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Density functional theory (DFT) and Time Dependent Density functional theory (TD-DFT) calculations
were performed to study the interaction of sulfide ion with pristine and edge/sidewall covalently func-
tionalized single wall carbon nanotube (SWCNT, OH+NH2-SWCNT and COOH+NH2-SWCNT). NBO and
Mulliken charge transfer between sulfide ion and pristine, edge/sidewall functionalized SWCNT (OH
+NH2-SWCNT and COOH+NH2-SWCNT) was analyzed and a greater effect of charge transfer from analyte
(sulfide ion) to SWCNT was calculated for sidewall functionalized carbon nanotube (COOH+NH2-SWCNT-
S2-). Further, the electronic properties like ionization potential (IPs), electron affinities (EAs), and frontier
molecular orbitals analysis were computed. Upon interaction appreciable decrease in energy gap is
observed in all studied systems, however, the least energy gap is obtained in case of sidewall function-
alized COOH+NH2-SWCNT-S2-. The simulated vibrational frequencies of both pristine and functionalized
SWCNT interacting with sulfide ion were in good correlations with the reported literature. Similarly, the
UV–Vis–NIR spectral bands for SWCNT-S2-, OH+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2- have been
analyzed at TD-DFT-xB97XD/6-31G (d,p). DFT study has revealed that the sidewall functionalized
COOH+NH2-SWCNT has a greater sensing ability towards sulfide ion over the pristine SWCNT.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs), since their discovery in 1991 [1],
have gained a great attention in material sciences [2] due to their
unique chemical, mechanical, elastic properties [3,4] and high
thermal stability [5]. Further, CNTs are highly appreciated for their
higher conductivities [6,7] and unique electronic properties [8]
which make them the promising candidates for applications in var-
ious fields of sciences [9]. However, there are certain limitations
with the use of pristine CNTs due to their inert nature. For instance,
CNTs have high van der Waals forces between tubes which give
them high cohesive energy and are therefore insoluble in water
and in some common solvents [10]. Such properties restrict the
chemical approaches and synthesis of composite materials at nano
scale. Therefore, to make them useful, several methods are avail-
able in the literature to modify the properties of CNTs. For this pur-
pose, chemical functionalization of CNTs is an attractive approach
to improve their solubility and processibility [11,12]. By using this
approach, the cohesive energies in CNTs are reduced and they
become soluble. The important step in the functionalization is
the oxidation of CNTs walls by some important functional groups
such as COOH [13,14], OH [15], NH2 [16], halogens [17,18] and var-
ious complexes [19,20]. These groups are attached either at the
edge or at the side walls of the CNTs. Mostly, SWCNTs are function-
alized due to their simple structural and mono-molecular charac-
teristics which make them interesting and easier to handle for
chemical functionalization. Such functionalized CNTs are finest
materials used in chemical and biological applications [21,22] par-
ticularly for the sensing and monitoring of gases [23], heavy metals
[24] and other toxic ions [25].

Like various compounds, anions of sulfur in the form of sulfide
have several applications as a byproduct in different industries
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[26]. It is originated from the reduction of sulfates and from the
decompositions of organic compounds. However, despite its uses
in various applications, sulfide ion causes serious problems to
human health which are mostly respiratory issues and mucous
membrane toxicity [27]. Therefore, it is important to develop
methods which can detect sulfide ion in water bodies. For this pur-
pose, various experimental technologies such as spectroscopic
techniques [28,29], chromatographic analysis [30] and electro-
chemical methods [31] have been applied for the adsorption and
detection of sulfide from the various effluents. Although these
available techniques are sensitive and robust but, they have limita-
tion in on point and detection. Beside these inherent shortcomings
these techniques required sophisticated and expensive instru-
ments, and complex sample preprocesses [32]. Large number of
gas molecules, for example SO2, H2S and SO2F2 etc., can adsorb
on the CNTs surface by means of chemical or physical interactions,
thus led to the redistribution of the electronic structure. Upon
adsorption, these gases bring perturbation in the conductivity of
CNTs, therefore, making them suitable candidates in sensing appli-
cations [33]. Goyenola, et al. demonstrated through DFT calcula-
tions that the pure hexagonal networks exhibit higher stability as
compared to defects containing graphene as long as the sulfur con-
tent is up to 10 at. % [34,35]. Lin et al.[36] have studied the effect of
adsorption of NH3 and CO2 on Ag decoration of CNTs. Their results
reveal that Ag/CNTs are more effective sensors for the detection of
these gases as compared to pristine non-decorated CNTs.

However, to the best of our knowledge, there is no theoretical
report available in the literature on the adsorption of sulfide ion
at the wall of pristine and –OH, –COOH and –NH2 functionalized
SWCNT. Therefore, we have used a quantum chemistry method
to simulate the adsorption behavior of sulfide ion at the wall of
pristine and functionalized SWCNT. Moreover, the structure and
electronic properties of pristine and functionalized SWCNT
through charge transfer and HOMO-LUMO energy gap have also
been evaluated in the present DFT study.

2. Computational methodology

In the current research work, simulations ware performed to
investigate the interaction of sulfide ion with the carbon nanotube.
A nanotube modeler (Jcrystal Soft, 2005) was used to draw a struc-
ture of SWCNT for the computational simulations. All the DFT sim-
ulations were performed using Gaussian 09 software [37], while
the results were analyzed through Gauss view 5.0 [38]. A DFT
method called xB97XD with suitable basis sets 6-31G (d,p) were
used to simulate the optimized geometric parameters and charge
transfer analysis of pristine and functionalized SWCNT interacting
with sulfide ion. The electronic properties (IPs, EA, HOMO-LUMO
energies, energy gap) and vibrational characteristics such as IR
scaled frequencies (by applying a scaling factor of ‘‘0.9613”) were
calculated with the same level of theory. Similarly, the optical
spectroscopic properties were calculated through UV–Vis–NIR
spectral simulations by using the TD-DFT method and the spectra
were analyzed through Gabedit 2.5.0 computer program.

The DFT method has proven to be one of the most accurate
methods for the computation of the electronic structure of solids
[39–44].

In order of to determine the stability of functionalized MWCNTs
the binding energies of studied complexes are calculated. The
binding energies were calculated according to the following equa-
tion: Binding energy per atom (Eb) values are computed by using
equation (1) [45–47].

Eb ¼
Ecomplex � ðEC þ EH þ E

N
þ EOÞ

K
ð1Þ
2

Where, k is the total number of atoms present in MWCNT com-
plex, Ecomplex is the energy of functionalized MWCNT complex,
whereas EC, EH, EN and EO represent the energies of carbon, hydro-
gen, nitrogen, and oxygen atoms, respectively.

Interaction energy is also calculated to evaluate the nature of
interaction between functionalized SWCNTs and S2-. The Interac-
tion energy is calculated by employing equation (2):
Eint ¼ ESWCNT�S2�ðESWCNT þ ES2�Þ ð2Þ
In equation (2), ESWCNT-S2- represents the energy of functional-

ized SWCNT-S2- complexes, ESWCNT denotes energy of functional-
ized SWCNT and ES2- presents energy of S2- (sulfide ion).
3. Results and discussions

3.1. Optimized geometric parameters

We have optimized the geometries of both pristine and edge/
sidewall functionalized SWCNT interacting with sulfide ion, and
these are labelled as SWCNT-S2-, edge/sidewall OH+NH2-SWCNT-
S2-, COOH+NH2-SWCNT-S2-. The optimized parameters including
bond lengths and different angles (bond angles and dihedral
angles) are listed in the Table 1.
3.1.1. sWCNT-S2-

The interaction behavior of sulfide ion with the SWCNT was
studied by assuming three different interaction sites on CNTs.
These sites could be a) top of the carbon atom in the tube, b) inter-
action with the bond between any two carbon atoms, c) interaction
at the center of the hexagonal ring of the nanotube. Once the opti-
mization was completed, it was observed that a stable structure is
obtained when the sulfide ion has interacted with the bond
between two carbon atoms (b) of SWCNT (illustrated in Fig. 1)
Therefore, the further simulations were carried out with this stable
optimized structure. The other less stable optimized geometries for
SWCNT and sulfide ion complex (interacting at position a and c)
are shown in supporting information (S1).

The geometry of pristine SWCNT was altered after the covalent
interaction with sulfide ion. The C5-C6 bond length in the pristine
SWCNT was simulated as 1.42 Å [48], however, after interaction
with sulfide ion, the bond length (C5-C6) was increased to 1.47 Å.
The elongation in bond length in SWCNT-S2- was assumed to arise
due to the interaction of analyte (sulfide ion) with SWCNT. The cal-
culated intermolecular distance between C5-S2- was 1.87 Å. Simi-
larly, the simulated bond angle < C4C5C6 of nanotube in pristine
SWCNT was 120.17� and it was reduced to 117.60� in SWCNTs-
S2-. The reduction in the bond angle was attributed to the disrup-
tions in p system in SWCNT upon interaction with sulfide ion in
SWCNTs-S2-. Moreover, the decrease in bond angle has promoted
the transfer of charge from analyte (sulfide ion) to carbon atom
of the SWCNT. The interaction of sulfide ion and SWCNTs not only
affects the bond angle and bond distances but also causes changes
in the dihedral angle < C3C4C5C6 from 180.00� to 178.62�. This
change in dihedral angle was attributed to change in planarity of
carbon atoms in SWCNT interacting with sulfide ion. These results
indicated that the SWCNT presented better sensitivity towards the
sulfide ion. However, to further improve the sensitivity of CNT
towards the sulfide ion, the SWCNT were covalently edge/sidewall
functionalized with the charge active functional groups like hydro-
xyl (OH) group, carboxyl (COOH) group and amine (NH2) groups.
For this purpose, we have simulated two types of functionalized
system as OH+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2.



Table 1
Optimized geometric parameters including bond lengths (Å), bond angles (degree) and dihedral angles (degree) for pristine and functionalized SWCNT interacting with sulfide
ion.

Optimized system dC5-S dC5-C6 dC4-C5 <C6C5S <C4C5C6 <C3C4C5C6 <C14C4C3C17

SWCNT ————— 1.42 Å 1.41 Å ————— 120.17o 180.00o 180.00o

SWCNT-S2- 1.87 Å 1.47 Å 1.48 Å 68.74o 117.60o 178.62� 152.70o

OH+NH2 -SWCNT-S2-(Edge functionalized) 1.86 Å 1.48 Å 1.49 Å 67.87o 117.44� �179.73� 153.39o

COOH+NH2 -SWCNT-S2-(Edge functionalized) 1.86 Å 1.48 Å 1.49 Å 67.49o 117.91o �178.89� 153.61o

OH+NH2 -SWCNT-S2-(Sidewall functionalized) 1.84 Å 1.48 Å 1.50 Å 67.85o 117.78o 179.60o 160.61o

COOH+NH2 -SWCNT-S2(Sidewall functionalized) 1.83 Å 1.49 Å 1.50 Å 67.42o 117.77o 179.73o 161.66o

Fig. 1. Optimized geometry of SWCNT-S2- (sulfide interacting with the bond
between two carbon atoms) simulated at xB97XD/6-31G (d, p) level of theory.
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3.1.2. oH+NH2-SWCNT-S2-

To evaluate the effect of OH and NH2 groups on the geometry of
SWCNT interacting with sulfide ion, we have covalently attached
these groups to the SWCNT at the edge and at the sidewall of
SWCNT interacting with sulfide ion. The optimized parameters of
edge/sidewall functionalized OH+NH2-SWCNT-S2- complex were
then compared with those of the pristine SWCNT-S2-. After com-
plete optimization of edge/sidewall functionalized OH+NH2-
SWCNT-S2- (Fig. 2), the calculated (C5-C6) bond length in the vicin-
ity of the adsorbed –OH was 1.48 Å for both edge and sidewall
functionalized OH+NH2-SWCNT-S2-.

Similarly, the calculated C4-C5 bond length were 1.49 Å and
1.50 Å for edge and sidewall functionalized OH+NH2-SWCNT-S2-,
respectively. These bond lengths were found greater than those
of the pristine SWCNT and SWCNT-S2-. However, the greater elon-
gation in C4-C5 (1.50 Å) was observed near the adsorbed –NH2

groups in sidewall functionalized OH+NH2-SWCNT-S2- due to the
interaction between C17 and N. Similarly, the bond angle
(<C4C5C6) for the edge functionalized OH+NH2-SWCNT-S2- was
117.60� whereas it is 117.38� for sidewall functionalized OH
+NH2-SWCNT-S2-. The increase in bond lengths and decrease in
bond angle of functionalized SWCNT with –OH and –NH2 groups
distorted the geometry of the SWCNT due to the rehybridization
3

of carbon atoms of nanotubes from sp2 to sp3 upon CAO and
CAN bonding with functional groups. The dihedral angles (Table 1)
were also changed for both edge and sidewall functionalized OH
+NH2-SWCNT-S2-.

Further, the simulated C5-S bond length for edge functionalized
OH+NH2-SWCNT-S2- was 1.86 Å, which was smaller than that for
the pristine SWCNT-S2- (1.87 Å). However, the C5-S bond length
for sidewall functionalized OH+NH2-SWCNT-S2- was further
decreased to 1.84 Å. Therefore, this decrease in C5-S bond length
clearly revealed that the sulfide ion has shown better interaction
with nanotube in sidewall functionalized OH+NH2-SWCNT-S2-

due to the small distance of interaction between the electronega-
tive functional group and the carbon atom of SWCNT to which sul-
fide ion is attached. Similarly, the decrease in < C6C5S bond angle
was observed for both edge functionalized (67.87�) and sidewall
functionalized (67.85�) OH+NH2-SWCNTs-S2-. Therefore, the
decrease in < C6C5S bond angle have promoted the charge transfer
from the sulfide ion to the SWCNT.
3.1.3. cOOH-NH2-SWCNT-S2-

The combined effect of COOH and NH2 groups at the edge and
sidewall of SWCNT was analyzed by optimizing the geometry of
COOH+NH2-SWCNT-S2- (Fig. 3) and compared the results with
those of the pristine SWCNT-S2-. As shown in Table 1, the calcu-
lated C5-C6 bond length in the vicinity of the adsorbed COOH
was 1.48 Å for edge functionalized COOH+NH2-SWCNT-S2, while
it was increased to 1.49 Å for the sidewall functionalized COOH
+NH2-SWCNT-S2-. Similarly, the bond lengths C4-C5 in the vicinity
of NH2 group were 1.49 Å and 1.50 Å for edge and sidewall func-
tionalized COOH+NH2 SWCNTs-S2-, respectively. This increase in
bond lengths up to 1.50 Å has revealed that the sidewall function-
alization of COOH and NH2 has greater effect on the geometry of
SWCNT interacting with sulfide ion. Also, the bond angles < C4C5C6

for edge functionalized COOH+NH2-SWCNTs-S2- and sidewall func-
tionalized COOH+NH2-SWCNTs-S2 were 117.60� and 117.38�,
respectively. The increase in bond lengths and decrease in bond
angle of functionalized SWCNT with COOH and NH2 groups dis-
torted the geometry of the SWCNT due to the rehybridization of
carbon atoms of nanotubes from sp2 to sp3 upon CAO and CAN
bonding with functional groups The dihedral angles (Table 1) were
also changed for both edge and sidewall functionalized COOH
+NH2-SWCNTs-S2-.

Similarly, the C5-S simulated bond length for the edge function-
alized COOH+NH2 -SWCNTs-S2- was 1.84 Å which was smaller than
that for the pristine SWCNTs-S2-(1.87 Å), however, the C5-S bond
length was further decreased to 1.83 Å by the sidewall functional-
ization of SWCNTs-S2- with COOH and NH2. This is attributed to the
greater interaction between carbon atom of SWCNT and highly
electronegative oxygen atom of COOH group which in turn greatly
promoted the interaction between sulfide ion and SWCNT. More-
over, upon sidewall functionalization of SWCNT with COOH and
NH2 groups, the nanotube has shown greater interaction towards
sulfide ion by making two sigma SAC bonds between carbon atoms
of SWCNT and sulfide ion. The greater interaction of SWCNT and



Fig. 2. Optimized geometries of edge functionalized OH+NH2-SWCNT-S2- A) and sidewall functionalized OH+NH2-SWCNT-S2- B) simulated at xB97XD/6-31G (d, p) level of
theory.

Fig. 3. Optimized geometries of edge functionalized COOH+NH2-SWCNT-S2- A) sidewall functionalized COOH+NH2-SWCNT-S2- B) simulated at xB97XD/6-31G (d,p) level of
theory.
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sulfide ion may also be attributed to the sufficiently small distance
of interaction between the functional groups and carbon atom of
the tube bonded to the analyte. Similarly, the simulated < C6C5S
bond angle for edge COOH+NH2-SWCNTs-S2- was 67.87� whereas
it is 67.85� for sidewall functionalized COOH+NH2-SWCNT-S2-.

From all the optimized parameter (Table 1), it was revealed that
the sidewall functionalized COOH+NH2-SWCNT has shown greater
interaction with sulfide ion due to the presence of COOH groups in
the vicinity of CAS bond. This group tend to attract electron den-
sity from SWCNT, which in turn has withdrawn charges from sul-
fide ion by making two sigma bonds between sulfide ion and
carbon atom of SWCNT.
4

� dC5-S: Bond distance between C5 of single wall carbon nanotube
and sulfide ion.

� dC5-C6: Bond distance between C5 and C6 of single wall carbon
nanotube.

� Dc4-C5: Bond distance between C6 and C7 of single wall carbon
nanotube.

� <C6C5S: Bond angle C6, C5 of single wall carbon nanotube and
sulfide ion.

� <C8C7C13C14: Dihedral angle C8, C7, C13, and C14 of single wall
carbon nanotube.

� <C14C4C3C17: Dihedral angle C14, C4, C3, and C17 of single wall
carbon nanotube. (See Fig. 1).



Table 3
NBO and Mulliken charge analysis of pristine and functionalized SWCNT interacting
with sulfide at the xB97XD/6-31G (d, p) level of theory.

Complexes Q(NBO) Q(Mulliken) Q(CHELPG)

SWCNT-S2- �0.033 �0.141 �0.592
OH+NH2-SWCNT-S2-

(Edge functionalized)
�0.034 �0.141 �0.672

COOH+NH2-SWCNT-S2-

(Edge functionalized)
0.042 �0.080 �0.609

OH+NH2-SWCNT-S2-

(Sidewall functionalized)
0.059 �0.060 �0.585

COOH+NH2-SWCNT-S2-

(Sidewall functionalized)
0.115 �0.024 �0.476
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3.2. Binding energy and stability

The calculated binding energy (Eb) and the interaction energy
(Eint) values are given in Table 2. The binding energy values per
atom for simple SWCNT is maximum i.e., �8.00 eV. Whereas for
functionalized SWCNT the binding energy values are observed in
the range of �7.84 eV to �7.95 eV. The higher binding energy val-
ues reveal that the considered functionalized SWCNT complexes
are stable. Binding energy results further reveal that OH+NH2-
SWCNT are more stable (both edge and sidewall functionalized)
as compared to COOH+NH2-SWCNT complex. Furthermore, the
maximum Eb value in case of simple SWCNT indicates that non-
functionalized MWCNTs are more stable. The interaction energy
results also reveal that adsorption of S2- over non-functionalized
SWCNT resulted in most stable SWCNT-S2- complex with Eint of
�7.53 eV. Whereas for functionalized SWCNT the interaction
energy values observed are in the range of �5.59 eV to �6.45 eV.
High binding energy values per atom indicate higher stability of
our studied functionalized SWCNT-S2- complexes.
3.3. Charge transfer analysis

Charge transfer (taking place between interacting atoms, ions,
or molecules) is an important phenomenon that describes the elec-
tronic structure, conductivity, and sensitivity of the substrate
towards the analyte. In carbon nanotubes (CNTs), transfer of
charge can also be defined as the sensing capability of the nan-
otubes towards the interacting molecules. Moreover, the overall
charge transfers between CNTs and analytes can determine the
type of doping, either n-type or p-type. Therefore, to determine
the sensitivity of SWCNT towards sulfide ion, we have simulated
the NBO and Mulliken charges (summarized in Table 3) for both
pristine and functionalized SWCNT interacting with sulfide.

Initially, sulfide ion (S2-) bears charge of �2.000 e- and pristine
SWCNT exhibits 0.000 e-. However, upon interaction of sulfide ion
with SWCNT, appreciable charge transfer is observed. Based on
NBO analysis, in case of SWCNT-S2-, the remaining charge on sul-
fide ion is about �0.033 e-, which means a charge of about
�1.967 e- is transferred by sulfide ion to pristine SWCNT. Similarly,
in case of edge functionalized OH+NH2-SWCNT-S2- and COOH
+NH2-SWCNT-S2-, NBO charges observed on sulfide ion are
�0.034 e- and 0.042 e-, respectively. NBO charges clearly indicate
that charges of�1.966 e- and�2.042 e- are transferred from sulfide
ion to edge functionalized OH+NH2-SWCNT and COOH+NH2-
SWCNT, respectively. Similarly, upon sidewall functionalization
of OH+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2-, sulfide ion
transfers charge of �2.059 e- and �2.115 e- to the functionalized
SWCNT. The higher charge transfer from sulfide ion to sidewall
Table 2
Binding energy/atom (Eb) of studied functionalized SWCNTs and interaction energy
(Eint) between the functionalized SWCNTs and S2-.

Complex Eb

(eV)
Complex Eint with

S2-

(eV)

SWCNT �8.00 SWCNT-S2- �7.53
OH+NH2-SWCNT

(Edge functionalized)
�7.94 OH+NH2-SWCNT-S2-

(Edge functionalized)
�5.59

COOH+NH2-SWCNT
(Edge functionalized)

�7.84 COOH+NH2-SWCNT-S2-

(Edge functionalized)
�6.45

OH+NH2-SWCNT
(Sidewall
functionalized)

�7.95 OH+NH2-SWCNT-S2-

(Sidewall
functionalized)

�6.14

COOH+NH2-SWCNT
(Sidewall
functionalized)

�7.86 COOH+NH2-SWCNT-S2-

(Sidewall
functionalized)

�6.14
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functionalized SWCNTs is attributed to the covalent interaction
of electronegative functional groups attached at the sidewall of
SWCNT near the carbon atom (directly attached to the sulfide ion).

Similarly, Mulliken charge analysis also shows the comparable
results with that of NBO analysis. In case of Mulliken charge anal-
ysis, the charge is transferred from sulfide ion to pristine SWCNT
and functionalized SWCNT in all studied complexes. The highest
charge transfer in this case is also observed for sidewall function-
alized COOH+NH2-SWCNT-S2- (-1.976 e-), whereas the least Mul-
liken charge of �1.859 e- is transferred in case of both SWCNT-
S2- and edge functionalized. OH+NH2-SWCNT.

The charge transfers and sensitivity of SWCNT towards sulfide
ion was further simulated by the edge/sidewall functionalization
of SWCNT-S2- with most electronegative COOH and NH2 groups.
NBO and Mulliken charge analysis reveal that higher amount of
charge is transferred by sulfide ion to the sidewall functionalized
COOH+NH2-SWCNT as compared to the pristine SWCNT-S2- and
other functionalized SWCNTs, which can be attributed to the most
electronegative COOH and NH2 groups covalently attached in the
vicinity of sulfide ion. Therefore, based on NBO charge analysis,
sidewall functionalized COOH+NH2-SWCNT has shown a higher
sensitivity towards sulfide ion.

3.4. Infra-red spectroscopic simulation

The infra-red (IR) spectroscopy is a simple and reliable tech-
nique which is used to study the structural properties and the
identifications of functional groups associated with both organic
and inorganic compounds. For this purpose, we have simulated
IR spectra of pristine and edge/sidewall functionalized SWCNT
interacting with sulfide ion using DFT method. The IR spectrum
for pristine SWCNT interacting with sulfide ion is shown in Fig. 4
(A). Similarly, the simulated spectra for sidewall functionalized
OH+NH2-SWCNT-S2- and sidewall functionalized COH+NH2-
SWCNT-S2- are illustrated in Fig. 4 (B) and Fig. 4 (C), while the IR
spectra for edge functionalized OH+NH2-SWCNT-S2- and OH
+NH2-SWCNT-S2- are shown in the supporting information (S2,
S3) Generally, the theoretically simulated frequencies are overesti-
mated due to harmonic models, therefore, a scaling factor of
‘‘0.9613” was applied to the simulated frequencies to get the scaled
frequencies. The scaled and unscaled frequencies in correlation
with the reported experimental values are listed in Table 4. The
DFT simulated bands at 3047–3065 cm�1 were attributed to the
CAH stretching vibrations in the SWCNT interacting with sulfide
ion. However, the CAH stretching vibrations were shifted to lower
frequencies at around 2994–3041 cm�1 and 2941–3037 cm�1 for
OH+NH2-SWCNT-S2- and COOH+–NH2-SWCNT-S2--, respectively.
These bands could be attributed to the sidewall covalent interac-
tion of the OH, COOH and NH2 groups with the SWCNT. Similarly,
a peak calculated at 1541–1600 cm�1 was assigned to the CAC
stretching of SWCNT hexagonal skeleton which was experimen-
tally confirmed to originate from the sp2 bonded carbon at 1530–



Fig. 4. Calculated IR spectrum of SWCNT-S2- (A) OH+NH2-SWCNT-S2- (B), COOH+NH2-SWCNT-S2- (C), simulated at xB97XD/6-31G (d, p) level of theory.

Table 4
Scaled and unscaled calculated IR frequencies (cm�1) of pristine and functionalized SWCNT interacting with sulfide ion at xB97XD/6-31G (d, p) level of theory (Experimental for
comparison).

Simulated IR (cm�1) Experimental IR (cm�1) Probable assignment Ref.

Unscaled Scaled

3938 3785 3700–3800 m OAH of surface OH group [48]
3856 3706 3700–3200 m OAH of surface COOH group [51]
3514–3609 3378–3469 3420 m NAH of surface –NH2 group [52]
3170–3189 3047–3065 2800–3000 m CAH of pristine CNT edges [53]
3115–3164 2994–3041 – m CAH of CNT-OH+NH2

3060–3160 2941–3037 – m CAH of CNT-COOH+NH2

1876 1803 1700–1800 m C@O of COOH group [54]
1669–1675 1604–1610 – b HANAH of surface –NH2 group
1604–1655 1541–1600 1530–1580 m as –COO- in CNT-COOH [55]
1441–1300 1385–1249 1100–1200 m C@C of CNT backbone [56]
804–895 772–860 – b CAH of CNT back bone [54]
668 642 600–700 m CAS in pristine CNT [48]
680 653 – m CAS in CNT-OH+NH2

701–706 673–678 – m CASAC in CNT-COOH+NH2

m: stretching, as: asymmetric, b: bending.
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1580 cm�1 [49]. It was also observed that in the functionalized
SWCNT, the OAH stretching vibrations in both hydroxyl and car-
boxyl were simulated at 3785 cm�1 and 3706 cm�1, respectively,
while the NAH stretching in amine was calculated to appear at
3378–3469 cm�1. A peak calculated around 1604–1610 cm�1

was assigned to the NAH bending vibration of NH2 group. How-
ever, such peaks were not appearing in the pristine SWCNT inter-
acting with sulfide. Additionally, the CAS vibrational frequency
of SWCNT-S2- calculated at 642 cm�1 was in better agreement with
the experimentally reported frequency at 600–700 cm�1 [50].
However, the CAS vibrational frequency was shifted to 653 cm�1

in the SWCNT-S2-–OH+–NH2 while in the SWCNT-S2-–COOH+–
NH2 a CASAC stretching was observed around 673–678 cm�1. This
shifting of CAS stretching vibrations towards higher frequency was
attributed to the greater interaction and shorter bond distance
between the sulfide ion and carbon of functionalized SWCNNT.
3.5. UV–Vis–NIR spectral simulations

UV–Vis–NIR spectroscopy is an essential analytical tool that
determines the various optical properties of solids and liquids. It
is used to characterize the semiconductors, glass and crystalline
solids. UV–Vis–NIR could be operated in an optical range of 0.00
to 3.00 eV. The transitions recorded in this range correspond to
an overtone combined with the mid IR vibrational mode [57]. Since
like other crystalline solids, carbon nanotubes (CNTs) are also UV–
Vis–NIR active due to the one dimensional van Hove singularities
(non- smooth points) energy levels with high density of states
which are responsible for the additional adsorption peaks [58].
Theoretically, it has also been reported that the SWCNT possess
large absorption bands due to the transition between spikes like
density of states [59].

Further depending on the diameter and chirality, the SWCNTs
can be differentiated into two types of namely semiconductors
and metallic. Therefore, due to inner band transitions, the van
Hove singularities for semiconductor SWCNTs can be divided into
two set of pairs. The first pair of van Hove singularities is known
S11 band, and the second pair of singularities is called as S22 band.
Likewise, the inter band transitions in metallic SWCNT for the first
and second pair of singularities can be designated by M11 and M22,
respectively [60]. Further, upon functionalization and external
doping of the sidewall or open ends of SWCNT, the electronic
and the optical properties are completely altered due to the local-
izations of electron and decline in the singularities [61].

For this purpose, we have simulated the UV–Vis–NIR absorption
spectra of both pristine and functionalized SWCNT with and with-
out sulfide ion using TD-DFT method. In all studied cases, the peaks
Fig. 5. UV–Vis–NIR spectra of pristine and edge/sidewall functionalized OH+N
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are shifted towards longer wavelength or lower energy upon add-
ing sulfide ion (see Figs. 5 & 6). The oscillator strength was func-
tioned as absorbance in the UV–Vis–NIR spectra, simulated at
TD-DFT method. The simulated peak at 0.40 eV (Figs. 5 & 6) could
be assigned to the first inter band transition (ES11) in the pristine
SWCNT-S2 based on their transition energy. Likewise, the peak
simulated at 1.03 eV was assigned to the second inter band transi-
tion (E S22) in the pristine SWCNT-S2. These bands could be
assigned to the semiconducting properties of pristine SWCNT
which were comparable with the experimentally observed peaks
[62]. However, upon functionalization of SWCNT with OH, COOH
and NH2 groups, the S11 peaks vanished off and some new bands
were appeared around 0.60–0.65 eV for edge functionalized OH
+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2-, which could be
assigned to the first inter band transition (M11) in metallic SWCNT
[60]. Similarly, the peak appeared at 1.30 eV in edge functionalized
OH+NH2-SWCNT-S2- (depicted in Fig. 5) was assigned to second
pair of singularities designated as M22 of metallic carbon nanotube,
while this peak was further shifted to 1.47 eV with higher intensity
in edge functionalized COOH+NH2-SWCNT-S2- as shown in Fig. 6.

Thus, due to the appearance of M11 and M22, the energy gaps
ES11 and ES22 were decreased, which suggested that the electronic
and UV–Vis–NIR absorption properties of SWCNT was altered by
edge functionalization with OH, COOH and NH2 groups, which
has promoted the metallic conductivities of SWCNT and thus the
edge functionalized nanotube was sensitive towards sulfide ion.
Further, the metallic conductivity and sensitivity of SWCNT
towards sulfide ion was also simulated by the sidewall functional-
ization of SWCNT with OH, COOH and NH2 groups. For this pur-
pose, the simulated spectrum for sidewall functionalized OH
+NH2-SWCNT-S2- is illustrated in Fig. 5 while, for sidewall func-
tionalized COOH+NH2-SWCNT-S2-, the spectrum is displayed in
Fig. 6. From these spectra it was observed that the peaks related
to first inter band transition (M11) were further shifted to higher
energy and an intense peak at 1.48 eV nm was observed for both
sidewall functionalized OH+NH2-SWCNT-S2- and COOH+NH2-
SWCNT-S2-. Similarly, the peaks calculated at 1.82 eV and
1.85 eV for OH+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2-,
respectively, were assigned to the second pair of inter band transi-
tion of metallic CNTs [57].

From all these results, it was clear that the metallic conductiv-
ities in sidewall functionalized OH+NH2-SWCNT-S2- and COOH
+NH2-SWCNT-S2- was further increased, due to the inter band tran-
sitions at lower wavelength than that of edge functionalized OH
+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2-. In this way, the
charge transfer was highly promoted in sidewall functionalized
SWCNT, which has greatly increased the sensitivity of nanotube
towards sulfide ion.
H2-SWCNT interacting with and without sulfide ion at TD-DFT method.



Fig. 6. UV–Vis–NIR spectra of pristine and edge/sidewall functionalized COOH+NH2-SWCNT interacting with and without sulfide ion at TD-DFT method.
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3.6. HOMO-LUMO orbital simulation

Highest occupied molecular orbitals (HOMOs) and lowest unoc-
cupied molecular orbitals (LUMOs) collectively known as FMOs
(frontier molecular orbitals) are key factors in quantum mechanics
to provide information about the interaction between the analyte
and the sensors [63]. These orbitals are the basic tools to explain
the electronic, optical properties of conjugated systems like poly-
mers and CNTs. A molecule will be considered as an unstable if
its HOMO energies are high. Similarly, a low HOMO-LUMO energy
gap indicates the reactivity of a chemical system [64]. The HOMO-
LUMO (H-L) gap interconnected to the special types of approxima-
tions known as ‘‘frozen orbital approximation” where the excited
states energies are calculated with respect to the orbitals of the
ground state [65]. In this regard, we have simulated the HOMO-
LUMO orbitals energy of both pristine (Fig. 7) and functionalized
SWCNT (Fig. 8) and (Fig. 9) interacting with sulfide ion and the
simulated HOMO-LUMO energies, IPs, EAs and band gas are listed
in Table 5. The calculated HOMO and LUMO energies of pristine
Fig. 7. Frontier molecular orbitals structure of SWCN
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SWCNT were �7.39 eV and 6.,81 eV, respectively and the H-L
gap was 0.58 eV. However, to increase the sensitivity of SWCNT
towards sulfide ion, we have covalently functionalized the
SWCNT-S2- with OH, COOH and NH2 functional groups. After inter-
action with sulfide ion, the calculated HOMO energy of SWCNT-S2-

was �7.22 eV and LUMO energy was �6.68 eV, therefore, the H-L
gap was calculated as 0.54 eV.

For this purpose, after the edge functionalization of SWCNT-S2-

with OH and NH2 groups, the calculated HOMO energy was
�7.20 eV and the LUMO energy was �6.72 eV therefore, the H-L
gap for OH+NH2-SWCNT-S2- was 0.48 eV. This H-L gap was lower
than that was calculated for pristine SWCNT-S2- (0.54 eV). Simi-
larly, the calculated HOMO energy of sidewall functionalized OH
+NH2-SWCNT-S2- was �7.07 eV where LUMO energy was
�6.82 eV with the calculated H-L gap of 0.25 eV. The decrease in
energy gap of sidewall functionalized OH+NH2-SWCNT-S2- was
attributed to the attachment of electronegative OH and NH2 groups
in the neighborhood of the sulfide ion attached. Similarly, the sen-
sitivity of SWCNT towards sulfide ion was also simulated by the
T-S2- simulated at xB97XD/6-31G (d, p) method.



Fig. 8. Frontier molecular orbitals structure of A) edge functionalized OH+NH2-SWCNT-S2- B) sidewall functionalized OH+NH2-SWCNT-S2- simulated at xB97XD/6-31G (d, p)
method.
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edge/sidewall functionalization of SWCNT-S2- with COOH and NH2

groups. Therefore, after edge functionalization of COOH+NH2-
SWCNT-S2-, the calculated HOMO and LUMO energies were
�7.21 eV and �6.82 eV, respectively, and the H-L gap calculated
for this system was 0.39 eV. Similarly, the HOMO energy calculated
for the sidewall functionalized COOH+NH2-SWCNT-S2- was
�7.19 eV and the LUMO energy was �6.97 eV and therefore, the
H-L gap was further reduced to 0.22 eV. This noticeable decrease
in sidewall functionalized COOH+NH2-SWCNT-S2- was due to the
introduction of most electronegative COOH and NH2 groups at
the sidewall of SWCNT in the vicinity of sulfide ion. These func-
tional groups tend to produce positive carbon active sites in the
SWCNT through inductive effect. From all the calculated HOMO-
LUMO energies and H-L gap, it was revealed the sidewall function-
alized OH+NH2-SWCNT-S2- and COOH+NH2-SWCNT-S2- are more
reactive towards sulfide ion. However, due to the lower H-L gap,
the sidewall functionalized COOH+NH2-SWCNT-S2- could be an
efficient sensor for sulfide ion.

Furthermore, according to the Koopmans theorem [66] the
IPs and EAs for both pristine and functionalized SWCNT interact-
ing with sulfide ion were simulated from the negative of the
HOMO and LUMO orbitals energy. As can be seen in Table 5 that
the calculated IPs and EAs are positive values which will be
helpful in future for both experimental and theoretical
analysis.
9

4. Conclusions

The structural and electronic properties of pristine and edge/
sidewall functionalized SWCNT and their sensitivity towards sul-
fide ion was investigated by performing DFT studies. After func-
tionalization of SWCNT with functional groups like OH, COOH
and NH2, the geometric parameters and electronic properties have
changed, which greatly enhanced the sensing ability of SWCNT
towards sulfide ion. However, the geometry changes and interac-
tion with sulfide ion was more prominent by the sidewall function-
alization of SWCNT with COOH+NH2 groups. Similarly, according
to NBO analysis, a greater amount of charge was transferred sulfide
ion to SWCNT in the case of sidewall functionalized COOH+NH2-
SWCNT-S2-. The change in vibrational frequencies and the greater
interaction between COOH+HN2-SWCNT and analyte (sulfide ion)
was also advocated from the IR spectral analysis, where CAH
stretching of SWCNT was decreased and CAS stretching was
observed to increase upon functionalization. The UV–Vis–NIR sim-
ulations was also illustrated the change in optical properties as
well as the increase in metallic conductivities of SWCNT when
functionalized with COOH, OH and NH2 groups. However, a greater
metallic character was observed in sidewall functionalized COOH
+NH2-SWCNT-S2-. Similarly, the FMOs analysis and the trend in
decrease of energy band gap from pristine to OH+NH2-SWCNT-
S2- and COOH-NH2-SWCNT-S2- was also indicated the change in



Fig. 9. Frontier molecular orbitals structure of A) edge functionalized COOH+NH2-SWCNT-S2- B) sidewall functionalized COOH+NH2-SWCNT-S2- simulated at xB97XD/6-31G
(d, p) method.

Table 5
HOMOs, LUMOs, IPs, EAs and Energy band gap simulated at xB97XD/6-31G (d, p) level of theory.

System IPs EAs HOMO LUMO Energy gap (eV)

SWCNT 7.39 6.81 �7.39 �6.81 0.58
SWCNT-S2- 7.22 6.68 �7.22 �6.68 0.54
OH+NH2-SWCNT-S2- 7.20 6.72 �7.20 �6.72 0.48
(Edge functionalization)
OH+NH2-SWCNT-S2-(Sidewall functionalization) 7.07 6.82 �7.07 �6.82 0.25
COOH+NH2-SWCNT-S2-(Edge functionalized) 7.21 6.82 �7.21 �6.82 0.39
COOH+NH2-SWCNT-S2- (Sidewall functionalization) 7.19 6.97 �7.19 �6.97 0.22
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electronic properties of functionalized SWCNT. The low energy
band gap in sidewall functionalized COOH-NH2-SWCNT-S2- has
suggested that the SWCNT has shown a greater sensitivity towards
sulfide ion, when it was sidewall functionalized with COOH and
NH2 groups.

Conclusively, all these results clearly demonstrated that the
geometric, optical, and electronic properties of SWCNT was altered
by the edge/sidewall covalent functionalization with functional
groups such as COOH, OH and NH2. However, a prominent change
in structure and electronic properties of SWCNT upon sidewall
functionalization with COOH and NH2 was revealed that the side-
10
wall functionalized COOH-NH2-SWCNT-S2- has shown a greater
sensitivity towards sulfide ion.
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