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Abstract Nanotubes are believed to open the road toward
different modern fields, either technological or biological.
However, the applications of nanotubes have been badly
impeded for the poor solubility in water which is especially
essential for studies in the presence of living cells. There-
fore, water soluble samples are in demand. Herein, the out-
comes of Monte Carlo simulations of different sets of
multiwall nanotubes immersed in water are reported. A
number of multi wall nanotube samples, comprised of pure
carbon, pure silicon and several mixtures of carbon and
silicon are the subjects of study. The simulations are carried
out in an (N,V,T) ensemble. The purpose of this report is to
look at the effects of nanotube size (diameter) and nanotube
type (pure carbon, pure silicon or a mixture of carbon and
silicon) variation on solubility of multiwall nanotubes in
terms of number of water molecules in shell volume. It is
found that the solubility of the multi wall carbon nanotube
samples is size independent, whereas multi wall silicon
nanotube samples solubility varies with diameter of the
inner tube. The higher solubility of samples containing
silicon can be attributed to the larger atomic size of silicon
atom which provides more direct contact with the water
molecules. The other affecting factor is the bigger inter
space (the space between inner and outer tube) in the case
of silicon samples. Carbon type multi wall nanotubes
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appeared as better candidates for transporting water mole-
cules through a multi wall nanotube structure, while in the
case of water adsorption problems it is better to use multi
wall silicon nanotubes or a mixture of multi wall carbon/
silicon nanotubes.
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Introduction

Structurally well-defined building blocks are potentially
useful in the synthesis of designed catalysts, photonic band
gap materials, nanoscale electronic devices, and chemical
separations media [1]. Tabular structures are particularly
interesting in this regard, because of their inherent mechan-
ical strength [2], their unusual electronic transport properties
[3], and their ability to act as containers or capsules [4, 5].

Carbon nanotubes (CNTs), a new form of carbon, have
come under intense multidisciplinary studies because of
their unique physical and chemical properties [6, 7]. The
well-defined shape and size of NTs make them attractive
candidates for theoretical and experimental studies of vari-
ous nanoscopic phenomena such as protection and confine-
ment of molecular species as well as transport of molecules
through their interior pores [8].

CNTs include single wall (SW) and multi wall (MW)
depending on the number of layers comprising them [6].
As aforementioned, the unique properties of nano-tabular
structures, including CNTs, have led to interest in their
potential application as quantum nanowires, electron field
emitters, catalyst supports, chemical sensors [9], and sorb-
ents for hydrogen and other gas storages [4, 10—12]. In
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addition to the aforesaid properties, one can mention the
other properties of great importance such as large specific
surface area, light mass density, hollow cavities, and excel-
lent mechanical and electrical properties.

The development of new nanoscale platforms offers great
potential for improvements in the care of cancer patients in the
near future. Areas of greatest clinical impact likely include
novel, targeted drug-delivery vehicles, molecularly targeted
contrast agents for cancer imaging, targeted thermal tumor
ablation, and magnetic field targeting of tumors [13, 14].

Although the interfacing CNTs with biological systems
can lead to significant applications in various disease diag-
noses, the toxicity of the nanotubes interacting with living
cells is an issue of strong concern. However one can say that
the data on the toxicity of CNTs from a biological perspec-
tive is poor or contradictory [15-22]. On the other hand,
non-functionalized NTs are poorly soluble in water, organic
or inorganic solvents. As a result, a lot of effort has been put
into making soluble NTs, recently.

Solubilization methods of NTs are still controversial topics
in contemporary NT literature [23, 24]. This behavior of NTs
is commonly attributed to their long structured features, large
molecular size, or severe aggregation [25]. CNTs can be
solubilized by a series of methods, including their functional-
ization by the aryl diazonium process, use of elemental metals,
simple inorganics, acids, esters, aldehydes, amines, aromatics,
macrocycles, thiols, biomolecules, polymers, and using such
techniques as pulsed streamer discharge, microwave treat-
ment, cryogenic crushing [25].

Another method which has hardly been noticed as a way
to make MWNTs soluble is doping method [25]. Experi-
mentally, the first attempts to replace carbon atoms with
silicon in fullerens were not successful. However, the partial
substitution of carbon (C) atoms by silicon (Si) atoms which
results in cohabitation is possible [26]. Indeed, SiC nano-
tubes (SiCNT) were first observed by Sun et al. [27] by a
substantial reaction with Si replacing the C atoms in an
MWNT structure. Mavrandonakis et al. studied the stability
of such materials by DFT calculations. They found out that
increasing Si over C ratio made SiCNTs instable, which was
in agreement with Sun et al. findings. Referred to in these
literature a 50% SiCNT is the best suggested structure in this
category of mixed NTs [26]. In a very recent paper, Malek
and Shahimi studied the effect of the NT’s size, curvature,
and chirality on diffusion and adsorption of several gases in
SWSICNTs by molecular dynamics (MD) simulations. They
showed that adsorption sites in a NT with finite length favor
hydrogen binding to the SWSIiCNTs over the SWCNTs.
Also, the adsorption capacity and diffusion of gases in the
SiCNTs were strongly affected by the SiCNTs curvature and
chirality [28].

As authors were very keen on the effect of doping on the
solubility of MWNTs, a series of Monte Carlo (MC)
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simulations were conducted to study the solvation behavior
of different kinds of MWNTs consisting of C and Si atoms.
Both pure (consist of only C (MWCNT) or Si (MWSINT)
atoms) and mixed samples (comprised of both C and Si
atoms) were examined. MWNTs were considered with dif-
ferent inner diameters while the outer tube diameter and
MWNTs length were kept constant.

The remainder of this paper is organized as follows. The
simulation setup and computational details are described in
section 2. Then it is followed by the analysis of results in
terms of solvation energies and diameter (size) effect in
Sect. 3. Conclusions are drawn in Sect. 4.

Simulation setup

Calculated energy values, as well as various structural
parameters, can be further used to analyze solvation energies
of the NTs [29]. The process of solvation of the solute
molecule (NTs) in water can be defined as follows:

NT(g) <> NT(aq).

Total potential energy of a chemical system, AEtot,
includes internal potential energy (AEint) and external po-
tential energy (AEext) terms:

AEtot - AEint + AEext (1)

AEtot can be further explained as the sum of the energy
contributions from solute-solvent

(AEsoln), solvent-solvent (AEsolv), and intramolecular
(AEint) interactions:

AEtot = AEint + AEso In + AEsolv (2)

The canonical MC method at T=298 K was used to
examine the solvation behavior of MWNT systems in
water, applying the standard Metropolis sampling tech-
nique [30, 31]. The interaction between two molecules a
and b were defined by a site-site interaction potential
consisting of a standard Lennard-Jones (LJ) potential to
represent the short range potential and a long range
Coulomb potential, with parameters, €i , oi, and gi for
each atom:
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The transferable intermolecular potential functions [32,
33] (TIP3) was applied for modeling solvent molecules.
This model uses a total of the three sites for the electrostatic
interactions. The partial positive charges on the hydrogen
atoms were exactly balanced by an appropriate negative
charge located on the oxygen atom. The characteristics of
the LJ parameters for C and Si [33—35] are given in Table 1.
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The site-site L] parameters for the unlike interaction-
s,6C0O ,0CO, eCH ,0CH, ¢OH ,00H, were obtained accord-
ing to the standard Lorenz-Berthelot (LB) combining rule
[36],

1
Uij:%<ai+0—j)75ij: (E,Ej)z (4)

Each setup included two fragments: open- ended
MWCNT or MWSINT and water molecules. To avoid deal-
ing with asymmetry effect (like the case of non-chiral zigzag
structures) the armchair MWNT structures were considered
as solute molecules. Armchair-type NTs (5, 5), (6, 6), (7, 7)
and (8, 8) were used as the inner walls and the (11, 11)
armchair type NT considered as the outer wall.

Since all samples had (11, 11) armchair tube as the outer
part, hereafter and all through the manuscript, we referred to
the samples only by their inner part characters. For instance,
by the (66) pure carbon sample authors mean the sample
with the inner tube of (6, 6) and outer tube of (11, 11). The
characteristics of the CNT and SiNT water systems were
summarized in Table 2. The lengths of the MWNTs were
kept constant at 10 A and diameters were calculated using
the following formula
a[3(n? + nm + m?)] 1/2
b2

d= (5)
in which “a” was either the C-C (1.421 A ) or Si-Si (2.410 A )
bond lengths [37].

All calculations were performed in a cubic box at the
experimental density of water, 1 g/cm3.

The optimum edges of the box were 50x50x50 A,
which corresponded to almost 4000 H20 molecules of pure
solvent. In fact a very dilute solution of NTs was used, so
one molecule of solute was merged in a cubic box of water
and then considering the size of solute (NT) some water
molecules were eliminated from the box. Randomly trans-
lational and rotational movements for water molecules were
considered, too.

The symmetry center of the NT was in the geometrical
center of the cell.

Herein, water- carbon LJ interactions were treated within a
spherical cutoff. To make a quantitative prediction of the
solvation behavior of MWCNTs and MWSINTs, these kinds
of interaction potentials should be treated with more

Table 1 Lennard-Jones parameters for carbon and silicon atoms*

Site g,kcal/mol c,A Ref. no.
C 0.080 3.500 33,34
Si 0.310 3.804 35

*¢ is the well depth of the interaction potential and o is the center to
center distance when the potential changes from positive to negative

Table 2 Overview of the CNT— and SiNT- water systems*

MWNT Case Diameter(A) Inter space (A) N (C,Si) N(H,0)

55 6785(11.507) 8.142 (13.81) 90
8.142 (13.809)  6.785 (11.508) 108
77 9499 (16.110) 5428 (9.207) 126
88 10.856 (18.412) 4.071 (6.905) 144

14.927 (25.317) 198

3956 (3830)
3958 (3867)
3960 (3868)
3968 (3878)

Inner walls 66

Outer wall 11

*All systems are aligned in the direction of tube axis. The length of
tube is 10 A and the chirality corresponds to armchair NTs. The space
between the inner and outer tube is represented as "inter space". N(C,
Si) denotes the number of carbon or silicon atoms in pure samples. The
numbers in the parenthesis correspond to SiNTs

complicated methods such as Ewald summation. However,
for the purpose of understanding qualitative aspects of the
solvation problem of MWCNTs and MWSINTs, potentials
such as simple LJ terms are sufficiently accurate [38]. More-
over, the interested systems were not highly charged, so in a
comparison of typical energy contributions in distance behav-
ior of non-bonded interactions, both short range interactions
(Evdw) and long-range ones (Edipole-dipole and Epoint
charges) became small in a cutoff between 20-30 A [39].
Therefore a spherical cutoff for the potential at an OO sepa-
ration (distance between O atoms of two water molecules) of
half the length of an edge of the cube (around 25 A) seemed
reasonable.

During the simulation process, 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 rotation about a random-
ly chosen axis.

Periodic boundary conditions were employed in computa-
tion of energy of the initial configuration, in cutoff, in trans-
lations and rotations, and computation of the energy of each
produced configuration. The system was thoroughly equili-
brated using several hundred thousand configurations. The
energy of a configuration was obtained from the pair wise
sum of the dimerization energies for each monomer, as usual.

In order to find the optimum length of the Markovian
chains, we conducted a series of simulations. The outcomes
showed that the best length included 5x10° configurations
since the energy difference between the two last runs
(lengths 4x10° and 5x10°) were negligible. For instance
the results for (55) pure MWCNT sample are given in
Table 3. This procedure was applied to the all samples.

Table 3 The optimum length of Markovian chain

No. of runs 10° 10° 2x10° 3x10° 4x10° 5x10°

Energy(kcal/mol) -8.456 -9.333 -9.357 -9.358 -9.364 -9.363
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Roughly 50% of the initial steps were disregarded for
equilibrium. Every calculation was extended to include as
many configurations as were necessary to reduce the statis-
tical error to the level at which, calculated energy differ-
ences have quantitative significance.

The first part of this report studies solvation of pure C
and pure Si systems. In the next step, the solvation behavior
of several systems comprised of both C and Si in different
percentages is investigated. Computation of all probable
systems is time consuming and useless. So we studied
selected systems with growing percent of Si from the inner
tube toward the outer tube in a systematic way. The pure
MWCNT was considered as the first structure and then the C
atoms in the inner tube were replaced by Si atoms in several
steps (each step included replacement of 25% of C atoms)
such that in the end we had a MWNT with an inner SiNT
and an outer CNT. In the next step we continued to replace
C atoms with the same 25% in each step until the final
structure which was pure MWSINT. This sample had only
Si in both inner and outer tubes.

Results and discussion

SWNTs always reaggregate over time since this is their
thermodynamically favorable state. Therefore, true water-
soluble NT solutions are those solutions that entropically
favor individualized nanotubes [25, 40], where the reaggre-
gation of CNTs in a solvent is less favored, on a thermody-
namic basis, than their continued solvated state [41].

The authors tried to look at the solvation problem
from another perspective. Herein, we studied the amount
of inner tube water content in terms of tube diameter
and tube type (pure C, mixture of C and Si and pure
Si). Solvation energies for aforementioned samples were
calculated, as well. Finally, comparisons were made
between the solvated samples in order to find the opti-
mum solvation conditions.

Solvation of MWNTs; pure CNTs and SiNTs

Calculated solvation energies for MWNTs with different
diameters are shown in Fig. 1. As can be seen, for the carbon
samples, increasing the diameter of the inner tube has no
significant effect on the solvation energies. In other words
solvation energies in this case areindependent from the
curvature of the inner wall.

MWSINTs show relatively higher solvation energies
(-10 kcal mol™ for MWSiNTs compared to -9 kcal mol™
for C samples). In contrast with pure C samples, solvation
energy does not show a smooth trend; it decreases drasti-
cally from (66) sample to (77) sample, about 2.5 kcal mol ™,
and then it goes up again toward (88) sample (Fig. 1).

@ Springer

There are several arguments on the interactions of NTs in
the aqueous solutions. For instance, Frolov et al. study on the
solvation behavior of NTs in ionic solutions suggested consid-
ering the effect of charge density of the ions and ion’s hydra-
tion strength on the solubility of the NTs. They also discovered
the size of ions as another important point which affects the
amount of direct contact with the NT surface [42]. In another
study, Striolo et al. used NTs decorated with oxygenated sites
(mainly carbonyl groups) to study the solvation behavior of the
NT. The result was that the number of CO groups and their
distributions were key factors in the solvation of NTs [38].

In our case study we use pure water as solvent and NTs
are comprised of C and Si atoms, as solutes. C and Si atoms
belong to the same group, but they have different atomic
sizes (such as atomic and covalent radii). For instance, C
atom has a covalent radius of 70 pm while Si has an amount
about 110 pm [43]. Therefore one can come to the idea that
the more negative solvation energies of the Si samples are
due to their larger size which can provide higher amounts of
direct contact between water molecules and NT surface.

The other factor which has to be mentioned is the space
between the inner and outer wall of a NT which provides
higher capacity of loading material into an MWNT com-
pared with an SWNT. The space between two walls is much
bigger in the case of a MWSINT. It means these tubes are
able to keep more water molecules in them which in turn
affect their solubility.

As an illustration of the water arrangement around NT, a
snapshot issued from the simulation of the (66) MWCNT in
water at 298 K is given in Fig. 2, showing the cylindrical
symmetry of the water environment near to the NT. This top
view picture shows the arrangement of the first, and to a
lesser extent the second layer of water molecules around the
NT walls.

To understand why the (77) Si sample has the most
negative solvation energy it will be insightful to first study
the radial distribution functions (RDF).

Distribution functions measure the (average) value of a
property as a function of an independent variable. A typical
example is the g(») which measures the probability of find-
ing 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 construction, g(r)=1 in ideal gas. Additionally,
RDFs are a class of observables properties which character-
ize the structure of the liquid state. Experimental methods,
such as Neutron and X-ray scattering provide information
on the so called functions [39, 44, 45]. In the case of NTs,
solvent atom type x RDFs, denoted by g,(r), are obtained
from the frequency histogram formula:

5 = nx(r)
gx( ) - (

Arr2dr)p, (6)
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Fig. 1 Solvation energy diagram for pure MWCNT and pure MWSINT samples with different diameters. MWSINT (77) appears to be the most

soluble one

where “n,(r)” is the frequency of finding an atom of type x
(O or H) between r and “r+ dr” of the central axis of NT , dr
is the width of the slab considered from the NT axis to
calculate RDF. Finally, p, is the bulk density of atom type x.

Figures 3a, b depict the site —site RDFs for O and H
atoms in the inner NT versus (1) axis for pure MWCNTs and
MWSINTs, respectively. Note that the “7” axis corresponds
to the distance from the center of the inner tube toward the
NT inner wall. Inner tubes are considered with different

Fig. 2 Snapshot that issued

diameters. In agreement with other reports [46, 47], water
density in the NTs strongly depends on the diameter of NT.
As can be seen in Fig. 3a, the H atom RDFs for narrower
NTs, suggest that H atoms of water molecules face in the
interior of the tube and we have one layer of water mole-
cules. The results for (55) and (66) MWCNTs indicate one
peak for H atom in about 0.5 A from the internal axis of
NTs, while RDFs of (77) and (88) MWCNTs show two
peaks in about 1 A and 2 A. So, as the radius of inner tube

from the simulation of the (66)
MWCNT in water: (a) side and
(b) top views of MWCNT

in water
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Fig. 3 a,b. Site-site RDFs for pure MWCNT and MWSINT samples

increase, for (77) and (88) MWCNTs, the second layer of H
atoms are formed and the first layer moves closer to the
walls. This is the characteristic of hydrophobic walls that the
H atoms do not move near the edge of tube in the narrower
NTs.

RDFs for O atoms in all samples roughly show the same
trend. As for the (55) NT sample, a maximum can be seen
near the center of the tube (Fig. 3a). For (66) samples with a
bigger diameter, this peak moves toward the wall. Eventu-
ally, (77) and (88) sample RDFs indicate another maximum
which corresponds to a second layer of water molecules in
the inner tube. In fact in narrower NTs, we observed one
layer of water molecules. As for the (77) and (88) NTs, our
results predict the formation of two layers stabilized by
hydrogen bonds.

Similar results are obtained for MWSINTs. However,
RDF peaks appear in a wider range from the center of NTs
since they have a bigger diameter compared to MWCNTs.
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The amount of water molecules between two NTs (inner
and outer tubes) represented as local densities. Calculated
values for pure C and Si samples are given in Table 4. As
can be seen, the limit of bulk water (distances greater than
the diameter of the outer wall) is considered, too. In both
cases (either C or Si) the local density outside the outer wall
is constant and equal to 0.031 and 0.061 for O and H atoms,
respectively. It shows the limit of bulk behavior for water.

The local densities in the inner tube (local density<dl)
increase as one goes to the larger NTs (either MWCNTs or
MWSINTs). MWSINTs samples have higher local densities
than MWCNTs which corresponds to their larger size. Com-
parisons between MWCNT(55)-the most insoluble sample-
and MWSINT(77)-which shows the highest solubility- indi-
cate that (55) C sample has the least amount of local density
while the (77) Si sample has the most. So, it appears that
(77) silicon sample prefers to absorb water molecules rather
than pass them through the NT.
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Table 4 Calculated local densi-
ties (A-3) for site-site interac- 55 66 77 88
tions in pure MWCNT and
MWSINT samples * MWCNT samples
O H (0] H O H O H
local density<dl 0.005 0.01 0.006 0.012  0.01 0.017 0.012 0.025
dl<local density<d2  0.001  0.001  0.003 0.003 0.005 0.006 0.008 0.009
d2<local density 0.031 0.061 0.031 0.061 0.031 0.061 0.031 0.061
MWSINT samples
O H (0] H O H O H
* By definition, local density is )
the number of particles per vol.  10cal density<dI 0.002 005  0.06 0.11 005 011 003  0.07
ume. d1 and d2 are the diameters dl<local density<d2  0.018 0.017 0.013 0.013 0.022 0.021 0.028 0.027
of the inner and outer walls, d2<local density 0.031 0.061 0.031 0.061 0.031 0.061 0.031 0.061

respectively

Also, calculated local densities for H atom in the inner
tube and out of the outer tube is higher than the
corresponding values of O atom for each sample. This
seems reasonable due to the 1:2 ratios of the O/H in water
molecule, but in the inter space this ratio is not preserved.
Between two layers, the hydrophobic effects of the wall do
not provide conditions for normal hydrogen bonding be-
tween water molecules. In fact hydrogen bonding is a func-
tion of the type of nonstructural space. Hydrogen bonding in
the inter space of NTs differ from bulk water. The second
hydrogen atom of each adsorbed water molecule does not
participate in hydrogen bonds with other adsorbed mole-
cules, but it is instead directed toward the hydrophobic wall.
This configuration reproduces the features observed in other
reports [48—50]. In this way, the number of hydrogen bonds
per water molecule can be significantly less than the number
of hydrogen bonds that a water molecule can establish in
bulk water. So in the inter space of the NTs, the orientation
of water molecules is changed and therefore the O/H ratio of
local densities are less than bulk water.

Solvation of mixed multiwall nanotubes

The solvation energies for the two mixed samples (55) and
(77) are given in Table 5. The mixing range is considered
between 0% (pure state) to 100% for both inner and outer
tubes, so the number of total samples in each case is nine.
Increasing the Si percentage makes the samples more solu-
ble in both cases. The (55) sample shows a linear relation-
ship between increasing the Si percentage and solubility of
the compound (by a regression coefficient of R*=0.800)
while the (77) sample follows a nonlinear form.

To give better description of solubility of mixture
NTs, the relative solvation energies (difference between
each of the obtained solvation energies to the least of
them) are calculated, as well. Figure 4 shows the relative
solvation energies (DE) for the mixed (55) and (77)
samples. Clearly, the most soluble sample is pure silicon

sample (77). The two mixed samples (55) and (77) have
the same relative solvation energies at 100%. It means
the solubility of the sample in which all the C atoms are
replaced by Si atoms in the inner tube, is independent
from inner tube diameter. One can see the same situation
at 175%, a sample with just 25% of C in its outer wall.
On the other hand, the mixed (55) sample shows a
higher solubility relative to the mixed (77) when it has
50% Si in its combination in the inner tube. In summary,
the obtained energies indicate that the solvation energies
of MWNT (55) and (77) in water appears in the follow-
ing order:

E(77)pure Si > (E55 = E77)175% > (E55 = E77)100%
Error estimation

There is no denying the fact that a simulation can generate
an enormous amount of data that should be properly ana-
lyzed to extract relevant properties and to check that the
calculation has behaved properly. The three most important
factors that determine the accuracy of MC calculations are
the quality of intermolecular potentials, the sample size
effect, and statistical fluctuations of calculated ensemble

Table 5 Calculated solvation energies (in kcal mol™) for two samples
(55), (77) which were subjected to mixing

Y%mixture E(55) E(77)
Pure carbon 0 -9.333 -9.367
25 -9.603 -9.507
50 -9.647 -9.565
75 -9.723 -9.788
100 -9.754 -9.756
125 -9.891 -9.945
150 -9.987 -9.962
175 -10.021 -10.025
Pure ‘silicon 200 -10.755 -13.458
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Fig. 4 Calculated relative
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averages. The first was briefly discussed. The second factor
arises because locating a limit number of molecules in a box
followed by subsequent application of periodic boundary
conditions introduces an error into the molecular correla-
tions. For a given system, this effect decreases with the
sample size. In most cases of interest, we do not know
how to choose the size of the system in order to minimize
an effect of periodic boundary conditions.

The most straightforward test is to perform a series of
calculations in which the sample size is systematically in-
creased until calculated values remain unchanged. The sta-
tistical errors are often reported as standard deviations [45].
The standard deviation and relative errors are tabulated in
Table 6.

Conclusions

As dispersed aqueous nanomaterials are used in many appli-
cations, making stable solutions of nanomaterials in aqueous
phase is an important problem. For this purpose, the effects

Silicon mixing percentage

of size and structural composition on the solvation behavior
of MWNTs in water were studied by implementation of the
MC computer simulation method.

It was found that variation of the inner tube size has no
significant effect on the solubility of the MWCNT samples.
Such a trend was not observed in the case of MWSINTs. For
instance, the (77) sample appeared to be the most soluble
sample. Investigation of mixed samples revealed that in
some certain conditions the solubility behavior became size
independent, like an MWNT with just 25% C in its outer
wall or an MWNT with a pure Si inner wall and pure C outer
wall.

Based on these findings, it seems that MWCNTs are
better candidates for transporting water molecules through
an MWNT structure, while in the case of water adsorption
problems it is better to use MWSINTs or a mixture of C/Si
MWNTs.

The effect of physical conditions such as temperature
dependency or pH variations on solubility of these systems,
as well as the effect of nonchiral structures, can be of great
importance and will be considered in future performances.

Table 6 Simulation errors in

terms of standard deviation and Structure MWCNT MWSINT
relative error for pure MWCNT
(55) and MWSINT (55) samples <E> STDEV Relative error <E> STDEV Relative error
55 11 -9.333 0.029 0.003 -10.755 0.223 0.021
66 11 -9.356 0.022 0.002 -10.022 0.010 0.001
77 11 -9.367 0.016 0.002 -13.458 0.300 0.022
88 11 -9.448 0.013 0.001 -10.266 0.005 0.001
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