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Abstract

In this study, quantum mechanical calculations, such as density functional theory (DFT), have been employed to determine
the active positions of nanosensor and thermodynamics functions of interaction between Ag* and nanosensor have been
calculated. HOMO and LUMO energies and energy difference between donor atoms (i) and acceptor atoms (j) have been
evaluated. In addition, the effect of the number of substitution agents on the reactivity of the functional carbon nanotubes
and the charge on the interacting atoms and Ag* before and after interaction have been investigated. The geometry optimi-
zation and theoretical calculations have been carried out using B3LYP level of theory. Results show that the interaction of
Ag* with nanosensor is in terms of thermodynamically possible. The negative values of AG° denote a spontaneous reaction
and the negative values of AH® represent an exothermic reaction. In addition, the nanosensor has two active positions and
the product obtained through the interaction between Ag" and oxygen of the carbonyl group is the most stable state. The
interaction of Ag" with the nanosensor is accompanied by a reduction in the energy gap (E,) which increases the stability
of the complex, causes indicating that a charge transfer occurred between the nanosensor and Ag™.

Keywords DFT - SWCNT-CONH-(CH,)¢{NH, - Carbonyl group - Carbon nanotubes - Nanosensor

Introduction carbon nanomaterials, including fullerenes, carbon nano-

tubes (CNTs), and graphene, as energy materials, and

The silver ions can leak into industrial wastewater due to
the corrosion of tubes and the inner surfaces of generators.
SWCNT-CONH-(CH,)¢NH, is a good absorbent for silver
cations. Based on the library research, 1,6-diaminohexane
“NH,(CH,)¢NH,”, has been used to design a nanosensor for
the first time.

Over the past 25 years or so, therefore, considerable
efforts have been made to utilize the unique properties of
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tremendous progress has been made in developing high-
performance energy conversion [1]. CNTs have long been
recognized as the stiffest and strongest man-made material
to date. In addition, their high electrical conductivity has
aroused interest in the area of electrical appliances and
communication-related applications [2, 3]. The strength
and flexibility of CNTs have made them applicable to the
other nanometric structures [4]. One of the ways to study
the features of CNTs is simulation. Many of these simula-
tions can be done through computer software or program-
ming languages [5]. On the other hand, not all existing
calculation methods are suitable for the study of a mol-
ecule, and appropriate calculation methods have to be used
to investigate each molecule [6]. The first multi-walled
carbon nanotube (MWCNT) and single-walled carbon
nanotube (SWCNT) were built by Iijima [7] in 1991 and
Donald Bethune [8] in 1993, respectively. Their discover-
ies were simultaneous with none of them knowing about
the other’s work. When used as fillers, CNTs enable the
fabrication of composites with unmatched multi-functional
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Fig.1 Single-walled carbon nanotube (SWCNT) (a), Carboxylated
carbon nanotube (SWCNT-COOH) (b), 1-6 diamino hexane (c)

characteristics because of their distinctive structural and
transport properties, such as excellent strength, modulus,
electrical and thermal conductivities along with low den-
sity. CNTs of different forms, geometries and function-
alities can be exploited. In fact, depending on prepara-
tion method and processing conditions, single-wall (SW),
double-wall (DW) or multi-wall (MW) CNTs of various
lengths, diameters (and, hence, aspect ratio) and chiral-
ity can be incorporated. This is while suitable chemical
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Fig.2 The optimized structure of arm-chair carbon nanotube (2, 2)
with one substitution agent (a) and two substitution agents (b) in the
gaseous environment

or physical treatments may lead to different surface mor-
phologies, which, in turn, may improve their dispersion
and adhesion in the polymeric matrix [9]. The reactivity of
CNTs depends on the unbalance of the orbital & of the car-
bon atoms that is caused by superficial curvature. There-
fore, less-diameter nanotubes are more reactive [10, 11].
Adding amine groups to lateral walls of CNTs increases
the solubility of the nanotubes in water which has potential
biological applications [12]. Also, given ratios on the con-
vex surfaces of CNTs, the functionalization of CNTs by
combining different reactive groups such as -OH, -NH,,
—COOH and —Br has many applications in different fields.
CNTs were first introduced by Britto et al. [13] for use
in electrochemistry due to their small size and conduc-
tivity. They considered the smallest possible electrodes
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Table 1 The number of non-bonding electron orbitals associated with
the nanostructure in the NBO method

NBO Occupancy Energy
LP (1) 025 1.97 —0.66
LP (2) 025 1.88 -0.23
LP (1) N27 1.68 -0.25
LP (1) N 44 1.95 -0.25

with diameters less than 1 nm [14, 15]. These compounds
enable nanosensors to measure silver ions. The surface of
SWCNT is oxidized more in comparison with MWCNT,
and it is more negatively charged. This behavior leads to
higher electrostatic absorption for SWCNT to absorb the
positively charged ions [16, 17].

Fig.3 The molecular electro-
static potential (MEP) chart
(transparent) (a) and (mesh) (b)
for the nanosensor

In this study, we used SWCNT-COOH [18, 19] and
“NH,(CH,)¢NH,” to simulate the nanosensor. This
nanosensor can be used for the measurement of Ag*
and the treatment of water and wastewater. The studied
nanosensor consists of one oxygen atom and two nitrogen
atoms. However, molecular electrostatic potential (MEP)
chart shows that there are two active sites for the inter-
action of silver cations with nanosensor. The lone pairs
on these two atoms can interact with Ag®. Therefore,
we examined these two atoms as the active points of the
nanosensor. This research investigates the type of atoms
in nanosensor (SWCNT-CONH-(CH,)sNH,) interacting
with Ag?, the thermodynamics functions such as change
in the standard Gibbs free energy (AG°) and change in
the standard enthalpy energy (AH®) of these interactions,
charge-transfer transition energy (E(2)), electron density,
the highest occupied molecular orbital (HOMO) and the
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Fig.4 Two active positions of the nanosensor

Table 2 The formation energy of the interacting systems of Agt with
each of the active positions of nanostructure in the gaseous environ-
ment

Interaction  Interacting Ag" with the active posi-  Forma-
environ- tions tion energy
ment (kcal mol™")
Gaseous Oxygen of carbonyl group (atom —765.230x 103

number 1)

Nitrogen of amine group (atom —765.229% 103

number 2)

lowest unoccupied molecular orbital (LUMO) energies,
and the effect of the number of substitution agents on
nanosensor reactivity in a gaseous environment. Analyz-
ing the natural bond orbital is done through examining
the NBO [20]. NBOs are natural bonds with maximum
electron density [21, 22].

Methods

In this paper, theoretical calculations were performed using
the Lee—Yang—Parr correlation functional (B3LYP) level
of theory, DFT and LanL.2DZ basis set. All frequency cal-
culations include thermochemical analysis of the system.
By default, this analysis is carried out at 298.15 K and 1
atmosphere of pressure with the Gaussian 03w’s sanction
[23] in the gaseous environment. Nanotube modeler [24]
and Gauss View 5.0 [25] graphical software were used
to model nanotubes and interact with the structures [26],

* @ Springer

Fig.5 The optimal structure of the interaction of Ag" with the oxy-
gen atom of the carbonyl group (a), the nitrogen atom of the amine
group (b) and lack of interaction between the Ag* and the nitrogen
atom of the amide group related to the nanosensor (c¢) in the gaseous
environment

respectively. The density of state (DOS) diagrams were
plotted by GaussSum v3.0 [27] software. Considering that
arm-chair single-walled carbon nanotubes are more conduc-
tive than the zig-zag [28] and chiral nanotubes, arm-chair
SWCNT, were employed in this part of the study. The nano-
structure used in this study is N-(6-aminohexyl) carboxam-
ide, SWCNT-CONH-(CH,)sNH,.
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SWCNT-CO-NH-(CH,)¢-NH,

Generation of nanosensor

Nanosensor is produced by the reaction of 1,6-diaminohex-
ane “NH,(CH,)NH,” and the carboxylated single-walled
carbon nanotube (SWCNT-COOH) according to the Eq. 1.

SWCNT-COOH + NH,(CH,)sNH,

— SWCNT-CO-NH(CH,),NH, + H,0 M

The optimization of the nanostructure

The initial structure for the optimization nanostructure is
a model of SWCNT, drawn by nanotube Modeler software
(Fig. 1a), and then, modeled by Gauss View 5.0 software.
To design an interacting complex, we chose SWCNT-COOH
(Fig. 1b) and “NH,(CH,)(NH,” (Fig. l1c) was added to a
carboxylic agent in the next step. It was then optimized at
B3LYP/LanL.2DZ level of theory. The formation energy for
the optimized system is calculated in Hartree, which is con-
verted into kcal mol™' [29]; each Hartree is 627.5095 kcal
per mol.

Results and discussion

Effect of the number of substitution agents
on the reactivity of nanostructure

The nanostructure (SWCNT-CONH-(CH,)¢NH,) is pro-
duced by the reaction between 1,6-diaminohexane and
SWCNT-COOH. To investigate the effect of the num-
ber of substitution agents on the reactivity, the stability of
two nanostructures with arm-chair single-walled carbon
nanotubes of equal carbon atoms (16 carbon atoms) and
different number of substitution agents was compared. The
formation energy for the nanostructure with one substitu-
tion agent (Fig. 2a) was —673.88 x 10° kcal mol™!, and the
corresponding value for the nanostructure with two sub-
stitution agents (Fig. 2b) was —987.11 x 10° kcal mol ™.
Therefore, as the number of substrate factors on CNTyg

increases, they become more stable and the resulting reac-
tivity decreases. This is because of the space obstruction
that makes the nanostructure stable against the reaction.

The active positions of the nanostructure

We can analyze the amount of occupancy in single bonds,
double bonds, and delocalized electron pairs using the nat-
ural bond orbital (NBO) method. NBO command is per-
formed on the final output file of the optimized molecule.
Lone pair (LP) is the electron with a non-bonding pair [30,
31]. Table 1 shows the oxygen of carbonyl group (oxygen no.
25) with two lone pairs, nitrogen atoms in the amide group
(nitrogen no. 27) and amine group (nitrogen no. 44), with
one lone pair each (Fig. 2a). To calculate the active positions
of the nanosensor, the chk extension file was opened with the
Gauss View 5.0 software after optimizing the nanostructure.
Surfaces/contours were selected from the results menu, and
the molecular electrostatic potential (MEP) chart was plot-
ted for the nanostructure (Fig. 3a, b). Different amounts of
electrostatic potential are shown in various colors. Negative
electrostatic potential (for an electrophylic attack in red)
shows a region where the electron density is high. Positive
electrostatic potential (for a nucleophilic attack in blue)
shows a region where the electron density is low [32-35].
Figure 3a, b show that two active sites can be considered
for the interaction of silver cations with SWCNT-CONH-
(CH,)¢NH,. Atom number 1 is oxygen of carbonyl group
and atom number 2 is nitrogen of amine group (Fig. 4). Sil-
ver ions were arranged near the mentioned active sites, at
identical distances from positions 1 and 2 and then, these
structures were optimized individually in the gaseous envi-
ronment. The energy for the interaction of Ag* with each of
the active positions of nanostructure was then calculated.
The optimization results of the nanostructure—silver ion
system are presented in Table 2. The table shows that the
product obtained from the interaction of silver cation with
the oxygen of the carbonyl group (Fig. 5a) (less formation
energy) is the most stable state and the one obtained from
the interaction of Ag" with the nitrogen of the amine group
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Fig.6 The charges on the oxy-
gen of the carbonyl group and
nitrogen of the amine group,
before interaction with Ag*

(a), the charges on Ag™ after
interaction with the oxygen of
the carbonyl group (b) and after
interaction with the nitrogen of
the amine group (c), in the gase-
ous environment
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Table 4 Changes in the charge of Ag* and interacting atoms before and after the interaction

Atom The charge before the The charge after the interaction of Ag* The charge after the interaction
interaction with the carbonyl oxygen of Ag* with the amine nitrogen

Ag* + 1.000 +0.676 +0.557

Oxygen of the carbonyl group —-0.307 —-0.461 —-0.299

Nitrogen of the amine group —0.595 —0.601 —0.685

Fig.7 Distance between Ag" and the oxygen of the carbonyl group
(a) distance between silver cation and nitrogen of the amine group (b)

(Fig. 5b) (more formation energy) is the most unstable due
to the steric hindrance. Due to the fact that the oxygen is
more electronegative compared to the nitrogen atom, and the
number of non-bonded electrons pairs on the oxygen atom of
the carbonyl group is higher than that of the amine nitrogen
atom, the oxygen of the carbonyl group is more reactive rela-
tive to the nitrogen of the amine group. Figure Sa, b show
the most stable and unstable interactions of silver cations
with nanostructure in the gaseous environment. Figure 5c
demonstrates that there is no interaction between Ag* and
the nitrogen atom of the amide group related to the nanosen-
sor in the gaseous environment.

Formation energy calculation for Ag*/nanosensor
system

To calculate the formation energy of Ag*/nanosensor com-
plex, the interacting complexes were modeled through
locating Ag™ at a certain distance from the oxygen of the
carbonyl group and the nitrogen of the amine (Fig. 5a, b) of
nanosensor in Gauss View 5.0 software and then optimized
using B3LYP method. The output file shows the formation
energy of complex (Ag*—SWCNT-CO-NH-(CH,),NH,) in
Hartree (Table 2).

Table 5 The length of some of Parameters Bond length (A) Parameters Bond length (;A) Parameters Bond length (1&)
the bands in the interaction of
Ag" and nanosensor interacting 27 1.367685 C9-C4 1.504718 C24-N24 1.343456
systems (Fig. Sa) atthe BLYP 15 5 363090 C5-C4 1384189 HI8-C7 1090633
level of theory
C1-C16 1.387147 C5-C3 1.505328 H17-C3 1.085201
C5-Cl 1.544393 C14-C3 1.362901 C14-H23 1.085169
C11-C6 1.384628 C9-C8 1.362720
C2-Cl 1.507372 C24-025 1301306
C15-C10 1385196 025-Agd9  2.130746

Table 6 The thermodynamics functions of the interaction of Ag* and nanosensor interacting systems at the B3LYP level of theory (at the tem-
perature of 298.15 K, the pressure of 1 atm and in the gaseous environment)

The type of interacting silver cation with two AG® (kcal mol™) AH° (kcal mol™") AS°

active positions (cal mol™' K1)
The oxygen of carbonyl group —50.04 —58.01 —26.74

The nitrogen of the amine group —47.47 —-57.00 -31.97
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The charge-transfer energy (E(2))

After performing NBO analysis on the optimized structures
resulting from Ag™" interaction with the active points of nano-
structure, the amount of charge-transfer energy (£(2)) between
electron donor and electron acceptor, energy difference
between donor atoms (i) and acceptor atoms () ((Ej—Ei)), and
the interaction energy between two bonds (F},i) can be meas-
ured. Table 3 only shows the results of the interaction between
nanosensor active sites and Ag™. Intramolecular interactions
are ignored due to the size of the nanosensor. High tempera-
tures as well as positive particles lead to electrical conduc-
tion in semiconductors. The transfer of electrons from valance
level of the oxygen atom of carbonyl group and amine nitrogen
atoms to valance level of Ag* creates the cavity in valance
level of the oxygen atom and nitrogen atoms, and also causes
the electrons transition in valance level of the oxygen and
the nitrogen atoms (in the same strip). This creates electrical
conductivity. Electrons transfer is done from the delocalized
oxygen lone pairs to the unoccupied orbital of the silver cation
(LP (2) O 25— LP* (6) Ag 49 and LP (1) O 25)— LP* (6)
Ag 49), for which the stabilization energy is 28.58 kcal mol ™.
Electrons transfer are done from the delocalized nitrogen lone
pair of amine nitrogen atom to the unoccupied orbital of silver
cation ((LP (1) N 44) — LP* (6) Ag 49) with the charge-trans-
fer energy of 30.96 kcal.mol ™. It is worth mentioning that the
energy difference between the donor—acceptor atoms in a bond
of (Ej—Ei) is calculated based on the atomic unit (a.u) system
(each 1 a.u. of energy is 627.509 kcal mol™). Electrons trans-
fer are done from the delocalized oxygen atom lone pair and
the delocalized pairs of amine nitrogen atom to the unoccupied
orbital of the silver cation and the energy is used to transfer
electrons. Since the number of non-bonded electrons pairs on
the oxygen atom of the carbonyl group is higher than that of
the amine nitrogen atom, it has more potential energy than
the nitrogen atom in the amine group. The energy difference
between Ag™ (acceptor) and the oxygen atom (donor) (Ej—Ei)
is the most and the energy difference between the amine nitro-
gen (donor) and Ag™® (acceptor) is the least. Therefore, less

energy is used to transfer non-bonded electrons pairs on the
oxygen atom of the carbonyl group to Ag* (less E(2)) than the
nitrogen atom in the amine group. In Table 3, intermolecular
interactions have been ignored.

Charge distribution and distance between the silver
cation and interacting atoms

The charges on the oxygen atom of the carbonyl group and
the nitrogen of the amine group, before the interaction with
Ag* (Fig. 6a), and the charge on the silver cation after the
interaction with each of the active positions of the nano-
structure were measured (Fig. 6b, ¢). The results presented
in Table 4 show that the positive charge on Ag™ decreased in
both interacting systems. Therefore, the interaction between
the silver cation and each of the active nanostructures was
completed. The electrons flow from electronegative atoms
to the cation. The positive charge of Ag* after interacting
with the oxygen of the carbonyl group is greater than that
of the interaction with the other active position (Fig. 5a, b).
Therefore, the electron cloud density surrounding the Ag*
that interacts with the oxygen atom decreased, and so its
volume subsequently. As a result, the distance between the
silver atom and oxygen atom of the carbonyl group becomes
shorter and its stability is increased. Therefore, the inter-
action between Ag*t and the oxygen atom of the carbonyl
group is the most stable interaction. Comparison of interac-
tion distance between silver ion and the oxygen of the car-
bonyl group (2.13075 A) with the corresponding value for
the interaction of Ag* with the nitrogen of the amine group
(2.23011 A) shows that the interaction of Ag* with the oxy-
gen of carbonyl group is the most stable interaction (Fig. 7a,
b). The results of calculations of atoms in molecule (AIM)
of Ag*/nanosensor system show that the distance between
some of the atoms of Fig. 5a is in accordance with Table 5.

Table 7 HOMO and LUMO Structures Enowo (keal) | Epuwo (keal) E, (keal)

energies and the gap energies

(E,) of the nanostructure SWCNT-CO-NH- [ -0.8319x 107 | -0.2117 x 107 | 0.6202 x 107>

(SWCNT-CO-NH-(CH,)¢NH,) (CH,)¢NH,

and Ag"—SWCNT-CO-NH- Ag' —2.4275x 107 | - 1.4484 x 107 | 0.9791 x 107>

(CHy)eNH, *Ag ~1.0725x 107 | = 1.0095 x 107 | 0.0630 x 107>
(@]

1
SWCNT-C-NH-(CH,)¢-NH,

SWCNT-CO-NH-(CH,)¢-NH,

Ag' -1.1169 x 107%

—1.0311 x 1072 | 0.0858 x 107

* @ Springer
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Fig.8 The density of state (DOS) diagrams for the nanosensor (a),
the product obtained from the interaction of Ag" with the oxygen of
carbonyl group (b) and the product obtained from the interaction of
Ag™" with nitrogen of amine group the interaction (c)

a b

Fig.9 HOMO (a) and LUMO (b) orbitals of Ag*

Calculation of thermodynamics functions
for the interaction of Ag* with nanosensor

To evaluate the thermodynamic functions including Gibbs
free energy change, enthalpy and entropy for the interaction
of silver cations with nanostructures, vibrational frequency
calculations were carried out following a geometric opti-
mization of the fragments, Ag"™ and nanosensor, and their
interacting systems at B3LYP/LanL.2DZ level of theory. We
can obtain the thermodynamic functions related to the inter-
action of Ag* with nanosensor using the relationships (2),
(3) and (4), and the output of thermochemistry [23].

AH®(298.15 K) = Z(eg+ Hcorr)producls — 2 (g +H,

orr)reactants

(@)
AG®(298.15 K) = (& + Geor)produets ~ = (€0 + Goorrdreactants
(©)
AS°(298.15 K) = Z(9);roducts — = S)reactants (4)

In this part of the research, there is a schematic of a nano-
structure in which the arm-chair SWCNT; (2, 2) with 16
carbon atoms has been explored. The thermodynamic func-
tions related to the interaction of Ag" with two active posi-
tions of nanosensor (Fig. 4) in the gaseous environment are
presented in Table 6. In the Gaussian 03w’s sanction output
file, the quantities for thermodynamics energies are obtained
in terms of Hartree. The result of this Table 6 shows that
the interaction of Ag* with two positions SWCNT-CO-NH-
(CH,)¢NH, is thermodynamically possible. The negative
values of AH° show that the reaction is exothermic. In addi-
tion, thermodynamic calculations show that the interaction
of Ag" with the oxygen atom of the carbonyl group in the
gaseous environment is thermodynamically more favora-
ble. In addition, the negative change in the standard entropy
(AS°®) is scientifically justified.

Energy levels of HOMO and LUMO

The energy gap is an important parameter to determine the
amount of electron transfer. After optimization procedure,
the energy of the HOMO and LUMO can be extracted. The
energy gap is obtained by subtracting the energy values of
HOMO and LUMO [36-38].

(Energy gap=LUMO — HOMO). The results for HOMO
and LUMO energy values related to Ag™, nanosensor, and
their interacting systems are presented in Table 7. The energy
gap between the HOMO of nanosensor (—0.8319x 10723
kcal) and LUMO of the silver cation (— 1.4484 x 10723 kcal)
is low (0.6165 x 10723 kcal) and this quantity proves the
interaction between nanosensor and Ag™. The energy gap
in the interaction of the silver cation with the oxygen of car-
bonyl group (0.0630x 1072 kcal) is lower than the energy

% @ Springer



48

Journal of Nanostructure in Chemistry (2019) 9:39-51

Fig. 10 HOMO (a) and LUMO
(b) orbitals of SWCNT-CO-
NH-(CH,), NH,

gap in the interaction of the Ag™ with the amine nitrogen
(0.0858 x 107 kcal).

The electron density of state diagrams for the nanosensor
and the Ag*/nanosensor system has been plotted by Gauss-
Sum v3.0 package (Fig. 8a—c). In these diagrams, HOMO is
green and LUMO is red. In addition, the energy gap, which
is the distance between the last green line and the first red
line, is indicated in this graph. The DOS diagrams show
that the energy gap in the interaction of the Ag* with Ag*/
nanosensor system is lower than that of the nanosensor. It
can be concluded that after the interaction of the Ag" with
the nanosensor, the electron properties and conductivity
of the nanosensor are affected according to the following
relationship:

NE 5)

Here, o is the electrical conductivity and & is Boltzmann’s
constant. According to this equation, less E, values at a given
temperature will result in greater electrical conductivity.
Generally, the electron density of state diagram represents
the analysis of the electron population in each orbital and
it also represents a molecular orbital arrangement in a spe-
cific energy range. The level of Fermi energy is considered

@ Springer

zero. In Fig. 8a, which indicates the electron density of state
diagram for the nanosensor, the electron density between
HOMO (the last green line) and LUMO (the first red line) is
zero, and the energy gap (the distance between the last green
line and the first red line) is the highest. Because there is no
interaction between the nanosensor and Ag™, the electron is
not exchanged between the nanosensor and the silver cation.
However, in Fig. 8b, ¢ which indicate the electron density
of state diagrams for Ag*/nanosensor system, the distance
between the last green line and the first red line decreased
more than the amount in Fig. 8a and the electron density is
not zero. Figure 8c has the least energy gap and the high-
est electron density please see the distance between the last
green line and the first red line (Eg) and above the distance
between the last green line and the first red line (the elec-
tron density in the Fig. 8a—c). Therefore, the interaction of
Ag* with the oxygen of the carbonyl group is more stable.
Figures 9, 10, 11 and 12 show the orbitals of HOMO and
LOMO of silver cation, nanosensor and interaction products.
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Fig. 11 HOMO (a) and LUMO
(b) orbitals of the interaction
of Ag" and oxygen of carbonyl
group interacting system

Conclusion

The SWCNT-CONH-(CH,)¢NH, is produced by the reac-
tion of “NH,(CH,)¢NH,” and SWCNT-COOH. Calculations
of DFT are carried out on nanosensor SWCNT-CONH-
(CH,)¢NH, in interaction with Ag™ in a gaseous environ-
ment. All calculations were performed using B3LYP as
DFT functional and LanL2DZ basis set at 298.15 K and
1 atmospheric pressure in the gaseous environment. Quan-
tum mechanical calculations using density functional theory
(DFT) on the nanosensor (SWCNT-CONH-(CH,)sNH,)
show that the oxygen of carbonyl group and nitrogen of
amine group are two active sites for the interaction of sil-
ver cations with SWCNT-CONH-(CH,)sNH,. The type of
nanosensor atoms interacting with silver cation affects the
thermodynamic functions. The number of substitutions on
carbon nanotubes has an impact on their reactivity. That

is, as the number of substitutions rises, the carbon nano-
tubes become more stable, and therefore less reactive. In
Ag"—SWCNT-CO-NH-(CH,)(NH,, the energy gap (E,) has
decreased relative to SWCNT-CO-NH-(CH,),NH,. Reduc-
ing the energy gap increases the stability of the complex.
Thus, smaller E, values at a given temperature will result
in greater electrical conductivity. Decrement in the positive
charge on the silver cation after interaction indicates that
there was a charge transfer between nanosensor and Ag*.
The positive charge of Ag™ after interacting with the oxy-
gen of the carbonyl group is higher than the charge after
the interaction of the Ag" with other active position. Thus,
the electron cloud density around Ag* that interacts with
the oxygen atom decreases and so does its volume. As a
result, the interaction of Ag" with the oxygen of the carbonyl
group is the most stable interaction. The distance between
the Ag* and oxygen of the carbonyl group is lower (2.13075

@ Springer



50

Journal of Nanostructure in Chemistry (2019) 9:39-51

Fig. 12 HOMO (a) and LUMO
(b) orbitals of the Ag* and
nitrogen of amine group

A) than the distance between the silver cation and nitrogen
of the amine group (2.23011 A). Therefore, the interaction
between Ag* and oxygen of the carbonyl group is more sta-
ble. The negativeness of AG® indicates that the interaction
of Ag" with nanosensor is spontaneous. The negativeness of
AH° indicates that the interaction of Ag* with nanosensor is
exothermic. The interaction of Ag" with a functional single-
walled carbon nanotube in the gaseous phase is accompanied
by a reduction of irregularities (AS° <0). Consequently, the
SWCNT-CONH-(CH,)¢NH, is a good absorbent for silver
cations.
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