of electron transfer (AGe in kcal mol™!) in the
Ceo@[SWCN(5,5)-Armchair-C,Hy] (n=20-300) 30-47 & 48-58.
With the above equations, it is possible to calculate the adiabatic
electron affinity (E,, in eV), the values of the reduction potential
(*¢E in V) in 1-18 & 19-29 and the free energy of electron transfer
(AGe in kcal mol~1) in the 30-47 & 48-58 with good approxima-
tion. The armchair single-wall nanotubes [SWCN(5,5)-Armchair-
Cn,Hzo] (n=20-300) 1-18 & 19-29 and their supramolecular
complexes with Cgp i.e. Cgo@[SWCN(5,5)-Armchair-C,Hyg] (n=20-
300) 30-47 & 48-58 were neither synthesized nor reported.

4. Conclusion

Nano-scale materials have been applied in many areas of sci-
ences such as computers, microchips, sensors, actuators and ma-
chines. Graph theory applications have provided different
mathematical methods for finding the relationships between sev-
eral numerical properties of the materials. In this study, the struc-
tural relationships between the degree of unsaturation (Dy) index
and the adiabatic electron affinity (E,, in eV), the values of the
reduction potential (**9E in V) of [SWCN(5,5)-Armchair-C,Hxo]
(n=20-190) 1-18 & 19-29 and the free energy of electron transfer
(AGer in kcal mol™') in the Cg@[SWCN(5,5)-Armchair-C,Hy]
(n=20-300) 30-47 & 48-58 were demonstrated. The values of
the degree of unsaturation Dy show strong correlation with the
values of E,, and *°E in the (5,5) armchair SWCN 1-18 & 19-29
as an important factors in these materials. The value of AG., was
calculated using the Rehm-Weller equation in Cgg@[SWCN(5,5)-
Armchair-C,Hyg] (n=20-300) 30-47. Using this model and the
associated equations, it is possible to calculate in a simple manner
and with good approximation the Eq,, "E and AG,, of this family of
compounds 19-29 and the complexes with Cgo 48-58. The model
can be used to study structural properties, the electron affinity,
the reduction potential and the free energy of electron transfer
properties of these types of nanotubes (5,5), armchair SWCN and
their supramolecular structures Cgo@[SWCN(5,5)-Armchair-
CnHZO]-

Acknowledgments

The author gratefully acknowledges his colleagues in the Chem-
istry Department of The University of Queensland-Australia, for
their useful suggestions.

References

[1] J.S. Arellano, L.M. Molina, A. Rubio, M.J. Lopez, J.A. Alonso, ]. Chem. Phys. 117
(5) (2002) 2281.

[2] D. Srivastava, S. Barnard, in: Proc. IEEE Supercomputing '97, IEEE Computer
Soc. Press, Los Alamitos, California, 1997.

I31 B.I. Yakobson, C.]. Brabec, |. Bernholc, Phys. Rev. Lett. 76 (1996) 2511.

[4] D. Srivastava, M. Menon, K. Cho, Phys. Rev. Lett. 83 (1999) 2973.
[5] B.L Yakobson, P. Avouris, Mechanical Properties of Carbon Nanotubes, Carbon
Nanotubes, Springer-Verlag, Berlin, 2001. p. 293.
[6] Z. Zhou, M. Steigerwald, M. Hybertsen, L. Brus, R.A. Friesner, ]. Am. Chem. Soc.
126 (11) (2004) 3597 (and the literature cited therein).
[7] D. Srivastava, M. Menon, K. Cho, Comp. Sci. Eng. (2001) 42.
[8] O. Lourie, D.M. Cox, H.D. Wagner, Phys. Rev. Lett. 81 (1998) 1638.
[9] M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund, Science of Fullerenes and Carbon
Nanotubes, Academic Press, New York, 1996.
[10] P. Avouris, Acc. Chem. Res. 35 (2002) 1026.
[11] M.S. Dresselhaus, G. Dresselhaus, Ph. Avouris, Carbon Nanotubes: Synthesis,
Structure Properties and Applications, Springer-Verlag, Berlin, 2001.
[12] Special issue on carbon nanotubes, Phys. World, 13 (6) (2000).
[13] P.G. Collins, Ph. Avouris, Nanotube. Electron. Sci. Am. 283 (2000) 38.
[14] M.S. Dresselhaus, G. Dresselhaus, R. Saito, Symm. Phys. Rev. B 45 (1992) 6234.
[15] J.W. Mintmire, B.Il. Dunlap, C.T. White, Phys. Rev. Lett. 68 (1992) 631.
[16] R. Barnett, E. Demler, E. Kaxiras, Solid State Comm. 135 (2005} 335.
[17] (a} M.V. Diudea, Fulleren. Nanotube Carbon Nanostruct. 10 (2002) 273;
(b) M.V. Diudea, Studia Univ. Babes-Bolyai 48 (2003) 23;
(c) M.V, Diudea, in: M.V, Diudea (Ed.), Nanostructures, Novel Architecture,
NOVA, 2005, pp. 111-126.
[18] (a) H. Shen, Mol. Phys. 105 (17-18) (2007) 2405;
(b) A.A. Taherpour, Fulleren. Nanotube Carbon Nanostruct, 17 (2009), in press.
[19] (a) K. Kimura, N. Ikeda, Y. Maruyama, T. Okazaki, H. Shinohara, S. Bandow, S.
lijima, Chem. Phys. Lett. 379 (2003} 340;
(b) B.W. Smith, M. Monthioux, D.E. Luzzi, Nature 396 (1998) 3239;
(c) T. Miyake, S. Saito, Solid State Commun. 125 (2003) 201;
(d} M. Zhang, M. Yudasaka, S. Bandow, S. lijima, Chem. Phys. Lett. 369 (2003)
680.
[20] (a) L. Kavan, L. Dunsch, H. Kataura, Carbon 42 (2004) 1011;
(b) B.S. Sherigara, W. Kutner, F. D'Souza, Electroanalysis 15 (2003) 753.
[21] R.E. Haufler, ]. Conceicao, L.P.F. Chibante, Y. Chai, N.E. Byrne, S. Flanagan, et al.,
J. Phys. Chem. 94 (1990) 8634.
[22] Q. Xie, E. Perez-Codero, L. Echegoyen, J. Am. Chem. Soc. 114 (1992) 3978.
[23] C. Jehoulet, Y.O. Obeng, Y.T. Kim, F. Zhou, AJ. Bard, J. Am. Chem. Soc. 114
(1992) 4237.
[24] P. Janda, T. Krieg, L. Dunsch, Adv. Mater. 17 (1998) 1434,
[25] A. Touzik, H. Hermann, P. Janda, L. Dunsch, K. Wetzig, Europhys. Lett. 60 (2002)
411.
[26] S. Bandow, M. Takizawa, H. Kato, T. Okazaki, H. Shinohara, S. lijima, Chem.
Phys. Lett. 347 (2001) 23.
[27] (a) A.A. Taherpour, Fulleren. Nanotube Carbon Nanostruct. 16 (2008) 196;
(b) A.A. Taherpour, Fulleren. Nanotube Carbon Nanostruct. 15 (2007) 279.
[28] A.A. Taherpour, F. Shafiei, J. Mol. Struct. Theochem. 726 (2005) 183.
[29] P.]. Hansen, P. Jurs, |. Chem. Edu. 65 (1988) 574. and the literature cited
therein.
[30] H. Hosoya, Bull. Chem. Soc. Jpn. 44 (1971) 2332,
[31] M. Randi¢, Acta Chim. Slov. 45 (1998) 239.
[32] G. Riicker, C. Riicker, J. Chem. Inf. Comput. Sci. 39 (1999) 788.
[33] H. Wiener, ]. Am. Chem. Soc. (1947) 17.
[34] Y.P. Du, Y.Z. Liang, B.Y. Li, C]J. Xu, J. Chem. Inf. Comput. Sci. 42 (2002) 1128,
[35] M. Randi¢, J. Am. Chem. Soc. 97 (1975) 6609.
[36] S.D. Bolboaca, L. Jantschi, Int. J. Mol. Sci. 8 (2007) 335.
[37] Z. Slanina, F. Uhlik, S.L. Lee, E. Osawa, MATCH Commun. Math. Comput. Chem.
44 (2001) 335,
[38] A.A. Taherpour, Aus. J. Ed. Chem. 65 (2005) 37.
[39] D. Rehm, A. Weller, Isr. J. Chem. 8 (1970) 259.
[40] Cite of: International Union of Pure and Applied Chemistry.htm, Pure Appl.
Chem. 71 (10) (1999) 1919.
[41] LY. Hang, RA. Friesner, J. Phys. Chem. 99 (1995) 16479.
[42] LA. Topol et al., Protein Sci. 10 (7) (2001) 1434,
[43] AD. Becke, J. Chem. Phys. 98 (1993) 5648.
[44] K. Raghavachari, Theor. Chem. Acc. 103 (2000) 361.
[45] (a} ]. Muscat, A. Wander, N.M. Harrison, Chem. Phys. Lett. 342 (2001) 397;
(b) J.K. Perry, J. Tahir-Kheli, W.A. Goddard, Phys. Rev. B 65 (2002) 144501;
(¢) K.N. Kudin, G.E. Scuseria, R.L. Martin, Phys. Rev. Lett. 89 (2002) 266402.
[46] L.E. Brus, . Chem. Phys. 79 (1983) 5566.
[47] G. Makov, A. Nitzan, L.E. Brus, J. Chem. Phys. 88 (1988) 5076.
[48] (a) Y. Murata, K. Motoyama, K. Komatsu, Tetrahedron 52 (14) (1996) 5077,
(b) R. Taylor, D.R.M. Walton, Nature 363 (1993) 685;
(¢) G.A. Olah, I. Bucsi, R. Aniszfeld, G.K.S. Prakash, Carbon 30 (1992)
1203;
(d) A. Hirsch, The Chemistry of the Fullerenes, Georg Thieme Verlag, Suttgart,
1994;
(e} See also P.D.W. Boyd, P. Bhyrappa, P. Paul, J. Stinchcombe, R.D. Bolskar, Y.
Sun, CA. Reed, ]J. Am. Chem. Soc. 117 (1995} 2907. and the literature cited
therein.
[49] T. Suzuki et al,, Tetrahedron 52 (14) (1996) 4973.



