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Abstract Self-consistent-charge density-functional tight-
binding (SCC-DFTB) approximated method was employed
to investigate the structural, mechanical and electronic prop-
erties of the zigzag and armchair nano-fibriform silica
(SNTs) and their outer surface organic modified derivatives
(MSNTs) with internal radii in the range of 8 to 36 Å. The
strain energy curves showed that the nanotubes structures
are energetically more stable compared to the respective
sheet structures. External hydroxyl dihedral angles in silica
nanotubes have small influence, about 0.5 meV.atom−1, in
the strain energy curve tendency of those materials favoring
the zigzag chirality. The chemical modification of outer
surface of SNTs by dimethyl silane group affects their
relative stability favoring the armchair chirality in approxi-
mately 2 meV.atom−1. MSNTs have axial elastic constants,
Young’s moduli, determined at the harmonic approximation,
around 100 GPa smaller than the respective SNTs. The
Young’s moduli of zigzag and armchair SNTs are in the
range of 150–195 GPa and 232–260 GPa, respectively. And
for the zigzag and armchair MSNTs these values are in the
range of 77–89 and 110–140 GPa, respectively. The SNTs
and MSNTs were characterized as insulators with band gaps
around 8–10 eV.
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Introduction

Since the discovery of carbon nanotubes (CNTs) [1],
new nanostructured materials have been synthesized by
different research groups and applied by industries to
develop new technological devices. CNTs have received
great attention from the scientific community further-
more inorganic nanotubes have also been the subject
of many studies. Inorganic nanotubes such as WS2 [2],
BN, BC2N [3, 4], GaS [5], MoS2 [6], imogolite (Al2O3-

SiOH(OH)3) [7–9] and silica nanotubes (SNT –
(SiO2)x(OH)y) have been extensively studied. However,
most of these inorganic nanotubes are difficult to syn-
thesize or to obtain from the nature excepted nanostruc-
tured clay minerals. The increasing interest for these
silica based nanostructured materials is due to their
physical and chemical stability and the facility to mod-
ify them through chemical functionalization. Therefore,
it is important to study the electronic, mechanical and
structural aspects related to silica nanostructured com-
pounds, aiming to contribute to the development of new
advanced materials.

The most common structure of silica is α-quartz with the
tetrahedron SiO4 as a main structural unit. Due to the large
range of SiOSi angles there are some different crystal phases
such as β-cristobalite and silica rods, clusters, rings, chains,
nanowires and nanotubes as well [10, 11]. Considering the
one-dimensional silica nanomaterial, silica nanowires have
been employed in high strength light source as light-
emitting diodes. Amorphous SiO2 nanowire was synthe-
sized in exciter laser ablation method by Yu et al. [12] . In
some other synthetic pathways a mild sol–gel process is
used to develope nanotubular silica as well. An example of
a simple synthetic pathway was used by Wang et al. [13, 14]
to produce silica nanotube in a process that removes the
brucite layer by acid leaching of chrysotile. Wang et al. [15]
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also modified the external surface of silica nanotubes using
SiCl2(CH3)2 to produce outer surface modified silica nano-
tubes (MSNTs) with dimethyl silane groups.

Recently, SNTs have been applied to biological and en-
vironmental systems because of their specificities and large
surface area. Kim et al. [16] developed silica nanotubes
materials as microcapsule to delivery drugs. Polymer-
based drug delivery systems have limitation because of
hydrolysis and erosion of these materials as pointed out by
Kim et al. [16]. Bai et al. [17] synthesized a mesoporous
silica nanotubes via a sol–gel process to immobilize a lipase
enzyme. A range of enzymes like penicillin G acylase,
glucose oxidase, α-amylase, Mucor Javaniscus lipase, glu-
cose isomerase and others have been immobilized on mes-
oporous silicate nanotubes as reported by Bai et al. [17].
These possibilities allow the development of a new class of
biological heterogeneous catalysts.

For a long time, silica compounds have been employed as
support for different catalysts in industries. Structured sili-
cate materials like clay minerals and zeolites can be cited as
support (adsorbent) and also in some cases as a true catalyst.
As catalyst supports, SNTs have many advantages such as
acid and base chemical attack resistance, they are not ther-
molabel materials, and they also present different molecular
structures with a wide range of size and shape of porous.
Qiang et al. [18] employed SNTs as support of cobalt
catalyst for Fischer-Tropsch synthesis. High effects of the
SNTs structures to physicochemical and catalytic properties
of cobalt-based catalysis in Fischer-Tropsch synthesis are
reported by Qiang et al. [18] and concluded that Co/SNTs
have higher catalytic activity than Co/CNT.

Due to the huge SNTs potential applications in chemical
reactions and in the development of new materials, we
decided to investigate the stability and the electronic, me-
chanical and structural properties of SNTs and MSNTs using

the SCC-DFTB method which has been used with remark-
able success to investigate similar systems [19].

Computational details

Silica nano-fibriform (SNT) and modified silica nanotubes
(MSNT) by dimethyl silane functionalization were investi-
gated starting from the respective idealized sheet structures.
Based on the elemental analysis reported by Wang et al. [13,
15], primitive unit cells representing the silica and the mod-
ified silica nanotubes were built, some of which are pre-
sented in Fig. 1. Figure 2 shows the sheets that originate the
SNTs and MSNTs and the chiral vector for armchair and
zigzag absolute configurations used to generate the nano-
tubes in the present work. Different sizes and chiralities of
silica nano-fibriform were built with inner radius variation
in a range of 8 to 36 Å.

The self-consistent-charge density-functional tight-
binding approximation (SCC-DFTB) [20, 21] was used to
study all periodic systems. The DFTB+ package [22, 23]
was employed with the parameters (Slater-Koster tables)
developed by Seifert and collaborators [24–27] to optimize
all structures and to do post-process calculations. For the
silica sheet systems, Fig. 2, the periodicity was set in x and y
axis, and in the z direction a vacuum was simulated, setting
the respective cell parameter in z direction around 100 Å.
Therefore, an orthorhombic cell was used for the silica sheet
systems (a≠b≠c and α0β0γ090º). The periodicity of the
nanotubes presented in Fig. 3 and 4 was set in the y direc-
tion while in the x and z directions a vacuum was simulated
as described for the silica sheet systems. For the nanotubes a
tetragonal cell was set (a0c≠b and α0β0γ090º).

All atoms in the unit cells were optimized with no con-
straint using a conjugated-gradient algorithm implemented in

Fig. 1 Top (a) and side (b,c) views of the unit cell of the sheet used to generate the silica nanotubes; top (d) and side (e,f) views of the unit cell of
the sheet used to generate the modified silica nanotubes
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DFTB+ package. The cell parameters, a and b for the silica
sheets and b for SNTs and MSNTs, were optimized by sim-
plex algorithm [28–30] adapted to DFTB+ package by the
authors. See supporting information for the Fortran code of
this simplex implementation. In each simplex step all atoms
presented in the unit cell were fully optimized. A Monkhorst-
Pack [31] sampling was used to generate a converged 2×4×1
k-points for silica sheet systems and 1x4x1 for SNTand MSNT
systems that were used in all calculations.

Results and discussion

The values of the inner radius (Rin) and the optimized
unit cell parameters (ε) for the SNT and MSNT in the
equilibrium geometries are presented in Tables 1 and 2.

The inner radius (Rin) was defined with the mean value
of all oxygen atom positions inside the SNT and MSNT.
The zigzag chirality has much larger values of unit cell
parameters compared to armchair chirality for both SNT
and MSNT. For the zigzag chirality the unit cell param-
eter is around 9.0 Å and for the armchair it is around 5.3
Å. However, comparing the inner radii of the nanotubes
in Tables 1 and 2 for the same number of repetition units
(n), the zigzag SNT and MSNT are smaller than the
respective armchair SNT and MSNT. The modification
of the outer surface by dimethyl silane groups decreased
the unit cell parameter in 0.1 Å in armchair chirality,
approximately. However, an opposite effect is observed
for zigzag chirality, the unit cell parameter increased in
0.1 Å with the outer surface modification. The inner radii
increased with the functionalization for both chiralities.

Fig. 2 (a) Silica sheet with the
chirality vector representation
and (b) the modified one

Fig. 3 (a) Axial and (b) side views of (n,n) armchair SNT; (c) axial and (d) side views of (n,0) zigzag SNT. ε is the unit cell parameter of the nanotube
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In Table 3 some structural parameters of the SNTs
and MSNTs are presented. The values of SiO bond
distances and OSiO and SiOSi angles are in good
agreement to those values reported by Ju et al. [10]
and Nicholas et al. [32] based on the XRD of zeolites
and crystalline silica and on molecular mechanics and
ab initio calculations of silica compounds, respectively.
Table 3 indicates that Si is in a tetrahedral or slightly
distorted structural arrangement. We did not observe
large effects due to chirality or outer surface modifica-
tion. However, a larger influence was observed for
SiOSi angles which were around 3° larger for zigzag
SNT compared to the armchair SNTs and at least 5°
smaller for the MSNTs compared to the respective
SNTs. These variations are reported by Ju et al. [10]
as an associated effect of the accentuated anharmonicity
with small force constants for bending deformation of
those angles.

The strain energy (Es) is defined by Eq. 1 where ENT is
the energy per atom of the nanotube and Ep is the energy per
atom of the respective sheet structure. The tendency of strain

energy of SNTs and MSNTs are presented in Fig. 5.

Es ¼ ENT � Ep ð1Þ

The strain energy can be interpreted as the energy
necessary to roll the sheet and build the nanotube. The
strain energy curves, Fig. 5, indicate clearly that SNTs
and MSNTs are more energetically favorable compared
to the sheets. This tendency is similar to the one pre-
sented by Seifert et al. [33] for armchair and zigzag SiH
nanotubes. The behavior of the strain energy curve is
completely different for the inorganic [6] and clay min-
eral nanotubes [7] which is positive asymptotically
reaching the sheet energy for larger radii. The imogolite
and germanium-like imogolite nanotubes are the only
exception, which present a minimum in the strain ener-
gy curve and the asymptote for larger radii reaches the
sheet energy value (Estrain00) from the negative values.
However, for the SiH nanotube calculated by Seifert et
al. [30] and the present SNTs and MSNTs the strain
energy curves have an unusual behavior.

Fig. 4 (a) Axial and (b) side views of (n,n) armchair MSNT; (c) axial and (d) side views of (n,0) zigzagMSNT. ε is the unit cell parameter of the nanotube

Table 1 Optimized cell param-
eters (ε), inner radius (Rin),
number of atoms in the nanotube
unit cell (Na) and energy per at-
om (Ea) obtained for the arm-
chair and zigzag SNTs

Na n Armchair (n,n) Zigzag (n,0)

ε (Å) Rin (Å) Ea (h/atom) ε (Å) Rin (Å) Ea (h/atom)

180 10 5.382 14.1 −2.305522 9.052 8.7 −2.305751

216 12 5.385 17.0 −2.305501 9.068 10.0 −2.305703

252 14 5.387 19.9 −2.305484 9.079 11.8 −2.305662

288 16 5.394 22.8 −2.305470 9.087 13.5 −2.305629

324 18 5.393 25.7 −2.305458 9.094 15.3 −2.305603

360 20 5.394 28.6 −2.305449 9.099 17.0 −2.305580

396 22 5.391 31.6 −2.305440 9.098 18.7 −2.305561

432 24 5.393 34.5 −2.305433 9.106 20.4 −2.305546
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The strain energy becomes more negative for smaller
radii as presented in Fig. 5. Indeed, this is expected since
the silica nano-fibriform is obtained from the mild acid
leaching of the chrysotile removing the brucite (Mg(OH)2)
outer layer and leaving the silica fibriform intact. Therefore,
the SNTs are local minima in the potential energy surface,
decreasing the radii the system will eventually collapse to
the amorphous silica. However, as indicated by the experi-
ments realized by Wang et al. [13, 14], after the acid leach-
ing of the chrysotile, the silica remains with nano-fibriform
structure. The SNTs and MSNTs are mechanically reason-
ably stable as we discuss below.

For the MSNTs, it is clear that the chirality affects the
stability of the system. The zigzag MSNTs is, at least,
2.2 meV.atom−1 less stable than the armchair structure. In
zigzag MSNT, methyl groups are closer to each other,
increasing steric hindrance, which could consequently in-
crease the electronic energy, as shown in Fig. 6. In the
armchair MSNTs, methyl groups are more disperse decreas-
ing the steric hindrance. A small differentiation between
armchair and zigzag strain curves was also observed to
SNTs. It can be seen for SNT strain energy curve in Fig. 5,
that zigzag chirality is 0.5 meV.atom−1 more stable than
armchair chirality. Zigzag SNT’s superficial hydroxyl
groups are orientated to maximize hydrogen bond between
hydroxyl neighbor groups as shown in the Fig. 7. However,
armchair SNT’s superficial hydroxyl groups are not oriented
to maximize hydrogen bond between hydroxyl neighbor
groups as presented at Fig. 7. Hence, these facts explain

the small stabilization of zigzag chirality compared to arm-
chair for SNTs.

Potential energy curves near the minimum were built
during simplex unit cells optimization processes to all nano-
tubes. Flat shape curves were observed for SNTs compared
to MSNTs. Polynomials were fit to this potential curve to
find out approximated values of axial elastic constants to the
nanotubes. Considering the literature [34–36], the polyno-
mials coefficients can be related to elastic constants of the
materials. In a harmonic approximation, the second coeffi-
cients in Taylor’s expansions of energy is related to Young’s
modulus (Y) by Eq. 2, as discussed in detail by Lier et al.
[36], Oh [35] and Marana et al. [34]. In Eq. 2, ε is the
dimensionless elongation of the nanotube in axial orien-
tation, V is the volume of the unit cell and σ is the
stress function applied to deform the system away from
its minimum.

Y ¼ 1

V

d2σ "ð Þ
d"2

� �
"¼0

ð2Þ

Young’s moduli (Y) estimates for SNTs and MSNTs are
presented in Tables 4 and 5. The armchair SNTs present
larger Young’s moduli than the respective zigzag ones by
about 150 GPa. Young’s moduli of the armchair MSNTs are
larger than the zigzag ones in about 40 GPa. The modifica-
tion of the SNTs with dimethyl silanes leads to the decrease
of Young’s Moduli of about 100 GPa for both chiralities. As

Table 2 Optimized cell param-
eters (ε), inner radius (Rin),
number of atoms in the nanotube
unit cell (Na) and energy per at-
om (Ea) obtained for the arm-
chair and zigzag MSNTs

Na n Armchair (n,n) Zigzag (n,0)

ε (Å) Rin (Å) Ea (h/atom) ε (Å) Rin (Å) Ea (h/atom)

320 10 5.324 14.8 −1.693108 9.150 8.6 −1.693049

384 12 5.257 17.9 −1.693098 9.121 10.4 −1.693012

448 14 5.236 20.9 −1.693025 9.133 12.1 −1.692959

512 16 5.282 23.9 −1.692966 9.146 13.8 −1.692943

576 18 5.313 26.7 −1.692912 9.144 15.6 −1.692913

640 20 5.317 29.7 −1.692891 9.181 17.2 −1.692889

704 22 5.311 32.7 −1.692872 9.169 19.0 −1.692868

768 24 5.321 35.6 −1.692857 9.204 20.6 −1.692851

Table 3 Mean values and devi-
ations for SiO and SiC bond
distances and OSiO and SiOSi
angles of SNT and MSNT

Structural parameter Armchair Zigzag

SNT MSNT SNT MSNT

SiC (Å) – 1.885±0.002 – 1.8833±0.0005

SiO (Å) 1.642±0.0004 1.640±0.001 1.639±0.001 1.640±0.001

OSiO (º) 109.36±0.04 109.33±0.01 109.41±0.01 109.19±0.01

SiOSi (º) 145.0±0.8 140±1 148±2 140±2
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discussed before, this decrease is probably due to the σ
electronic inductive effects of methyl groups that enhance
the electronic density of the materials and consequently
decrease the force of chemical bonds.

Seifert et al. [33] reported Young’s Moduli around 50–
80 GPa to SiH nanotubes and Guimarães et al. [7, 37] reported
values for imogolite and halloysite around 400–300 and 230–
320 GPa, respectively. The Young’s moduli of SNTs and
MSNTs are larger than those reported for SiH, but smaller

than those reported for nanostructured clay minerals using the
same level of theory. Recently, Lourenço et al. [19] reported
the SCC-DFTB calculations of the single walled chrysotile
nanotubes. The Young moduli of the zigzag and armchair
chrysotile nanotubes are calculated to be in a range of 261–
320 GPa. Comparing these values to the SNTs, it is clear that
the brucite, Mg(OH)2, layer in the outer part of the chrysotile,
increases the stiffness of the nanotube structure. The Young’s
moduli of the zigzag SNTs is about 40 GPa smaller than of the
zigzag chrysotile nanotubes. For the armchair, this difference
is about 100 GPa. The presence of the brucite layer in the
chrysotile provides greater mechanical stability.

It can be seen by the linear correlation coefficients
(R2) and by square summation model deviations (χ2)
presented in Tables 4 and 5 that the harmonic approx-
imation of potential energy curve for SNTs and
MSNTs was adequate. However, in some cases larger
deviations were observed, as for (12,12) and (14,14)
armchair SNTs. For (12,12) and (14,14) SNTs, poorer
values of R2 and χ2 were obtained, 0.97 and 8.10−15

respectively, if compared to the other SNTs. Only in
these cases the harmonic approximation has some
limitation for describing the potential energy curve.
As a consequence, the errors associated with the determina-
tions of Yare also larger for these chiralities, around ±10 GPa.
In the other cases, the errors are around ±1GPa as presented in
Tables 4 and 5. The harmonic approximation was better fit to

Fig. 5 SNT and MSNT strain energy curves with respect to the inner
radius for armchair and zigzag chiralities

Fig. 6 Dimethyl silane
orientation in the MSNTs
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MSNTs than to SNTs because of the small observed values for
χ2 in MSNT presented in Table 5.

The electronic band structures were calculated in the first
Brillouin zone and the electronic band gap transitions were
estimated for SNTs and MSNTs. The electronic band struc-
tures following the path Γ-X-M-Γ-Z-R-A-Γ in the first Bril-
louin zone were calculated to SNTs and MSNTs. A sample of
representative electronic band structures to SNTs and MSNTs
are presented in Fig. 8. A direct electronic band gap was
observed for SNTs and occurred over the Γ point. A direct

electronic band gap was also observed for armchair MSNTs
but over the X point, but an indirect band gap was calculated
for zigzag MSNTs. The indirect electronic band gap observed
to zigzag MSNTs occurred between X and Γ points.

SNTs and MSNTs are insulator materials with band gaps
around 9.8 eV and 8.5 eV, respectively. The band gap calcu-
lated for SNTs and MSNTs are presented in Table 6. The
chirality did not affect the band gap values, but the outer
surface functionalization modified in 1 eV the band gaps, as
shown in Table 6. Dimethyl silane groups change the

Fig. 7 Hydroxyl group
orientation in the SNTs

Table 4 Young’s modulus (Y),
linear correlation coefficient
(R2) and square summation
model deviation (χ2) in polyno-
mial adjust of degree 2 of po-
tential curve of SNT in armchair
and zigzag chiralities

ac2 ¼ PM
i¼1 yi �byið Þ2 : M is the

numbers data; yi is the calculated
energy; and byi is the adjusted
energy by the polynomial model

n Armchair (n,n) Zigzag (n,0)

Y(GPa) R2 χ2 (10−15) a Y(GPa) R2 χ2 (10−15)a

10 232±2 0.9992 0.30 145±1 0.9998 3.05

12 231±7 0.9743 8.00 156±1 0.9998 1.92

14 225±9 0.9698 4.00 165±1 0.9998 1.00

16 347±2 0.9998 0.07 173±1 0.9998 0.80

18 350±3 0.9994 0.03 184±1 0.9999 0.37

20 357±1 0.9999 0.01 183±1 0.9996 1.29

22 360±1 0.9999 0.06 187±3 0.9986 3.22

24 359±1 0.9999 0.02 194±2 0.9993 1.23
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electrical properties of SNTs, decreasing the band gaps. This
effect can be explained again by σ electronic inductive effects
due to the presence of dimethyl silane groups on the outer
surface. The net electronic charge distribution over the SNTs
and MSNTs is shown in Fig. 9. The presence of the dimethyl
silanes leads the outer surface of the MSNTs to be almost
neutral, indicating that the surface became more hydrophobic
as expected.

Conclusions

Silica nano-fibriform and their outer functionalized surface
derivatives have been investigated by SCC-DFTB method.
The silica nano-fibriform obtained from mild acid leaching
of chrysotile in which the brucite (Mg(OH)2) layer is re-
moved and the external surface is functionalized with di-
methyl silane groups have been recently reported [15]. The

Table 5 Young’s modulus (Y),
linear correlation coefficient
(R2) and square summation
model deviation (χ2) in polyno-
mial adjust of degree 2 of po-
tential curve of SNT in armchair
and zigzag chiralities

ac2 ¼ PM
i¼1 yi �byið Þ2: M is the

numbers data; yi is the calculated
energy; and byi is the adjusted
energy by the polynomial model

n Armchair (n,n) Zigzag (n,0)

Y(GPa) R2 χ2 (10−16)a Y(GPa) R2 χ2 (10−16)a

10 116.5±0.6 0.9999 0.96 89±2 0.9991 0.79

12 139.9±0.3 0.9999 0.55 88±1 0.9994 0.56

14 132.0±0.6 0.9999 0.24 80,5±0.4 0.9999 0.07

16 126.8±0.2 0.9999 0.02 82.2±0.8 0.9996 0.23

18 112.6±0.5 0.9998 0.61 77±2 0.9986 0.85

20 111.9±0.9 0.9998 1.20 76±1 0.9997 0.20

22 110±1 0.9992 2.09 79±2 0.9995 0.37

24 111.9±0.7 0.9999 0.81 83±1 0.9991 0.63

Fig. 8 Electronic band structure of (a) armchair SNTs, (b) zigzag SNTs, (c) armchair MSNTs and (d) zigzag MSNTs. Color of lines: red,
conduction band; black, valence band
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stability and mechanical, electronic and structural properties
of different SNTs and MSNTs with internal radii varying
from 8 to 36 Å have been investigated in detail. The strain
energy curves clearly show that the nanotubes are more
energetically favorable compared to the respective sheet

taken as reference. This is completely different from what
is observed for other inorganic and carbon nanotubes. How-
ever, similar behavior has been previously observed by
Seifert et al. [33] for the SiH nanotube using the same
methodology. The results indicate that smaller radii are
energetically favorable and probably converging to the
amorphous system. However, it is important to highlight
that the calculated structures are stable and can be seen as
local minima in the potential energy surface which is
obtained from the chrysotile nanotubes. The zigzag SNTs
are about 0.5 meV.atom−1 more stable than the armchair
SNTs due to the hydroxyl orientation. The chirality affects
the MSNTs and the armchair is about 2 meV.atom−1 more
stable than the zigzag MSNTs. This is probably due to the
steric hindrance of the methyl groups in the zigzag struc-
tures. The strain energy of the MSNTs are about
2.5 meV.atom−1 more stable than the respective SNTs.

The SNT Young’s moduli vary from 150 to 194 GPa and
232 to 360 GPa for zigzag and armchair chiralities, respec-
tively. For the MSNTs the Young’s moduli is in the range of
77–89 and 110–140 GPa for zigzag and armchair,

Table 6 Calculated band gaps to SNT and MSNT as a variation of
number of unit cell repetition (n). Values expressed in eV

n SNTs MSNTs

(n,0) (n,n) (n,0) (n,n)

10 9.87 9.71 8.38 8.42

12 9.89 9.73 8.35 8.47

14 9.79 9.57 8.34 8.46

16 9.80 9.79 8.34 8.48

18 9.80 9.79 8.46 8.48

20 9.81 9.76 8.47 8.48

22 9.82 9.76 8.47 8.48

24 9.82 8.73 8.46 8.47

Fig. 9 Net electronic charge
distribution of: SNT, surface
view (a) and view along the
tube’s axis (b); MSNT surface
view (c) and view along the
tube’s axis (d)
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respectively. Furthermore, SNTs and MSNTs are insulators
with band gaps around 9.8 and 8.5 eV, respectively. The
modification of the outer surface of the SNTs with dimethyl
silane groups lead to the decrease of the Young’s moduli by
about 100 GPa and the band gap by about 1 eV. The
chrysotile nanotubes have band gaps of about 10 eV and
Young’s moduli in the range of 261 and 323 GPa estimated
at the SCC-DFTB level of theory. These values must be
compared to the silica and steel experimental values of 70
and 207 GPa, respectively. Finally the results show that
silica nano-fibriform nanotubes are reasonably stable and
their functionalization do not drastically modify the stability,
electronic and mechanical properties and increase their ex-
ternal hydrophobicity.
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