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In this study, kinetics and mechanism of the sulfur dioxide adsorption on the single-walled carbon nanotubes (CNT) are investigated.
Three single-walled carbon nanotubes, including the armchair (6,6), chiral (6,5) and zigzag (6,0) CNTs were chosen as the models and the
different orientations of SO, molecule relative to the CNT axis were considered. The B3LYP functional within the 6-31G(d) basis set was
used for the theoretical calculations. For all orientations, reaction Gibbs free energies (AG") were calculated and the transition state
structures were investigated for the spontaneous reactions. Chiral single-walled carbon nanotube (6,5) showed the least activation energy
(11.72 kcal mol™) while the armchair model showed the highest one (17.93 kcal mol™). Natural bond orbital analysis showed that the
electronic charge is transferred from CNT to sulfur dioxide. Topological analysis confirmed the C-S bond formation at the transition state.
Density of states analysis showed that Fermi level energy is increased in armchair model. The application of the external electric field
indicated that the CNTSs stability and the functionalization energies are improved. Based on the obtained data, by using the electric field, it

is possible to elevate the conductivity of CNT and the functionalization rate of SWCNT for industrial applications.
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INTRODUCTION

Since their discovery by lijima in 1991 [1], carbon
nanotubes have been of great interest. These nanomaterials
have unique properties such as high thermal conductivity,
high surface area and remarkable ratio of their surface to
volume [2,3]. Due to the surface atoms, an environmental
small change causes a large change in the electrical
properties of CNTSs [4].

Moreover, CNTs have high potential in various areas
including electronics [5,6], nanomedicine [7,8], composite
materials [9,10], biomedicine [11], nanoelectromechanical
systems [12], field-effect transistors [13,4], separation
sciences [14], sensors and actuators [15]. However, this
huge potential can redound to effective usages if CNTs are
functionalized by different groups. The functionalization
methods of CNTs are summarized into two categories
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including the covalent and non-covalent linkages.

Covalent functionalization is based on the formation of a
covalent bond between the functional groups and carbon
skeleton of CNT through the direct and indirect reactions.
Also non-covalent modifications can be classified into two
groups of endohedral filling and non-covalent surface
interactions [16].

There are many reports in the literature on the
functionalization of CNTs. For example, CNTs have been
functionalized by nitrosoalkenes (NAS) and thionitroso-
alkenes (TNAS) [17], Cr(COs) [18], acetone [19], aniline
[20], carboxyl group [21], NH, and CONH, groups [22],
polymers [23], benzene [24], phenol [25], alkylpolyglycerol
derivatives [26], thiophen [27], dimethyl phthalate [28],
NO,, CO,, O, [29], N, CH,4, NH3, H,, Ar [30], thymine and
uracil [31] for various applications.

Zhang et al. reported the sensing properties of Pt-(8,0)
CNT to some gaseous molecules such as SO, and concluded
that Pt-SWCNT is highly sensitive to SO, [32].
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Pabitra et al. studied the sensitivity of Ge-CNT against
the gaseous molecules such as SO, by ab initio methods
[33]. They found that the S atom interacts with C atoms in a
distance of 1.829 A, in accordance to the C-S bond. A
cleavage in the density of states (DOS) spectra was
interpreted by the SO, strong adsorption and finally
concluded that (6,0) Ge-CNT has a high potential for SO,
detection.

Nagar et al. investigated the adsorption of SO, molecule
using the doped (8,0) CNT with Si [29]. They found that
before Si doping, SO, is physically adsorbed on the CNT
from the S end in a distance of 2.3 A with an adsorption
energy of -0.24 eV and charge transfer value of 0.08e, while
after doping the C-S bond length, adsorption energy and
charge transfer values changed to 1.6 A, -2.58 eV and 0.45e,
respectively. These changes indicated a chemical bond
formation and increase in the conductivity of nanotube.

SWCNT is known as a chemical sensor for the detection
of the gaseous molecules such as SO,. Although the
experimental studies have been performed on the adsorption
of SO, on SWCNTs, based on our knowledge, the
mechanism and kinetics of this reaction is still unknown
[34,35].

Applying the electric field is an effective method for the
correction of low dimension. For example, Peter and his
colleagues showed that one H, molecule can automatically
be separated and adsorbed on the N-doped graphene in the
presence of an electric field [36]. The dissociative
adsorption energy barrier of an H, molecule on a pure
graphene layer reduced from 2.7 eV to 2.5 eV on the
N-doped graphene and to 0.88 eV on the N-doped graphene
under the electric field of 0.005 (a.u.), and when a high
electric field of 0.01 a.u. was applied, the reaction barrier
disappeared.

Sun and coworkers demonstrated that an electric field
can improve the hydrogen storage capacity on the BN layers
[37]. Alfieri and coworkers found an interesting
phenomenon in which the energy gap of SiCNT can be
considerably manipulated by applying a transverse electric
field [38]. In addition, Zhang et al. studied the effect of the
electric field on the adsorption of SO, molecule on (5,5)
SICNT [39]. They found that SO, can be chemically
adsorbed on the Si-C bonds under the electric field within a
reduction in the energy gap.
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There is a problem in the past thermodynamic studies
that tried to problem opening from the view of simplifying
the bond forming of sulfur with surface, however, recent
studies of our research group on SO, in the gas phase
indicate that the formation of the heterocyclic compounds
proceeds through a cheletropic reaction [40]. Therefore,
this research intends to look at this problem from the
mechanism viewpoint, using the quantum chemistry
methods. In this study, different adsorption sites on
SWCNTs, the nature of interactions, electric field effect on
the adsorption and some probable correlations between the
reactivity indices and activation energy are analyzed and
discussed.

COMPUTATIONAL DETAILS

In this study, the interaction of sulfur dioxide and
SWCNT, including (6,6), (6,5) and (6,0) models (Figs. S1-
S3), is investigated in the gas phase. Different situations,
inside, outside and nanotubes edges, were considered by
using the density functional theory (DFT) method, B3LYP
hybrid functional and 6-31G(d) basis set. All calculations
were performed with the Gaussian 09 software [41].
SWCNT functionalization reaction by sulfur dioxide is
shown in Eq. (1).

SWCNT-H, + SO, ——» SWCNT-SO, + Hy g +
Energy @

In this equation, carbon atoms on the edges are H-
capped. Gaussview 05 [42] and nanotube modeler [43]
softwares were used for drawing the structures. The effect
of different orientations of the SO, molecule on the
nanotube external surface was also considered during the
adsorption process (Fig. 1). Figure 1, A shows the parallel
situation of SO, relative to the SWCNT axis. B and C show
the vertical orientation of SO, through the S and O atoms,
respectively. In the case of D, however, there is a specific
orientation through which only one oxygen atom can
properly interact with SWCNT.

In all cases, harmonic vibrational frequency calculations
were carried out to verify the nature of the stationary points
along the reaction. The absorption energies were obtained
according to Eq. (2),
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Fig. 1. Different orientations of sulfur dioxide molecule relative to the carbon nanotubes axis.

AEads: ESOZ@nanotube - (Enanotube + ESOZ) (2)

where, Esoz@nanotube 1S the energy of functionalized
nanotube and E,.owbe and Egg, are the isolated nanotube and
SO, energies, respectively.

To gain insight into the reaction mechanism and
activation energy, synchronous-transit guided of quasi-
Newton (STQN) method is applied. The obtained structures
of the transition states (TSs) are examined by intrinsic
reaction coordinate (IRC) method and the corresponding
one imaginary vibrational frequency. Since the global
electron density transfer (GEDT) is a key factor in the TS
energetic, quantum theory of atoms in molecules (QTAM)
is used. The stability of the TS is investigated by the natural
bond orbital (NBO) method. Quantum reactivity indices,
including the electronic chemical hardness (n), electronic
chemical potential (u), electrophilicity (o) and charge
transfer (AN), are calculated according to the Koopmans
method [44]. Finally, the effect of electric field on the
adsorption process is studied. To do so, the reactants,
transition state structures and products are exposed to the
electric field strength of 0.001 a.u., equivalent to a field of
1.2 Tesla, at the B3LYP/6-31G(d) level of theory. Then,
calculated AE and AE’, as the single point energy changes
of the reaction and activation, respectively, are analyzed.

RESULTS AND DISCUSSION

After optimizing the structures, the absorption energies
of SO, molecules on the SWCNTS, for the structures of a-f,
are reported in Table 1. Figures 2 and 3 show the final
optimized structures of the products inside and at the edge
of CNT, respectively. Based on the results, the maximum
energy of adsorption is related to d structure.

Thermodynamic and Kinetic Parameters
Thermodynamic parameters for the functionalization of
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SWCNTs at the edge site are calculated and reported in
Table 2. It should be noted that in other situations, the
calculated Gibbs free energies are positive (AG > 0),
therefore, they are excluded in the next steps of kinetic
studies.

According to this table, all reactions are spontaneous,
exothermic and functionalization by chiral SWCNT is more
favorable than other models, thermodynamically.

For investigation of the kinetic aspects of this
functionalization and awareness of the nature of transition
states, STQN procedure is applied [45]. Figure 4 shows the
optimized structures of the obtained TSs for the three
models.

Calculated imaginary vibrational frequencies of the TSs
for (6,6), (6,5) and (6,0) SWCNTs, are 284.7, 262.9 and
103.5 i cm™, respectively, indicating a first-order saddle
point on the reaction coordinate.

Geometric parameters of the transition states are given
in Tables S1 to S3. According to these tables, fundamental
geometrical changes concern to the C-S bonds. Mean value
of 1.8 A for the C-S bond length in the products shows its
covalence nature. Comparing the bond length changes
during the functionalization shows that C-S bond formation
could be a driving force for the reaction. Activation and
kinetic parameters are calculated and reported in Table 3.

Based on the activation energies, the functionalization of
the chiral SWCNT is faster than that of other models, by an
energy difference of about 6.0 kcal mol™. Theoretical trend
in the rate of the functionalization reaction is in accordance
with: (6,5) > (6,0) > (6,6).

Negative activation entropy shows that five-member
ring formation at the SWCNT edge reduces the degrees of
freedom at the TS in line with the cycloaddition reactions.
The reaction progress is shown by the potential energy
diagram in Fig. 5. As indicated in this figure, all of the
studied reactions are spontaneous and chiral SWCNT has
the least activation Gibbs free energy.
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Table 1. Calculated Adsorption Energies (kcal mol™) of SO, on the SWCNTs for

the Structures of a-f

a b c d e f
(6,6)CNT -2.5 30.1 30.1 -2.4 65.6 -1.8
(6,5)CNT -1.9 52.2 68.9 -3.1 68.9 2.8
(6,0)CNT 3.4 -1.9 34  -109 1.7 15.3

#a-f structures are show in Fig. S4.

Fig. 2. Optimized functionalized nanotubes from the inside by using B3LYP/6-31G(d), 1) (6,6) CNT, 2)
(6,5) CNT, 3) (6,0) CNT, (a) side view, (b) front view.

NBO ANALYSIS

NBO analysis is carried out to determine the donor-
acceptor interactions during the functionalization process by
using the second-order perturbation stabilization energies,
E(2). The most important interactions at the TSs are
reported in Table 4. As seen in this table, the sum of lone
pair (Lp) interactions at the TS (6,6), TS (6,5) and TS (6,0)
are 81.4, 115.4 and 90.0 kcal mol™, respectively.

E(2) values of the reactants indicate the resonance
effects of the aromatic rings around the reaction center. The
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corresponding E(2) values at the TS indicate the effective
electron transfer at the TS and the proper interaction of
sulfur, oxygen and carbon atoms. Based on the NBO
analysis and the obtained activation energy data of all
studied models, a linear correlation between the activation
energy and the sum of the stabilization energies at the TSs is
proposed and shown in Fig. 6.

QTAIM ANALYSIS

To obtain some information on the nature of the C-S
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Table 3. Thermodynamic Parameters for the Functionalization of SWCNT

at the Edge Site
CNT (6,6) (6,5) (6,0)
AG (kcal mol™) -80.1 -85.6 -17.4
AH (kcal mol™) -93.8 -100.5 -29.2
AS (cal mol™ K™ -45.9 -49.9 -39.6

C

Fig. 3. Optimized structures of the functionalized SWCNT by SO, at the edge (a) (6,6) CNT, (b) (6,5) CNT,
(c) (6,0) CNT.

Table 3. Kinetic Parameters of the Functionalization Reaction of SWCNTSs at 298 K

Parameter CNT (6,6) CNT (6,5) CNT (6,0)
AG” (kcal mol™) 30.8 25.6 29.9
AH? (kcal mol™) 16.7 10.5 15.8
AS” (cal mol™ K™?) -47.2 -50.6 -47.4
Ea (kcal mol™) 17.9 11.7 17.0
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Fig. 4. Optimized structures of the TSs, (a) (6,6) CNT, (b) (6,5) CNT, (c) (6,0) CNT.
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Fig. 5. Potential energy diagram of the SWCNT functionalization reaction by sulfur dioxide.
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Fig. 6. Linear correlation between the activation energy and sum of the stabilization energy at the TSs.

bond formation between the carbon nanotubes and sulfur
dioxide, topological parameters such as electron density,
p(r), Laplacian, V2p(r), Hamiltonian of the electron density,
H(r), potential energy density, V(r) and Kinetic energy
density, G(r) are calculated and reported in Table 5.

The growth of electron density of the C-S bond at the
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TSs relative to the reactant shows the bond order
enhancement during the functionalization reaction.
Different signs of V?p(r) for the C-S bonds show different
extents of bond formation at the TSs. Absolute values of the
potential energy density to the kinetic energy density ratios
are greater than one indicating the creation of a middle



Peymani et al./Phys. Chem. Res., Vol. 4, No. 4, 553-565, December 2016.

Table 4. Important Natural Bond Orbital Interactions of the Reactants and TSs in Three Models

and Their Second-Order Perturbation Stabilization Energies, E(2) in kcal mol™

(6,6) CNT@
SO,

Reactant
Tci1-c10 — T *cs.c12
Tei1-c10 — T *coo-co7
Teoo-c27 — T *co1-co8

Teas-ca2 — T *car-car

EQ2)
19.6
17.4
17.7
15.5

TS

Tc1-c10 — T *cs.c12
Tcas-car — T *cos-c35
Tcas-car — T *cao-cas
Tcas-car — T *caz-cs2
Tca0- cas — T *car-cs2
Lpsgs — G *c19-505
Lpsos — G *ca0-s05

LPog7 — 6 *cao-ses

EQ2)
41.9
16.6
13.5
21.6
14.9
29.8
34.8
16.8

(6,5) CNT@
SO,

Tc14-co5 — T *cis.c17
Tc14-co5 — T *cae.c27
Te16-c27 — T *cis.c17
Te16-c27 — T *co6-c28
Teo6-c28 — T *cas-cas
Teo6-c28 — T *car-cas

Tcas-cas — T *cas.cas

19.2
154
16.5
16.9
17.2
20.0
20.4

Lpsi07 — O *cos-s107
LPo1os — © *cos-s107
LPo1os — © *cos-s107

LPo1os — © *cos-si07

12.7
54.3
32.9
155

(6,0) CNT@
SO,

Te24-c26 — T *c23-C25
Tco4-c26 — T *cas- 39
Tcag-c3g — T *cap-car
Tcao-cs5 —> T *cas- cao
Tcao-cs5 —> T *ca-caz
Teat-ca2 — T *coa-co6

Tcat-ca2 — T *ca0-cs5

15.0
13.3
16.8
11.8
19.1
18.9
134

Tc24-c26 — T *car-cag
Te24-c26 — T *car-ca
Tcag-cao — T *car-ca
Tcag-cao — T *csa-co5
Teat-ca2 — T *coa-co6
Tesa-cs5 — T *Ccag-cao
LPo1os — 0 *caz-s107
LPo1os — © *cse-s107
LPo1os — © *caz-s107

LPo1os — O *cse- s107

134
14.6
17.0
19.9
12.2
19.32
21.0
23.5
15.7
30.2

covalent bond at the transition states. Negative low values
of H(r), at the transition states, show that the interactions are

mainly potential in nature.

ELECTRIC FIELD EFFECTS

The effect of the electric field (EF) is investigated on the

kinetics of these reactions and the obtained results in the
presence and absence of an electric field are compared in

Table 6.

As show in this table, the adsorption energy of SO, on
SWCNT increases in the presence of electric field, in
contrast to the activation energy behavior. Zigzag SWCNT
shows the most sensitivity to the electric field by a value of
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Table 5. Topological Parameters at the TSs (a.u.) Calculated at the B3LYP/6-31G(d)

Level of Theory

(6,0) C42- S107
(6,0) C56- S107

(6,5) C16- S107
(6,5) C28- S107

(6,6) C19- S95
(6,6) C40- S95

p(r) 0.04
0.07
-0.05
V2p(r) 0.04
H -0.001
-0.01
-VIG 1.14
1.62

0.28 0.12
0.07 0.07
-0.97 -0.07
0.04 0.01
-0.04 -0.05
-0.01 -0.02
1.18 2.65
1.59 1.87

Table 6. Calculated Single Point Energies (kcal mol™) in the Electric Field (EF) of
0.001 a.u. at the B3LYP/6-31G(d) Level

CNT (6,6) (6,5) (6,0)
AE  without EF -98.3 -104.9 -30.4
in EF -100.5 -105.7 -32.9
AE” without EF 16.8 10.6 15.9
in EF 13.6 8.5 13.7

2.47 kecal mol™, while the chiral type is less sensitive.
Accordingly, the rate of the functionalization is not only
increased in the presence of an external electric field, but
also the reaction is more favorable from the thermodynamic
viewpoint. Since the electric field perturbs the molecular
properties of the studied systems, its effect on the quantum
reactivity indices is investigated and reported in Table 7.
Based on the data reported in this table, electric field
reduces the electronic chemical potential of the TS which
stabilizes it. An opposite behavior is seen for the reactants
which means an increase in their chemical reactivity.
Generally, if the dipole moment of a structure is large,
the corresponding dipole-dipole interaction with the
surrounding will be increased. The electric field causes an
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increase in the dipole moment and therefore increases
dipole-dipole interactions. Therefore, if the
functionalization reaction occurs in a polar solvent, an
increment in the rate of reaction is expected.

Investigation of the changes in the electrophilicity index
in the presence of the electric field shows no regular rule.
To analyze the possible correlation between the activation
energy and quantum reactivity indices, correlation graphs
are plotted and correlation coefficients are calculated.
Linear regression coefficients of the activation energy as a
function of ®, m, p. were 0.7, 0.9 and 0.4, respectively,
indicating a good correlation of the activation energy and
chemical hardness, in accordance with the previous results
[41].
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Table 7. Calculated Quantum Reactivity Indices (kcal mol™, p in Debye) in the Presence and Absence of

the Electric Field

He n ® M

FA: P FA FP FA FP FA FP
(6,6) Reactant -87.31 -86.73 28.41 29.30 134.17 128.34 4.60 3.48
(6,6) TS -95.97 -96.13 12.31 12.02 374.05  384.29 11.09 14.09
(6,6) Product -85.66 -85.37 38.16 37.79 96.13 96.44 7.68 9.31
(6,5) Reactant -89.37 -89.40 22.50 22.79 177.47 175.86 7.19 9.74
(6,5) TS -93.82 -93.97 13.12 13.12 355.29  336.51 12.99 17.10
(6,5) Product -89.74 -89.51 27.13 27.02 148.40 148.27 8.27 11.40
(6,0) Reactant -94.85 -94.57 19.44 19.57 231.38  228.47 2.26 7.76
(6,0) TS -100.40 -99.69 22.82 23.08 220.88  215.28 11.03 17.06
(6,0) Product -103.09 -102.86 18.32 18.12 290.10  292.03 12.97 18.88

*Field absence. °Field presence.

CONCLUSIONS

The adsorption of sulfur dioxide molecule on the (6,6),
(6,5) and (6,0) single-walled carbon nanotubes was
theoretically studied. For doing so, B3LYP theoretical level
and 6-31G(d) basis set were applied and the following
results were obtained.

Sulfur dioxide adsorption on the inner and outer walls of
the SWCNTs models takes place physically, while on the
nanotube edges shows a chemical nature.

-Analysis of the geometrical parameters during the reactions
indicated that the C-S bond formation could be a driving
force for the reaction.

-The use of an electric field, stabilizes the TS structures and
increases the reaction rates, theoretically, which can be
interpreted by dipole-dipole interactions, especially in the
solvents. Also, the quantum reactivity indices such as
electronic chemical potential and chemical hardness are
affected by the electric field.
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- NBO analysis showed that main stabilizing interactions at
the TSs are related to Lps — o*c.s.

- QTAIM analysis confirmed a covalent nature of the
forming C-S bond at the TS, according to the adsorption
energies at the SWCNT edges.
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