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Abstract Due to the importance of soluble nanotubes in
biological systems, computational research on DNA base
functionalized nanotubes is of interest. This study presents
the quantitative results of Monte Carlo simulations of Li-
doped silicon carbide nanotubes and its nucleic acid base
complexes in water. Each species was first modeled by
quantum mechanical calculations and then Monte Carlo
simulations were applied to study their properties in aque-
ous solution. Solvation free energies were computed to
indicate the solvation behavior of these compounds. The
computations show that solvation free energies of the com-
plexes of DNA bases with Li-doped SiC nanotubes are in
the order: thymine > cytosine > adenine > guanine. The
results of complexation free energies were also used to study
the stability of related structures, which indicate that
thymine-Li-doped SiC nanotubes produce the most stable
compound among the four DNA base complexes.

Keywords Monte Carlo simulations . Solvation . Free
energy perturbation . SiCNT . Li . DNA base

Introduction

Carbon nanotube (CNT) applications have recently become a
very important topic especially in the biotechnological scien-
ces, with great potential in areas such as biosensors, and DNA
and protein transporters for theraputic purposes [1–7]. From

several different aspects of study, the functionalization of
CNTs is a very popular topic in contemporary nanotube
(NT) literature because the planned modification of CNT
properties is believed to pave the way toward real nanotech-
nology applications [8].

Up to now, the potential of biological applications of CNTs
has been rarely explored. The spatial dimensions of NTs are
comparable to those of biological ion channels, and they
provide a simple model environment in which to understand
the primary behavior of water in complex biological systems.
Different studies have shown that CNTs have toxic effects on
biological systems [9–11]. CNTs were found to elicit patho-
logical changes in the lungs, produce respiratory function
impairments, damage the mitochondrial DNA in aorta, in-
crease the percent of aortic plaque, and induce atherosclerotic
lesions in the brachiocephalic artery of the heart [12].
However, unlike CNTs, silicon carbide nanotubes (SiCNTs)
are not an officially listed hazardous substance.

Recently, it has been found that SiC nanomaterials have
less toxic effect than CNTs. Results indicated that, under the
experimental conditions used, SiC nanowire in water was
not acutely toxic to amphipods [13].

SiCNT is an important material with lots of significant
properties. It has a large band gap, possesses a reactive exte-
rior surface that facilitates sidewall decoration, and has stabil-
ity at high temperatures [14, 15]. Therefore SiCNT has many
applications in electronic devices operating under harsh con-
ditions of high temperature, power, and frequency [16].

Another problem affecting use CNTs in biological sys-
tems is their poor solubility in physiological solutions. In
contrast to the hydrophobic surface of CNTs, the SiC sur-
face is hydrophilic [17]. The existence of a specific charge
arrangement in SiCNTs makes them attractive alternative
materials for solution phase. Therefore it seems that SiCNT
are better candidates for application in biological systems
because of their higher solubility [18].
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According to the literature, a 50 % SiCNT is the best
suggested structure in this category of mixed nanotubes [19,
20]. Theoretical studies [19, 21–24] performed on the struc-
ture and stability of SiCNTs have shown that the most stable
structures contain Si and C atoms at a ratio of 1:1, and
nanotubes with only Si–C bonds have higher binding ener-
gies than those containing Si–Si and C–C bonds in addition
to Si–C bonds. In fact, among energetically stable forms of
SiCNTs, the one in which the Si and C atoms have alternat-
ing positions in the tube wall is full of point charges.

Moreover, an important technique to increase the solu-
bility and reactivity of CNT is through functionalization,
which increases the electrical dipole moments and results in
enhanced solubility of NTs in water through favorable
changes in the free energies of solvation [25]. This property
decreases the toxicity of NTs and improves their biocom-
patibility. Strategic approaches toward increasing the solu-
bility of NTs have been developed mainly through the
surface functionalization of either covalent or non-covalent
attachments to the sidewalls of NTs [2, 26–31]. Non-
covalent functionalization could not only enhance the solu-
bility of NTs but also maintain their attractive geometric,
electronic and mechanical properties. Among numerous
functional species for solubilizing NTs, biological and bio-
active materials have special importance. Functionalization
of NTs with the assistance of biological molecules improves
the solubility of NTs in aqueous or organic environments,
thus facilitating the application of NTs in biotechnology,
biomedicine, and bioengineering. Nucleic acids (DNA and
RNA) have been explored in terms of non-covalent func-
tionalization of NTs in various biomedical applications
ranging from nanodevices, gene therapy and drug delivery
to membrane separation [32–34]. Non-covalent interactions
and the ability of nucleobases to disperse CNTs have been
investigated both theoretically and experimentally [35–42].

Functionalization using elemental metal can also lead to
improved solubility of NTs [43]. Generally, elemental metal-
sidewall functionalized nanotubes are soluble in aqueous sol-
vents. As the mostly used alkali metal in these processes, in
situ Li has been Raman-studied in detail [44]. The activity of
Li in reactions with nucleophiles is higher than that of other
alkali metals due to the larger amount of z/r for Li. Theoretical
study of the interactions between isolated DNA bases and
various group IA metal ions [45] indicated that interaction
energies for DNA base–Li complexes are larger than with
other alkali metals. In fact, an increase in the atomic number
or z/r ratio leads to a decrease in interaction energy. In addi-
tion, the weight of Li doped NTs is less than with other alkali
metals. Thus, we use Li-doped NT for enhancement of activ-
ity in aqueous solutions.

Attachment of known coordinating ligands such as nucleic
acid bases to the surface of NTs via suitable metals like Li may
modify the chemical and physical properties of NTs. DNA

bases have the ability to coordinate to a variety of metals. This
property could be used for the stabilization of superstructures
as well as to support metal-aided catalytic transformations.
Therefore, new hybrid materials comprising both nucleobases
and NTs would be extremely interesting in view of the re-
markable properties of NTs and recognition properties of
nucleobases. Consequently, an investigation into (1) the coor-
dination of nucleic acid bases with metal doped NTs, and (2)
the stability and solubility of these compounds were the
purposes of this study.

The solvation energies of Li-doped SiCNT(SiCNT-Li)
and its complexes with purine and pyrimidine DNA bases
were studied in order to evaluate the effect of complexation
of DNA bases with metal-doped nanotubes on solvation.
Monte Carlo simulation and perturbation methods were
used to calculate solvation free energies and compare solu-
bility of these compounds. In addition, complexation free
energies of adenine (A), guanine (G), cytosine (C) and
thymine (T) with SiCNT-Li were computed to compare the
stability of these structures. Our results provide fundamental
knowledge of new biological compounds of more soluble
SiCNT in water and pave the way for more experimental
explorations of new nanomaterials in bionanotechnology.

Computational details

The interaction between the solute and the solvent molecules
plays an essential role in the various molecular processes
involved in chemistry and biochemistry. In this study, the
solvation of complexes of SiCNT-Li with DNA base in the
presence of water was studied in order to understand the
interaction between H2O molecules and these complexes.
The research comprised two sections: quantum mechanics
and Monte Carlo simulation. In the quantum mechanical part,
isolated molecules were optimized. The stability of the struc-
tures in solution phase was then studied by quantum mechan-
ical calculations. The computed natural atomic charges were
used in Monte Carlo simulation in aqueous solutions.

Solvation free energy is the change in Gibbs energy when a
molecule is transferred from a vacuum (or the gas phase) to a
solvent. In fact, solvation free energy includes two terms: the
free energy for taking a nanotube from a pure solid phase into
solution, and the free energy for taking a single nanotube out
of the solid into the ideal gas state [46, 47]. The solvation
energies of nanotubes are inaccessible experimentally due to
problems of low volatility. In this case, the application of
theoretical methods may be the best approach to gain physical
insights into the effects of solvation.

To calculate the solvation free energies of molecules, the
thermodynamic perturbation method was applied in these
computations. Appropriate steps were taken to obtain the
most accurate results possible with a molecular mechanical
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based approach; the appropriate force field and the Monte
Carlo simulation were used.

Potential energy functions

The computational competence with which the energy can be
calculated using a given model is often an important factor as
there are a large number of water molecules present, together
with a solute. Awide range of force fields have been proposed.

The total potential energy of a chemical system, Etot,
includes internal potential energy (Eint) and external poten-
tial energy (Eext) terms:

Etot ¼ Eint þ Eext ð1Þ
The monomers were represented by interaction sites,

usually located on nuclei. The interaction energy between
two molecules, A and B, were expressed by the pairwise
sum of their interaction contributions.

Calculated energy values, as well as various structural
parameters, can be used to analyze the solvation energies of
nanotubes.

The Etot term can be represented as the sum of the energy
contributions from solute–solvent, solvent–solvent, and in-
termolecular interactions.

Transferable intermolecular potential functions [48, 49]
(TIP3) are used for water molecules, and standard Lennard-
Jones(LJ) potential to present the short-range potential and
long-range Coulombic potential, with parameters ε, σ and q
for C and Si in nanotubes [50, 51] and each atom in DNA
bases [52, 53] (Table 1). For both models, the pair potential
function Eij is represented by Coulombic and Lennard-Jones
terms among sites centered on nuclei:

EAB
ij ¼ 4"ij

σij

rij

� �12

� σij

rij

� �6
" #

þ qiqje2

rij
ð2Þ

rij, qi, and qj are the interatomic distance between atoms i
and j, and the atomic charges on atoms I and j; and ε is well
depth of potential . Each type of site has three parameters, a
charge in electron, q, ε and σ. The LJ parameters between

pairs of different atoms are obtained from the Lorentz–
Berthelot combination rules [54].

The TIP3 model uses a total of three sites for electrostatic
interactions. The partial positive charges on the hydrogen
atoms are balanced exactly by an appropriate negative
charge located on the oxygen atom.

Free energy

The free energy difference between two states A and B, of a
system may be derived from classical statistical mechanics
[55] allowing this difference to be expressed as Eq. 4 as the
free energy perturbation (FEP) master equation.

ΔG ¼ GB � GA ¼ �RT ln exp� EB � EAð Þ=RTh i ð3Þ

EE−EA is the potential energy difference between states
A and B of the system. T is the absolute temperature, and the
symbol hi indicates an ensemble average.

The solvation free energy of the species A (Li-doped
SiCNT and DNA base complexes of Li-doped SiCNT) can
be written in terms of perturbations where the species dis-
appear to nothing in the gas phase and in solution:

ΔGsolðAÞ ¼ ΔGgas A ! 0ð Þ �ΔGsol A ! 0ð Þ ð4Þ

Absolute free energies of the reaction of DNA base with
Li-doped SiCNT were calculated using thermodynamic
cycles. Finally, the complexation free energy in solution is
given by:

ΔGr ¼ ΔGsol L ! 0ð Þ þΔGsol NT ! 0ð Þ
�ΔGsol LNT ! 0ð Þ ð5Þ

ΔGsol L ! 0ð Þ;ΔGsol NT ! 0ð Þ and ΔGsol LNT ! 0ð Þ
are solvation free energies of ligand(DNA base), Li-doped
SiCNT and DNA base- Li-doped SiCNT complex,
respectively.

Geometry optimization

Quantum mechanical calculations were used for isolated
solute molecules (DNA bases, SiCNT-Li and SiCNT-Li-
DNA base). To avoid dealing with asymmetry effects in
the case of non-chiral zigzag structures, the armchair
nanotube structures [a (6, 6) SiCNT] were considered
as solute samples. DNA bases were coordinated with Li
atom in SiCNT-Li. Binding of DNA bases (Fig. 1) and
SiCNT was done via the active sites. Monte Carlo
simulation [56], ab initio calculations [45] and also
experimental data [57] have indicated that most binding
sites of DNA bases were observed to be N7 in adenine,
and N7 and with minor binding at O6 in guanine. The
amino group in adenine and guanine is not involved in

Table 1 Lennard-Jones
(LJ) parameters for
atoms in a solute

Site ε,kcal mol−1 σ, Å

C 0.08 3.5

Si 0.31 3.804

Li 0.018279 2.12645

O 0.21 2.96

N 0.17 3.25

C in C=O 0.105 3.75

Other C 0.08 3.5

H on N 0 0

H on C 0.05 2.5
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coordination, because its lone pair participates in the
ring π system. So, bonding of a metal-doped nanotube
to adenine and guanine occurs at N7. The most favor-
able site for binding in cytosine is the N3site in the
aqueous or gas phase. N1 and N3 in thymine are the
most active sites towards metal. These sites have lone
pairs available for participating in coordination.
Therefore, these sites of DNA bases are seen to interact
with SiCNT-Li. Each species (SiCNT-Li, SiCNT-Li-A,
SiCNT-Li- G, SiCNT-Li-C, and SiCNT-Li-T) was opti-
mized by the DFT/B3LYP method using the 6–
31 G*[58] basis set. In all calculations, nanotubes were
capped with hydrogen atoms. Natural bond orbital
(NBO) theory was applied to optimized geometries to
determine natural atomic charges.

The calculations were performed by using the
GAMESS-US quantum chemistry package [59]. The
optimized structures of four SiCNT-Li-DNA base com-
pounds are shown in Fig. 1. In the subsequent simula-
tion step, these geometries were applied. Since
uncapped NTs were used in the simulation section,
hydrogen atoms are not shown in Fig. 2.

Carbon and silicon around Li in SiCNT-Li species is
indicated in Fig. 3. The natural atomic charges of carbon
and silicon atoms near the Li have been included in Table 2.
In subsequent calculations, quantum mechanical charges
have been used.

Monte Carlo simulations

Monte Carlo simulations are carried out in a standard man-
ner using Metropolis sampling technique [60] in canonical
(T, V, N) ensemble at 300 K.

Each setup included two fragments: a solute fragment
and water molecules. Solute fragments were SiCNT-Li;
adenine, guanine, cytosine and thymine and their complexes
with SiCNT- Li.

All calculations were performed in a cubic box at the
experimental density of water, 1 g cm−3. The edges of the
box are 50×50×50 Å, which corresponds to almost 4,000
H2O molecules of pure solvent. The symmetry center of the
solutes is in the geometrical center of the cell. A spherical
cut off for the potential at an oxygen–oxygen separation
(distance between oxygen atoms of two water molecules)
of half the length of an edge of the cube was used. One
molecule was picked and displaced randomly on each move.
An acceptance rate of 50 % for new configurations was
achieved by using suitable ranges for translations and rota-
tion about a randomly chosen axis.

The energy of a configuration was obtained from the
pairwise sum of the dimerization energies for each monomer
as usual. In order to find the optimum length of the Markov
chains, a series of simulations was conducted. The system
was thoroughly equilibrated using 1×107 configurations.
Every calculation is extended to include as many configu-
rations as are necessary to reduce the statistical error to the
level at which calculated energy differences have quantita-
tive significance.

Results and discussion

Total energies

In the Monte Carlo simulations, a very dilute solution
of SiCNT-Li and its compounds with adenine, guanine,
cytosine and thymine were used. So one molecule of
solute has merged in water and the average energies
were then calculated from Monte Carlo simulations. As
an example, the resultant configuration of the MC sim-
ulation of SiCNT–Li–A in water is shown in Fig. 4.
This gives a qualitative idea of the formation of the
solvation shell around the solute.

The process of solvation of the solute molecule (SiCNTs)
in water is:

SiCNT gð Þ ! SiCNT aqð Þ

The total energy of the compounds (including van
der Waals and Coulomb interaction) in water was cal-
culated. The average energy (Etot) calculated from
Monte Carlo simulations is given in Table 3. This table
also includes the number of solvent molecules (NH2O) in
the cubic box, STDEV (the standard deviation of the
calculated average in the simulation of finite number of
steps) and relative errors.Fig. 1 DNA bases
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The results indicate that the absolute solvation energies
of these SiCNT compounds in water appear in the following
order:

Etotal SiCNT� Li� Tð Þ > Etotal SiCNT� Lið Þ >
Etotal SiCNT� Li� Cð Þ > Etotal SiCNT� Li� Að Þ >
Etotal SiCNT� Li� Gð Þ
In the polar solvent (water), the electrostatic terms play

an important role in the solvation energy. Point charges on
the material’s surface can improve solvation energy because
they increase the binding energy of H2O molecules and the
solute. The atomic charges in the solutes affect the electro-
static terms of intermolecular energies directly. As men-
tioned above, the charges were given from quantum
mechanical calculations for all of these NTs. Calculations
indicated that the atoms in the nanotube around Li have
larger charges when we used thymine (Table 2). In the other

ligands (cytosine, guanine and adenine) the charges of car-
bon and silicon atoms near the Li in nanotube decreased. So,
the solvation energies of SiCNT-Li-C, SiCNT-Li-A, SiCNT-
Li-G are less than that of SiCNT-Li.

The results are comparable with other experimental and
theoretical studies. Quantum mechanical calculations have
indicated that thymine more efficiently functionalizes CNT
than does cytosine and adenine [61]. This result fundamen-
tally supports the experimental finding that poly T could
more efficiently disperse CNTs in water than poly A and
poly C [62]. Some theoretical studies have examined the
binding of nucleobases with graphene and CNTs [32,
63–65]. The trend of the calculated interaction energies
shows some variations. For example, in one of these studies
the order of interaction energies of the four nucleobases is:
G > T > A > C [63]. These differences are due to intermo-
lecular interactions. Graphene is a carbon allotrope, so it is

Fig. 2 Optimized structures of
DNA base - Li doped Silicon
Carbide Nanotubes. a SiCNT -
Li - A, b SiCNT–Li–G, c
SiCNT–Li–C, d SiCNT–Li–T
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expected that the van der Waals interaction would be the
main driving force for the binding between graphene and
nucleobases. In recent years, the interaction of nucleobases
into silicon nanowire was investigated using a first-
principles method based on density functional theory
(DFT) [42]. The magnitude of the calculated binding energy
shows the following order: G > A ≈ C ≈ T ≈ U.

In fact, in all uncharged NTs, van der Waals interactions
make the dominant contribution between the nucleobases and
NT. Binding of a DNA base on a charged NT(like SiCNT-Li)
is different from the uncharged case. Moreover, in charged

NTs, electrostatic interactions make the main contribution
between solute and water molecules. In contrast, van der
Waals interaction are preferred in uncharged NTs [18].

A simulation can generate an enormous amount of data
that should be analyzed properly to extract relevant proper-
ties and to check that the calculation has behaved appropri-
ately. One of the factors that determine the accuracy of
Monte Carlo calculations is the sample size effect. This
factor arises because locating a limit number of molecules
in a box followed by subsequent application of periodic
boundary conditions introduces error into molecular corre-
lations. For a given system, this effect decreases with the
sample size. In most cases of interest, it is not known how to
choose the size of the system in order to minimize effect of
periodic boundary conditions. The most straightforward test
is to perform a series of calculations in which the sample
size is systematically increased until the calculated values
remain unchanged. The other factor that verifies the preci-
sion of Monte Carlo calculations is statistical fluctuations of
calculated ensemble averages. Statistical errors are often
reported as standard deviations. The errors have been
reported in Table 3. As it can be seen in Table 4, the
simulation error is under 1 %.

Solvation free energies

The ability to calculate solvation free energies of molecules
accurately using thermodynamic perturbation is one of the
most important developments in computational chemistry
[66]. These methods have wide applicability not only in
studies of absolute solvation free energies but also in studies
of binding free energies. Although it is important for these

Fig. 3 The site of coordination (Li) and surrounding atoms in SiCNTs

Table 2 Natural atomic charges
of atoms near Li in Li-doped
silicon carbide nanotube
(SiCNT) and its complexes with
DNA bases

No. atom Atom type Atomic charge

SiCLi SiCLi-A SiCLi-G SiCLi-C SiCLi-T

2 C −0.96947 −0.96893 −0.96731 −0.98903 −1.93534

3 Si 0.96635 0.96014 0.96412 0.96112 1.92824

4 C −0.96791 −0.97011 −0.96925 −0.96967 −1.93789

30 Si 0.97429 0.95631 0.97035 0.96631 1.89712

18 C −0.92401 −0.92821 −0.93304 −0.93069 −1.96194

27 Si 0.96942 0.96539 0.96333 0.96686 1.92869

26 C −0.98323 −0.95459 −0.95233 −0.95795 −1.91106

28 Si 0.93204 0.9517 0.95911 0.96999 1.87806

30 Si 0.97429 0.95631 0.97035 0.96631 1.89712

22 C −0.96732 −0.96553 −0.97056 −0.965 −1.93663

23 Si 0.96942 0.96539 0.96333 0.96686 1.92869

21 C −0.93655 −0.92983 −0.93549 −0.93316 −1.96733

20 Si 1.01062 1.00398 1.03464 1.02747 2.08091

29 C −0.95703 −0.96663 −0.96048 −0.96992 −2.0626

36 Li 0.42108 0.39257 0.36838 0.39673 0.83614
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methods to reproduce experimental results, the real aim is to
use these theoretical methods in cases where experiments
cannot be performed.

Solvation free energy calculations for each of the solutes
(SiCNT-Li and SiCNT-Li-DNA base complexes) were carried
out. To model the solvation of SiCNT-Li and its compounds, a
simulation was performed on the system with the solute fully
represented and its electrostatic and van der Waals parameters
decreased to zero. The computed solvation free energies ΔGsol

are presented in Table 4. Among all four types of SiCNT-Li-
DNA base, in SiCNT-Li- T charges accumulated strongly
around Li atom, making the nanotube walls highly reactive
to external molecules like H2O. Thus as expected, the thymine
complex of SiCNT-Li had the most negative solvation free
energy, and in second place was SiCNT-Li itself, because of
the larger electrostatic contribution to the total solvation free
energy. The larger charge transfer between thymine and
SiCNT makes a higher atomic charge in the nanotube and
increases the electrostatic interactions between water mole-
cules and SiCNT and so increases solvation free energies.

Table 5 shows the calculated solvation free energies of
adenine, guanine, cytosine and thymine to compute complex-
ation free energies between these DNA bases and SiCNT-Li.

Complexation free energies

Equation 5 was used to calculate each complexation free
energy. For this purpose, we need three solvation free energies:
solvation free energies of DNA base, SiCNT-Li and, SiCNT-
Li- DNA base nanotube. The results are tabulated in Table 5.

It can be seen that the complexation free energy (ΔGr) of
the SiCNT-Li-T species is more negative than that of the
other complexes. In fact, of the four DNA bases, only
thymine makes a stable compound with SiCNT-Li. As can
be seen in Table 5, adenine, guanine and cytosine have
positive values of complexation free energies for SiCNT-
Li- DNA base complexes. In some embodiments, the extent
of functionalization is dependent upon a number of factors,
e.g., the reactivity of the CNTs, the reactivity of the func-
tionalizing agent, steric factors, etc.[24]. Therefore, the ste-
ric effect of a nucleobase can affect the interaction of DNA
bases with SiCNT-Li. In our system, binding strength,
which is related to complexation free energy and stability,
varies constantly with the DNA base. Thus, thymine has the
greatest binding strength with SiCNT-Li due to the forma-
tion of a six-membered ring between thymine and SiCNT-
Li. As can be seen in Fig. 1, thymine interacts with SiCNT-

Fig. 4a,b Snapshot of the
simulation of SiCNT-Li-T in
aqueous solution. a Top view, b
Side view

Table 3 Summary of Monte
Carlo runs. NH2O Number of
solvent molecules in the cubic
box, STDEV standard deviation
of the calculated average in the
simulation of finite number of
steps, <E> average energy

Solute NH2O <E> (kcal mol−1) STDEV Relative error

SiC-Li 4009 −140.304 1.6458 0.0117

Adenine 4073 −36.5163 0.1449 0.0040

Guanine 4070 −9.2542 0.0184 0.0020

Cytosine 4071 −9.2460 0.0178 0.0019

Thymine 4069 −9.2130 0.0044 0.0005

SiC-Li-Adenine 4005 −138.0014 0.881642 0.0063886

SiC-Li-Guanine 4004 −136.1444 0.615432 0.0045204

SiC-Li-Cytosine 4004 −139.7772 0.58534 0.0041877

SiC-Li-Thymine 4006 −144.976 0.108782 0.0068664
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Li via two sites: one from nitrogen to the Si atom of the
nanotube (which has a positive charge) and the other
through oxygen to Li. These conditions are not suitable for
adenine and guanine because of the steric effect of reacting
adenine or guanine with SiCNT-L compared with thymine.
The steric hindrance of guanine and adenine (two cycle
structures) around the SiCNT decreases the stability of their
complexes with SiCNT-Li. In the case of cytosine, the
existence of the NH2 group prevents the formation of the
six-membered-ring and so the stability of SiCNT-Li-C is
less than that of SiCNT-Li-T. Furthermore, greater charge
separation in SiCNT-Li-T enhances the stability of this
complex in water compared with other DNA base com-
plexes with SiCNT-Li.

The computed intermolecular distance from quantum
mechanical calculations indicated that the distance between
Li in SiCNT and O in thymine, is 1.75, and that between
SiCNT and N in thymine is 1.95. Conversely, in other
SiCNTs, the DNA base interacts with Li-doped SiCNT only
at one site. In fact, in the thymine complex, we have a six-
membered-ring between the DNA base and the NT that
stabilizes the complex. Thus, it is expected that SiCNT-Li-
T is the most stable complex.

Furthermore, the distance between Li and the DNA base
in these complexes are in the following order (Fig. 1):

T 1:75 Að Þ < C 1:86 Að Þ < A 1:97 Að Þ < G 2:06 Að Þ
Comparison of the distance between Li and the DNA

base indicates that thymine must make the most stable

complex with SiCNT Li and guanine the least stable.
Thus it is predicted that adenine and guanine complexes
have less complexation free energy than thymine and
cytosine.

Free energy has a relationship with the stability constant
of the complex. As can be seen in Table 5, the complex of
thymine with SiCNT-Li has the greatest stability constant;
therefore, it is the most stable compound. Thus, thymine is a
stronger DNA base for reacting with SiCNT-Li.

Radial distribution functions

Radial distribution functions (RDFs) measure the (average)
value of a property as a function of an independent variable.
A typical example is the radial distribution function g(r),
which measures the probability of finding a particle as a
function of distance from a “typical” particle relative to that
expected from a completely uniform distribution (i.e., an
ideal gas with density N/V), considering that by construc-
tion, g(r)=1 in ideal gas. Additionally, RDFs are a class of
observables properties that characterize the structure of the
liquid state. For the NTs, RDF for solvent atom type x, gx(r)
is obtained from the frequency of finding an atom of type x
between r and r + dr of the outer surface of the NT (RDF
outside the NT) .

Figure 5 depicts the RDF diagrams for the four DNA
base Li-doped SiCNTs. These diagrams show water
reduced density (ρlocal/ρbulk) around the NTs versus (r)
axis, that (r)axis corresponds to the distance from the
outside wall of the tube. As can be seen, all the RDF
diagrams have two peaks that are in correspondence
with the first and second shell-like formations of water
around the surface of the NTs. As shown in Fig. 5, the
first peak of all NTs occurs at about 2 Å. Comparing
among RDFs diagrams, SiCNT-Li-G has the lowest first
peak. This is due to the solubility of the NTs. SiCNT-
Li-G is the most insoluble sample. Figure 5c,d reveals
that the first and second peak for SiCNT-Li- C and
SiCNT-Li- T are broader than SiCNT-Li- A and
SiCNT-Li- G (Fig. 5a,b). The reason is more solubility
of thymine and cytosine complexes, which increase the
density of water around the NT. Some water molecules
within the shells then point toward each other and cause
hydrogen bonding, which provides broad peaks or
connected peaks. For all NTs, the second coordination
shell can be seen at about 4–5 Å.

As can be seen, the limit of bulk water is also
considered. In all cases, the water molecules adopt a
bulk structure at distances greater than 8 Å from the NT
surface, thus showing the limit of bulk behavior for
water. Since the water molecules in this bulk region
do not interact with the NT, the differences in density
distribution of H2O molecules between the bulk region

Table 4 Computed sol-
vation free energies (in
kcalmol−1)

SPECIES ΔGsol

SiC-Li −393.4495

Adenine −11.6000

Guanine −21.7000

Cytosine −20.1000

Thymine −13.1000

SiC-Li-adenine −386.7105

SiC-Li-guanine −389.6550

SiC-Li-cytosine −395.1725

SiC-Li-thymine −403.3970

Table 5 Computed complexation free energies (in kcalmol−1) and
stability constants of the complexes

Complex ΔGr log K

SiC-Li-adenine 22.8395 −0.08824

SiC-Li-guanine 11.1815 −0.0432

SiC-Li-cytosine 4.4625 −0.01724

SiC-Li-thymine −4.1255 0.015939
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and the interfacial regions are most referred to the
adsorption effect of the NT.

Conclusions

As discussed above, fluidic applications of NTs will play an
important role in nanotechnology. Considerable efforts have
been dedicated to the preparation and functionalization of
NTs, and the search for new ideas on water solute samples
of NTs. The interaction of biomolecules with single wall
NTs is a topic of current research interest. DNA bases have
the ability to coordinate a variety of metal ions, and this
is a way to interact these biomolecules to NTs and
increase their solubility.

In this study, SiCNT-Li and its nucleic acid base com-
plexes were first modeled by quantum machanical calcula-
tions and then Monte Carlo simulation was used to calculate
solvation free energies plus complexation free energies for
the related structures in aqueous solution. These energies are
unattainable experimentally because of the lack of volatility
of these compounds.

The solvation energies trend for the four DNA bases
with SiCNT-Li is as follows: T > C > A > G. The
results indicated that the thymine complex of SiCNT-Li
has the highest solvation free energy in water and
therefore this compound is the most soluble species in
water solutions among the four DNA base complexes
with SiCNT-Li. Computed complexation free energies
for compounds of adenine, guanine, cytosine and thy-
mine with SiCNT-Li indicate that thymine with SiCNT-
Li has the lowest complexation free energies, therefore
it is the most stable compound in water. This is due to
the shorter bond distance between Li and thymine and
greater charge density in the complex. Furthermore, the
optimized structure of SiCNT-Li- T has a six-membered
ring between thymine, Li and NT. This ring structure
increases the stability of the thymine complex as com-
pared with the other nucleobases. Therefore, it is con-
cluded that, in the interaction with DNA base, thymine
is preferred. Further calculations can be performed to
observe whether thymine can increase the solvation of
other metal-doped nanotubes as compared with adenine,
guanine and cytosine.

Fig. 5a–d Variation of reduced density of water from the outer surface of SiCNT-Li-DNA base complexes. a SiCNT-Li-adenine, b SiCNT-Li-
guanine, c SiCNT-Li-cytosine, d SiCNT-Li-thymine
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