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Abstract Single-walled nanocarbons (SWNT) are common
nanovehicles of interest for making biosensors more sensi-
tive. Carbon nanotubes (CNTs) have many distinct proper-
ties, causing them to be exploited in the development of the
next generation of such nanosensors. The keto–enol tauto-
merization is one of the most common investigated subjects
of isomerism in this regard; sensors are devices that are able
to detect and change the physical properties of such reac-
tions. Some chemicals with the properties to do keto–enol
tautomerization are substituted to CNTs, and the physico-
chemical properties are simulated. HyperChem is used as
the main software to design the CNT sensor, and the main
physical properties are calculated after Monte Carlo simu-
lation. In all situations, the energy minimization has been
done by MM+, and the fully optimized systems have trans-
ferred to Guassian98. After final optimization with 3–21 G,
Hartree–Fock (HF) method, SWNT have been linked up to
caffeic acid and chlorogenic acid. Then, frequency and
intensity were investigated using AM1 and PM3 codes.
Also, we determined some nuclear magnetic resonance
parameters in the HF method and several basis sets.

Keywords Caffeic acid . Chlorogenic acid . Single-walled
carbon nanotube

Introduction

The carbon nametape (carbon nanotubes, CNT) is a repre-
sentative nanomaterial. CNT is a cylindrically shaped car-
bon material with a nanometer-level diameter. Its structure,
which is in the form of a hexagonal mesh, resembles a
graphite sheet, and it carries a carbon atom located on the
vertex of each mesh. The sheet is rolled, and its two edges
are connected continuously. Although it is a common place
material that is used in pencil leads, its unique structure
causes it to present characteristics that are not found in any
other materials. CNT can be classified into single-walled
CNT, double-walled CNT, and multi-walled CNT on the
basis of the number of layers of the rolled graphite. The
type attracting the most attention is the single-walled CNT,
which has a diameter deserving the name of “nanotube” of
0.4–2 nm. The length is usually in the order of microns, but
the single-walled CNT with a length in the order of centi-
meters has recently been released. Since the discovery of
single-walled nanotubes (SWCNTs) by Iijima and Bethune
in 1993 [1], many applications as molecular components for
nanotechnology including conductivity and high-strength
composites; energy storage and energy conversion devices;
sensors; field emission displays and radiation sources; hy-
drogen storage media; and nanometer-sized semiconductor
devices, probes, and interconnects are known [2]. The best-
known example for a sudden change in the nanotube prop-
erties with their particular structure is their electronic dis-
persion. Depending on the direction, the confinement
direction with respect to graphite nanotubes is metallic or
semiconducting. The band structure can even be further
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manipulated, by introducing defects into a tube. So, the
discovery of CNTs which are nanosized materials with
excellent mechanical and electrical properties has been pro-
posed to be used in a variety of application fields [3]. CNTs
are a new allotrope of carbon originated from the fullerene
family, which will revolutionize the future nanotechnological
devices [4]. There are two types of CNTs: single-walled nano-
tubes (SWCNTs) and multi-walled nanotubes (MWCNTs)
[5]; they have three conformations: armchair, zigzag, and
chiral, and these conformations have individual properties.
In this paper, we look at single-walled nanotubes since their
properties are more reliable for nanoelectronic device purpo-
ses. Also, depending upon their chirality, diameter, and
electronic structure, carbon nanotubes can be metallic or
semiconducting. Multi-walled carbon nanotubes have a layer
of carbon shells with differing physics that can all potentially
interact. It is shown that only the outer shell of MWCNTs
contributes to electrical transport, and so, only small-diameter
MWCNTs could be used to make transistor devices. SWCNTs
can be chiral or nonchiral, again depending on the way of the
rolling up vector (Scheme 1).

As described earlier, the properties of nanotubes are deter-
mined by their diameter and chiral angle, both of which
depend on n and m. Typically, SWCNT is presented by a pair
of integers (n, m). Its geometrical structure as shown in Fig. 1
can be represented in terms of a chiral vector C on a two-
dimensional sp2_carbon sheet where C0na1+ma20(n, m)
with integer n andm. Here, a1 and a2 represent the unit vectors
of the hexagonal graphene lattice. This sheet is then rolled up
to a cylinder so that C becomes the circumference of the tube.
The direction of the nanotube axis is naturally perpendicular
to C. The diameter, d, is simply the length of the chiral vector

divided by 1/4, and d ¼ 3
p

� �1
2ac�c n2 þ m2 þ nm2ð Þ12 , where

aC−C is the distance between neighboring carbon atoms
in the flat sheet. In turn, the chiral angle (θ) is given by

tan�1 3n= 2mþ nð Þð Þ12 . The translational period, a, is the

shortest possible lattice vector along the z direction. SWCNTs
are classified into three types, namely armchair (n, n) nano-
tubes, zigzag (n, 0) nanotubes, and chiral (n, m) nanotubes
with n≠m [6].

Sensors continue to make an important impact on every-
day life. They have been in strong demand for producing
highly selective, sensitive, responsive, and cost-effective
sensors [7]. CNTs have many distinct properties that may
be exploited to develop the next generation of sensors. The
nanotube sensors show a fast response and a substantially
higher sensitivity than that of existing solid-state sensors at
room temperature. Sensor reversibility is succeeded by slow
recovery under ambient conditions or by heating to high
temperatures [8]. They can be used to encourage electron
transfer reactions when applied as electrode materials in
electrochemical devices. The keto↔enol tautomerism is
one of the most common investigated subjects of isom-
erism that occurs for carbonyl compounds [9]. Sensors
are devices that detect or measure physical and chemical
quantities such as temperature, pressure, sound, and
concentration. The main requirements of a good sensor
are high sensitivity, fast response, low cost, high-volume
production, and high reliability. In this work, catechol
compound sensors based on SWNT have been consid-
ered. Generally, the enol form is more stable than the
keto form for neutral systems.

Catechol compounds including quinizarine, caffeic acid,
chlorogenic acid, catechine hydrate, pyrocatechol, hematox-
ylin, rutin, coumestan, 3,4-dihydroxybenzaldehyde, and
other derivatives are used as electron transfer mediators in
electrochemical processes due to their high electron transfer
efficiency, excellent redox reversibility, and low cost [10].

The catechol derivatives which we chose as shown in
Scheme 2 are caffeic acid and chlorogenic acid. Then, they
have bonded to SWNT (7,4) separately. In this paper, at
first, these two compounds (SWNT–caffeic acid (CFA) and
SWNT–chlorogenic acid (CGA)) were optimized by
Gaussian 98 package in the HF method and 3–21 G basis
set. The next step is the simulation of some periodic box
such as H2O, CH3OH, and C2H5OH performed by
HyperChem 8.0 and Chemoffice 2004 packages on
SWNT–CFA and SWNT–CGA for investigating the dielec-
tric effects. Finally, we used three ways to find the best
situation, temperature, and solution for the mentioned com-
pounds. In the first method, the interaction between these
phenolic acids(CFA, CGA) and CNT (7,4) has been studied
by quantum mechanics calculations, and the structural sta-
bility of the considered nanotube based on chemical sensors
in different solvent media and temperatures have been com-
pared and analyzed. So, we chose the Monte Carlo simula-
tion in MM+, AMBER, and OPLS force field to calculate
potential energy. Then, we investigated vibrational analysis
in the semi-empirical method. These two mentioned

Scheme 1 Generating the chirality vector for the nanotube from the
graphene sheet. a 3,4-Dihydroxy cinamic acid. b [1,3,4,5-Tetrahydrox-
ycyclohexane carboxylic acid 3- (3,4-dihydroxycinamate)]
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methods have been done by HyperChem 8.0 software. The
last one is to determine the NMR parameters.

Computational method and background

Monte Carlo simulation

The term “ab initio” is given to computations which are
derived directly from theoretical principles, with no inclu-
sion of experimental information. The most common type of
ab initio calculation is called a Hartree–Fock calculation
(abbreviated HF), in which the primary approximation is
called the central field approximation. A method, which
avoids making the HF mistakes in the first place, is known
as Quantum Monte Carlo (QMC). Also, in contrast to the
MD method which is entirely deterministic, the MC simu-
lation method is based on the use of probabilistic concepts.
In this method, a system composed of N interacting atoms is
given a group of initial coordinates. The evolution of this
initial configuration is then generated by these successive
random displacements of the atoms. There are some flavors
of QMC, namely variational, diffusion, and Green's func-
tions. These methods work with a clearly correlated wave
function and evaluate integrals numerically using a Monte
Carlo integration. These calculations can be very time con-
suming, but they are apparently the most accurate methods
known today. Ab initio calculations give very good qualitative

results and can give increasingly accurate quantitative results
as the molecules in question become smaller, generally [11].
There are three steps in carrying out any quantum mechanical
calculation in the HyperChem 8.0 program package. First, set
up a molecule with an appropriate starting geometry. Second,
choose a calculation method and its associated choices. Third,
choose the type of calculation with the relevant options. The
Monte Carlo simulations always detect the so-called “impor-
tant phase space” regions which are of low energy [12].
Because of defects of the force field, this lowest energy basin
usually does not correspond to the native state in most cases,
so the rank of the native structure in those decoys produced by
the force field itself is poor. In this study, the difference in
force field is illustrated by comparing the energy calculated by
using force fields, MM+, Amber, and Opls. Also, we investi-
gated polar solvent and the temperature effects (between 260
and 400 K) on the stability of SWCNT bonded to CFA (or
CGA) in various solvents. The quantum mechanics (QM)
calculations were carried out with the HyperChem 8.0
program.

Vibration analysis

Two major classes of electronic structure methods have been
devised and are frequently used in the literature: semi-
empirical and ab initio methods. In this study, the ab initio
method has been used for optimizing molecules, illustrating
NMR parameters, and the semi-empirical method is used for

Fig. 1 Potential energy of a SWNT–CFA, b SWNT–CGA vs. temperature by the molecular mechanic method (MM+)

(a) 3,4- dihydroxy cinamic acid (b) [1,3,4,5-tetrahydroxycyclohexane carboxylic acid 3- (3,4-dihydroxycinamate)]

Scheme 2 The structure and IUPAC name of a caffeic acid (CFA) and b chlorogenic acid (CGA)
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vibrational analysis. The development of semi-empirical
methods gained popularity in the 1970s–1980s. These meth-
ods use derived parameters from experimental data to fit
into the computations. Many studies have shown that carbon
nanotubes possess remarkable mechanical and physical
properties leading to many potential applications such as
fluid transport, fluid storage at nanoscale, and nanodevices
for drug delivery. Since controlled experiments at the nano-
meter scale are difficult, the simulation techniques have
been widely and successfully used to investigate the me-
chanical property, wave propagation, and resonant frequen-
cy [13]. The vibration of molecules is best described using a
quantum mechanical approach. A harmonic oscillator does
not exactly describe molecular vibrations. Bond stretching is
better described by a Morse potential, and conformational
changes have sine-wave-type behavior. However, the har-
monic oscillator description is useful as an approximate
treatment for low vibrational quantum numbers [14]. A
harmonic oscillator approximation is most widely used for
computing molecular vibrational frequencies because more
accurate methods require very large amounts of CPU time.
In this paper, we used the semi-empirical method, Austin
Model-1 (Am1) and Parameterized Model number 3 (PM3)
codes, to investigate the resonant frequency.

NMR studies

In the Gaussian program, a simple approximation is used in
which the volume of the solute is used to compute the radius
of a cavity which forms the hypothetical surface of the
molecule [15, 16]. Then, we have compared the gas phase
and different solvent media such as water, methanol, and
ethanol. So, we investigated polar solvent effects on
SWCNT–CFA (and SWCNT–CGA) within the Onsager
self-consistent reaction field (SCRF) model using a
Hartree–Fock method in various solvents. It is now possible
to describe the molecular properties of relative small mole-
cules with nearly chemical accuracy using theoretical meth-
ods due to recent advances in computational methods and
common access to large-scale powerful computers and soft-
ware. The fundamental assumption of the Hartree–Fock
theory that each electron sees all of the others as an average
field allows for tremendous progress to be made in carrying
out practical molecular orbital calculations. In this paper,
calculating NMR data using quantum mechanical computa-
tional methods relies directly on the accurate calculation of
the energy. This is because the computed NMR shift is a
mathematical second derivative of the energy function. To

Table 1 Potential energy of CFA and CGA bonding to SWNT (7,4) in some solvent vs. temperature by the molecular mechanic method (MM+)

Comp. Medium Dielectric constant Temperature (K)

E (kcal/mol) 260 280 300 320 340 360 380 400

CFA–SWNT Gas 1 833.84 725.73 839.952 743.305 753.157 781.872 782.11 794.75

Water 78.39 972.285 1,016.41 1,039.18 1,026.74 1,041.94 1,103.95 1,106.65 1,149.83

Methanol 32.63 1,515.04 2,057.12 1,624.87 1,655.12 1,847.56 1,918.75 2,067.8 2,060.79

Ethanol 24.55 3,576.61 3,544.84 3,323.58 3,589.99 3,929.88 3,492.58 3,644.08 3,654.08

CGA–SWNT Gas 1 830.651 711.383 693.412 712.862 745.714 776.318 775.096 771.555

Water 78.39 710.495 733.531 727.157 770.008 794.07 783.744 775.271 820.384

Methanol 32.63 812.704 877.307 887.733 865.396 921.972 923.768 980.351 927.741

Ethanol 24.55 849.184 863.483 861.479 939.981 951.521 948.491 1,008.41 982.868

Table 2 Potential energy values using MM+, AMBER, and OPLS
force fields in different media

Medium Dielectric
constant

MM+ AMBER OPLS
E (kcal/mol)

SWNT–CFA Gas phase 1 426.691 980.695 241.645

Water 78.39 442.324 1,075.01 366.526

Methanol 32.63 530.367 1,036.76 323.833

Ethanol 24.55 585.972 978.125 280.096

SWNT–CGA Gas phase 1 429.633 943.563 221.198

Water 78.39 426.44 1,078.72 335.714

Methanol 32.63 509.795 1,002.7 298.957

Ethanol 24.55 589.664 954.047 261.648 Fig. 2 Potential energy values using different force fields for SWNT–
CFA and SWNT–CGA

158 Ionics (2013) 19:155–164



Fig. 3 Changes of frequency vs. normal mode on a caffeic acid in AM1, b caffeic acid in PM3, c CGA in AM1, and d CGA in PM3

Scheme 3 The structure of a
SWNT–CFA and b SWNT–CGA

Ionics (2013) 19:155–164 159
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calculate the energy with reasonable accuracy, the ab initio
theory was used, meaning “from first principles.” Simulation
techniques of NMR parameters underwent important devel-
opment in the last three decades. For example, the origin
dependence of calculated chemical shifts [17, 18] was over-
come in many ways. Formalism based on the gauge invariant
atomic orbitals (also called London- or magnetic field-
dependent AOs) has been established as a good standard
[19, 20]. Appreciable popularity was gained in the past years
by the Onsager–SCRF, elaborated by Wong [21] for the
Gaussian program. The Onsager model is the simplest version
of the MPE approach. The appealing feature of Onsager–
SCRF was that it permitted one to directly exploit almost all
of the computational facilities of the Gaussian packages. For
its very limited computational cost, it is still in use by people
not requiring an accurate description of solvation effects but
just a guess or a qualitative correction to the values obtained
for the isolated molecule. The dielectric continuum models
such as the self-consistent reaction field method are efficient
in taking account of long-range solute–solvent electrostatic
interaction and the effect of solvent polarization. An alterna-
tive which can overcome the weak points of the dielectric

continuum model is the QM/MMmethod. Since full quantum
chemical treatment of molecules is computationally too
demanding, the electronic structure of the solute mole-
cule is only treated quantum mechanically whilst the
MM is introduced to describe the solvent molecule.

Result and discussion

In the first step of the calculations, we optimized the geom-
etry and defined the potential energy of the SWNT–CFA
and SWNT–CGA structures by performing molecular me-
chanics calculation using the MM+ force field. If too large a
time step is used in Monte Carlo simulation, it is possible to
have a basic instability in the equations that results in a
molecule blowing apart, so we need small time steps to
preserve integration accuracy. However, in the Monte
Carlo time step, 50 fs (0.05 ps) was appropriate. According
to this method, the potential energy of solute and solvent,
which depends on the dielectric constant ε, has been listed
in Table 1 and Fig. 1. In this work, we studied the structural
properties of water, methanol, and ethanol surrounding

Fig. 4 Calculated NMR values
of a σanisotropic, b σisotropic,
and c chemical shift (δ) for
SWNT–CFA
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SWCNT and CFA/CGA using molecular mechanic simula-
tions. We used different force fields for the determination of
energy on the particular SWCNT. Because of the differences
among force fields, the energy of a molecule calculated using
three different force fields will not be the same. So, it is not
reasonable to compare the energy of one molecule calculated
with a particular force field with the energy of another mole-
cule calculated using a different force field. In this study, the
difference in force field is illustrated by comparing the energy
calculated by using force fields, MM+, AMBER, and OPLS.
Theoretical energy values using different force fields which
are the combination of attraction of van der Waals forces due
to dipole–dipole interactions and empirical repulsive forces
due to Pauli repulsion have been demonstrated in Table 2 and
Fig. 2. The results of calculating energy in different force
fields for SWNT–CFA and SWNT–CGA are the same.
Dielectrics from ε01 to ε078.39 are randomly selected and
have been used as H2O, CH3OH, C2H5OH molecular for

solvent phase. Their results are (H2O) [ε078.39], (CH3OH)
[ε032.63], and (C2H5OH) [ε024.55].

In the next step, we calculated the vibrational modes of
SWNT–CFA and SWNT–CGA by applying the semi-
empirical molecular orbital method AM1 and PM3 to the
HyperChem 8.0 package. All calculations presented here
were performed with the semi-empirical method (AM1
[22], PM3 [23]). In 1989, Stewart improved the techniques
of parameterization and published PM3, which gave lower
average errors than AM1 and are sufficient to study carbon
systems mainly for the enthalpies of formation [23]. The
resulting method was denoted PM3 and is essentially AM1
with all the parameters fully optimized. In a sense, it is the
best set of parameters (or at least a good local minimum) for
the given set of experimental data. The optimization pro-
cess, however, still requires some human intervention in
selecting the experimental data and assigning appropriate
weight factors to each set of data. At the first glance in

Fig. 5 Calculated NMR values
of a σanisotropic, b σisotropic,
and c chemical shift (δ) for
SWNT–CGA
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Fig. 3, it can be observed by increasing dielectrics that
normal modes will move to lower normal modes ratio, and
vibrational frequencies resulting from semi-empirical calcu-
lations tend to be qualitative. Therefore, by increasing di-
electric, the higher frequency will be gained in which both
methods, AM1and PM3, will have the same operating
procedure.

Since the influence between a molecule in solution and
its medium can describe most simply by using the Onsager
model, in this model, we have assumed that the solute is
placed in a spherical cavity inside the solvent. The latter is
described as a homogeneous, polarizable medium of dielec-
tric constant. We started our studies with HF/3–21 G gas
phase geometry and water, methanol, and ethanol surround-
ing SWCNT–CFA and SWNT–CGA. The results obtained
from the Onsager model calculations are illustrated using
the energy difference between these conformers which are
quite sensitive to the polarity of the surrounding solvent.
The solvent effect has been calculated using the SCRF
model.

After using the SCRF model, we investigated NMR
parameters. These two compounds are too large; because
of that, we selected few atoms from each of them to deter-
mine the NMR parameters. As shown in Scheme 3, we
chose the seventh atom from each compound. Some NMR
parameters were determined by the HF method and several
basis sets in different solution such as: H2O, CH3OH, and
C2H5OH as shown in Table 3 for SWNT–CFA and in
Table 4 for SWNT–CGA. The minimum charge transfer in
SWNT–CFA is O77, and for SWNT–CGA, it is O60, so
here is a maximum excited charge. It means the system is
more stable in these linkages. Figures 4 and 5 are showing
the relation between the σisotropic, σanisotropic, and chemical
shift for the mentioned compounds. In Fig. 4, the σisotropic
for O77 is in maximum value, but σanisotropic and chemical
shift have a negative value. Also, in Fig. 5, σisotropic for O60
is in maximum value, but σanisotropic and chemical shift have
a negative value. Comparing the NMR parameters for other
specified atoms will show the same result.
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