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Abstract Chemical functionalization of a single-walled
carbon nanotube (CNT) with different carboxylic deriva-
tives including –COOX (X0H, CH3, CH2NH2, CH3Ph,
CH2NO2, and CH2CN) has been theoretically investigated
in terms of geometric, energetic, and electronic properties.
Reaction energies have been calculated to be in the range of
−0.23 to −7.07 eV. The results reveal that the reaction
energy is increased by increasing the electron withdrawing
character of the functional groups so that the relative magni-
tude order is −CH2NO2>−CH2CN>−H>−CH2Ph>−CH3>
−CH2NH2. The chemical functionalization leads to an in-
crease in HOMO/LUMO energy gap of CNT by about 0.32
to 0.35 eV (except for −H). LUMO, HOMO, and Fermi level
of the CNTare shifted to lower energies especially in the case
of −CH2NO2 and −CH2CN functional groups. Therefore, it
leads to an increment in work function of the tube, impeding
the field electron emission.

Keywords Adsorption . Charge transfer . DFT . Electronic
structure . Nanostructures

Introduction

One-dimensional nanostructures, such as nanowires and
nanotubes, have numerous potential applications in science
and technology [1–5] due to their unique and fascinating
electrical, optical, chemical, and thermal properties, com-
pared to the bulk materials [6–8]. As a consequence of their
unusual physical properties and large potential applications,
carbon nanotubes (CNTs) have attracted the interest of sci-
entists and engineers ever since their discovery in 1991 [9].
CNTs are expected to be one of the hopeful materials of the
next-generation electronic devices [10], electron source
through their excellent field-emission properties and gas
storage [11, 12].

Despite the exceptional electrical characteristics of CNTs,
doubts have arisen concerning their real technological ap-
plicability in ultra-small electrical devices, which is mainly
due to the fact that the controlled synthesis of one specific
type of these tubes is hard to achieve. Furthermore, no
reliable methods are currently available to produce extended
ensembles of aligned nanotubes, in which each tube would
be located at a desired location and is connected to its
neighbors in a well-defined manner [13]. Nonetheless, re-
cent advances in linking specific groups or molecules to the
nanotubes clearly testify the strong potential of chemical
functionalization not only for tuning the tubes’ electronic
properties, but also to enable their assembly into more-
complex architectures required for integrated device operation
[14–17].

Also functionalization may help to separate semiconduc-
tive tubes from metallic ones, to purify nanotubes from
carbonaceous impurities or to reduce the width of diameter
dispersion [18]. Theoretically, Chełmecka et al. [19] have
recently investigated addition of 1 to 9 COOH group(s) to
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the end of the CNTs, showing high reactivity of zigzag CNT
toward carboxylation. In the present work, functionali-
zation of a single-walled CNT with different carboxylic
derivatives including −COOX (X0H, CH3, CH2NH2,
CH3Ph, CH2NO2, and CH2CN) has been investigated
in terms of geometric, energetic, and electronic proper-
ties using density functional theory. By experimental
treatment of CNTs in an oxidizing environment, for exam-
ple in a mixture of concentrated nitric and sulfuric acids, the
oxygen-containing groups are introduced to the ends and
sidewalls of the tubes. These groups, chemically at-
tached to the tubes, are mostly represented by −COOX
groups, less by −C0O, and −OX groups [20]. These
groups can serve as starting sites for further functionalization
of the nanotubes [21, 22]. Our results may be useful for further
studies in functionalization of CNT and construction of
nanodevices.

Computational methods

We have selected a zigzag (5, 0) CNT consisting of 60
carbon atoms in which open ends have been saturated by
hydrogen atoms in order to avoid boundary effects. Density-
functional calculations have been performed using B3LYP
as exchange-correlation functional, which has been widely
used and proved to be accurate enough for extensive sys-
tems including nanostructured materials [23–30]. All of the
calculations have been performed using the standard basis
set of 6-31G* within the GAMESS package [31]. Natural
bond orbital (NBO), Mulliken charges, and density of
states (DOSs) analyses have also been performed at the
same level of theory. GaussSum program [32] has been
used to obtain the DOS results. Finally from the optimized
CNT-COOX models, quantum molecular descriptors in-
cluding chemical potential (μ), global hardness (η),
electrophilicity index (ω), and electronegativity (χ) have
been calculated.

In an N-electron system with total energy of E and
external potential of ν(r), the electronegativity (χ) is given
by:

c ¼ � dE
dN

� �
nðrÞ ¼ �μ; ð1Þ

where μ is the chemical potential of the species and is
defined as negative value of the electronegativity. Similarly,
the global hardness (η) is expressed in terms of the second
derivative of energy with respect to the external potential of
ν(r) and is given by:

η ¼ 1

2

d2E
dN 2

� �
nðrÞ : ð2Þ

In finite difference approach, chemical potential and global
hardness can be approximated as:

μ ¼ �c ¼ � 1

2
ðI þ AÞ ð3Þ

and

η ¼ 1

2
ðI � AÞ; ð4Þ

where I is the ionization potential and A is the electron
affinity of the molecule. The Frontier orbital approach as
proposed by Koopmans’ theorem [33, 34] for closed shell
system is very appropriate in explaining stability and chem-
ical reactivity of the molecules based on HOMO and LUMO
orbitals. The energy corresponding to HOMO represents the
ionization potential of the molecule and the LUMO corre-
sponds to electron affinity value. Using Koopmans’ theorem
I and A values can be correlated with the Frontier orbitals by
the following relation:

I ¼ �EHOMO and A ¼ �ELUMO: ð5Þ

Results and discussion

Geometric optimization and electronic properties

Figure 1 shows the CNT with an average C–C bond length
of about 1.42 Å and a diameter of 4.51 Å. The difference in
energies between the HOMO and LUMO, Eg, was calculat-
ed from the DOS results. From the DOS plot of the bare
CNT in Fig. 1, it can be concluded that it is a semiconduc-
tive material with an Eg of 0.97 eV.

In order to investigate chemical functionalization of the
CNT by carboxylic derivatives, we have put all of the
HCOOX molecules close to the tip of the CNT, and then it
has been assumed that a reaction is occurred. Our main
purpose is the study of this reaction because its feasibility
has been previously reported by experimentalists [21, 22].
In this reaction, HCOOX attacks the CNT from its C atom
so that one H2 molecule releases as follows:

H� CNT þ HCOOX ! H2 þ CNT� COOX; ð6Þ
where CNT-COOX is the functionalized CNT by −COOX
(X refers to −H, −CH3, CH2NH2, −CH2Ph, −CH2NO2, and
−CH2CN). We have defined the energy of reaction, Er, in the
usual way as follows:

Er ¼ E CNT� COOXð Þ þ E H2ð Þ � E CNTð Þ � E HCOOXð Þ;
ð7Þ

where E(CNT-COOX) corresponds to the energy of the
functionalized CNTwith the −COOX, E(CNT) is the energy
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of the isolated nanotube, and E(H2) and E(HCOOX) are the
energies of the released H2 and HCOOX molecules,
respectively.

At first we have focused on −COOH addition to the CNT.
As shown in panel (a) of Fig. 2, carbon atom of the −COOH
is bonded to a carbon atom of the CNT tip so that the length
of the newly formed C-C bond is about 1.43 Å. The Er value
for this process is approximately −1.07 kcal mol−1 with a
charge transfer from the CNT to the adsorbate. Furthermore,
the reaction induces a locally structural deformation to the
CNT. For example, C−C*−C angle (C* is referred to COOH-
attached carbon of the CNT) in the hexagonal ring is sig-
nificantly decreased from 116.3° to 107.2°.

Subsequently, hydrogen atom of the −COOH has been
replaced by five other functional groups including −CH3,
−CH2NH2, −CH2Ph, −CF3, −CH2NO2, and −CH2CN, and
then the molecule has been subjected to the reaction of Eq.
6, to investigate the effect of functional groups on the
functionalization. All of the optimized structures of the
products are shown in Fig. 2. Relative magnitude order of
the Er for different functional groups is as follows:

�CH2NO2 > �CH2CN > �H > �CH2Ph > �CH3 > �CH2NH2:

The most negative Er belongs to the −CH2NO2 group
with the value of −7.07 kcal mol−1 and the smallest one to
−CH2NH2 (−0.23 kcal mol−1, Table 1). A question that
immediately arises is why the Er values in the case of
−CH2NO2 and −CH2CN functionals are more negative than
those of −CH2NH2, −CH3, −CH2Ph. In order to answer this
question it is noteworthy to say that high electron density is
localized on the surface of CNT, resulting in no tendency to
achieve more electrons from the adsorbates. Thus, electron

donating groups which tend to give negative charges to the
CNT lead to a weaker reaction as seen here. The charge
transfer between the adsorbates and CNT has been estimated
based on the popular Mulliken analysis (Table 1), showing
that charges are transferred from the CNT to the adsorbates.
The charge transfer to the −COOX groups containing elec-
tron withdrawing group including −CH2NO2 (0.228 e) and
−CH2CN (0.211 e) is significant.

DOS plots of the CNT-COOX structures have been
shown in Fig. 3 and corresponding data have been summa-
rized in Table 1. Upon the functionalization of CNT with
−COOH a charge of 0.201 e is transferred from the tube to
this functional. As a result, the LUMO, HOMO, and Fermi
level slightly shift to lower energies and the Eg of the tube is
decreased from 0.97 to 0.88 eV (Fig. 3). Canonical assump-
tion for the Fermi level is that in a molecule (at T00 K) it
lies approximately in the middle of the Eg. It is noteworthy
to mention that, in fact, what lies in the middle of the Eg is
the chemical potential, and since the chemical potential of a
free gas of electrons, as traditionally defined, is equal to its
Fermi level, herein, the Fermi level of the considered systems
is at the center of the Eg.

Replacing the H atom of −COOH by different functional
groups, the shift of LUMO, HOMO, and Fermi level is
increased. The results of Table 1 show that this increment
is more significant in the case of substituting the −H group
by electron withdrawing groups of −CH2CN and −CH2NO2

ascribed to more charge transfer from the tube to the func-
tional groups. Also, Eg of the tube is dramatically increased
by replacing the −H atom by all of the other functional
groups. This occurrence may bring about a change in the
corresponding electrical conductivity since it is well
known that the Eg (or band gap in the bulk materials)

Fig. 1 Geometrical parameters
of the optimized CNT and its
density of state. Distances
are in Å
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is a major factor determining the electrical conductivity of
the material and a classic relation between them is as
follows [35]:

σ / exp
�Eg

2kT

� �
; ð8Þ

where σ is the electrical conductance and k is the Boltzmann’s
constant. According to the equation, smaller Eg values lead to
higher conductance at a given temperature. Therefore, the
observed substantial increment of Eg of CNTupon the reaction
process leads to the decrease in electrical conductivity of the
nanotube.

Fig. 2 Models for (a) −COOH,
(b) −COOCH2Ph, (c)
−COOCH3, (d) −COOCH2NO2,
(e) −COOCH2CN and
(f) −COOCH2NH2 molecule
attached on the CNT

Table 1 Calculated reaction energy (Er, kcal mol−1), HOMO energies (EHOMO), LUMO energies (ELUMO), and HOMO-LUMO energy gap (Eg) of
systems in eV

System Er QT (e)a EHOMO EFL ELUMO Eg ΔEg(%)b

CNT – – −3.92 −3.43 −2.95 0.97 –

−COOCH2NH2 −0.23 −0.113 −4.48 −3.82 −3.16 1.32 +36.0

−COOCH3 −0.34 −0.123 −4.49 −3.83 −3.18 1.31 +35.0

−COOCH2Ph −0.52 −0.127 −4.50 −3.84 −3.19 1.31 +35.0

−COOH −1.07 −0.201 −4.02 −3.58 −3.14 0.88 −9.2

−COOCH2CN −3.77 −0.211 −4.66 −4.01 −3.36 1.30 +34.0

−COOCH2NO2 −7.07 −0.228 −4.68 −4.03 −3.39 1.29 +33.0

a Q is defined as the average of total Mulliken charge on the molecule
b The change of HOMO-LUMO gap of CNT after functionalization
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Recently, field emission properties of CNTs have
attracted great interest [36]. As shown in Table 1, the EFL

is decreased after −COOX functionalization which indicates
that the EFL shifts toward the valence level. For instance, the
EFL is decreased from −3.43 to −4.03 eV in CNT-
COOCH2NO2 structure. However, these phenomena lead
to an increment in the work function that is important in
field emission applications. The work function can be found
using the standard procedure by calculating the potential
energy difference between the vacuum level and the Fermi
level, which is the minimum energy required for one elec-
tron to be removed from the Fermi level to the vacuum. The
increment in the work function indicates that the field emis-
sion properties of the tube are impeded upon the −COOX
functionalization. Furthermore, this will raise the potential
barrier of the electron emission for the tube, and makes the
field emission difficult.

Quantum molecular description

The quantum molecular descriptors for the pristine and
functionalized CNTs are summarized in Table 2. Localization

of electron density in HOMO advocates that the particular site
is nucleophilic whereas the site for LUMO is electrophilic in
nature. A high Eg indicates greater stability and low reactivity
of the chemical system [37]. As mentioned in Computational
methods, using the HOMO and LUMO energies, parameters

Fig. 3 Calculated density of
states (DOS) for different
models of CNT-COOX
complexes

Table 2 Quantum molecular descriptors (in eV) for the pristine CNT
and CNT-COOX model in the stable configurations

System χa μb ηc ωd

CNT 3.43 −3.43 0.48 12.1

−COOCH2NH2 3.82 −3.82 0.66 11.05

−COOCH3 3.83 −3.83 0.65 11.2

−COOCH2Ph 3.84 −3.84 0.65 11.2

−COOH 3.58 −3.58 0.44 14.5

−COOCH2CN 4.01 −4.01 0.65 12.3

−COOCH2NO2 4.03 −4.03 0.64 12.6

a electronegativity
b chemical potential
c global hardness
d electrophilicity index
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such as hardness, electronegativity, chemical potential, and
electrophilicity index can be computed. The decrease of Eg by
the −COOH functionalization may be able to increase the
reactivity of the CNT. The global hardness is decreased with
decreasing the Eg. The decrement in global hardness and Eg

because of the −COOH group proposes the decrease of sta-
bility and increase in reactivity of the CNT. Whereas, for
functionalization of other −COOXs, the Eg and global hard-
ness of the CNT increase which can enhances the stability of
CNT.

The electrophilicity index is a measure of the electrophil-
ic power of a molecule. The electrophilicity index as defined

by Parr et al. [38] is given by the expression (w ¼ μ2

2η ). When

two molecules react with each other one molecule behaves
as a nucleophile while the other one acts as an electrophile.
Higher electrophilicity index shows higher electrophilic na-
ture of a molecule. In the −COOH attached CNT the elec-
trophilicity of the complex (14.5) is higher than that of the
pristine model (about 12.1). Therefore, −COOH adsorption
on the CNT can obviously increase the electrophilicity of the
tube about 20%. In summary, we believe that the present
work may help researchers to design new CNT-based mate-
rials with different properties.

Conclusions

We have studied the chemical functionalization of a CNT
with different carboxylic derivatives including −COOX
(X0H, CH3, CH2NH2, CH3Ph, CH2NO2, and CH2CN) us-
ing DFT calculations. The reaction energies have been cal-
culated to be in the range of −0.23 to −7.07 eV, so that the
relative magnitude order follows −CH2NO2> −CH2CN>
−H> −CH2Ph> −CH3> −CH2NH2. The chemical function-
alization leads to an Eg opening of CNT by about 0.32 to
0.35 eV (except −H) which stabilize the nanotube. The
LUMO, HOMO, and Fermi level of the CNT are shifted to
lower energies especially in the case of −CH2NO2 and

−CH2CN functional groups. Therefore, it leads to an incre-
ment in work function of the tube, impeding the field
electron emission. The present work may help researchers
to design new CNT-based materials with different properties.
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