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The adequate determination and detection of explosive molecules is key to introducing improvements in
areas related to safety, whose progress depends on an adequate and rapid determination of dangerous
substances. To detect explosives down to the molecular level and accurately discriminate between
different but somehow similar substances, it is necessary to design sensors that can differentiate them
uniquely and efficiently. In this study, we present a new generation nanoscale sensor based on carbon
nanotubes with an adapted nanopore shape that is capable of effectively discriminating between five
types of explosive compounds (TATP, RDX, PENT, HMX and DNT). We show that the interaction of each
compound with the walls of the nanotubes induces changes in transmission and current that allows

. 4 27th Feb 2024 clear differentiation of each type of molecule. Interestingly, the transport properties do not depend on
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Accepted 29th May 2024 the orientation of the molecules within the nanopore in most cases, making it a robust device with high

reproducibility and stability. The results also show that these systems can lead to relatively high
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1. Introduction

The detection of explosives and explosive-related unlawful
hazardous materials has become in recent years a significant
and challenging task and has lately acquired prominence as
a result of its security uses in a wide range of scenarios,
including airport security screening and homeland security
against terrorist threats."® Furthermore, explosive-based
compounds*® are simple to disseminate and utilize, with the
potential to wreak widespread devastation. Explosives detection
devices need then to be capable of detecting a wide range of
explosive materials, particularly common explosives, such as
triacetone triperoxide (TATP, CoH;506),”* 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX, C3H¢NgOg),”™*" pentaery-
thritol tetranitrate (PENT, Cs;HgN,01,),"* octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX, C,HgNgOg),'** and 2,4-
dinitrotoluene (DNT, C,HgN,0,).>** To design reliable and
accurate selective sensing nanodevices for highly reactive
substances, there is a need to develop new nanomaterials and
device concepts, along with new plans and strategies for
controlling and managing nanosensor chips. Several analytical
methods,**'*** each based on a different principle, have been

“Department of Physics, College of Science, University of Sumer, Al Rifaee, Zip: 64005,
Thi-Qar, Iraq

*Departamento de Fisica, Universidad de Oviedo & CINN (CSIC), Oviedo, 33007,
Spain. E-mail: garciavictor@uniovi.es

t Electronic ~ supplementary information (ESI) available. See DOIL

https://doi.org/10.1039/d4na00166d

© 2024 The Author(s). Published by the Royal Society of Chemistry

employed for sensing explosive materials in the past, such as
ion-mobility spectrometry,>**"” Raman spectroscopy,'®> non-
portable detection devices such as gas chromatography
(including an electron capture detector),***** electronic
noses,>**** handheld mass spectrometers,”?*” and radiation
techniques.>* There has been a significant and growing
research effort*® devoted to develop detection methods that can
further expand the versatility of the sensors, including optical,
force, and electrical-based approaches. In fact, by reducing
a sensor's spatial dimensions to a size comparable to those of
individual molecules, single molecule sensing becomes a reality
and can serve as the basis for the development of a new class
termed as label-free methodology.

Label-free methods for sensing small molecules®* are
desirable targets in technology because they have low costs and
eliminate the need for chemical modification or separation of
analytes. Nanopore technology®® has recently protruded as
a potential method for the efficient, rapid, sensitive, and
selective detection of a wide range of analytes. This field is
rapidly growing and attracting a large amount of attention due
to the potential applications of nanopores in many fields, such
as single molecular sensing,*** genomics,****** biosens-
ing,**?**% and drug discovery.?**?***” Nanopore-based detection
techniques®™° can enable repeatable and sensitive detection
down to the nanoscale (molecular level), since targeted mole-
cules can interact with a functionalized part of the nanopore
and generate thus conductivity variations that might enable
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single-molecule identification as well as discrimination
between different species in mixture.*?

Nanoscale nanomaterials, including heterostructure nano-
materials, might then be promising candidates for high-
sensitivity chemical detectors**'™** and other nanoscale
devices that have sparked intense research interest.*>*® Note,
however, that energetic (reactive) materials such as explosive
materials (compounds) that contain a great amount of potential
energy, need to be handled carefully to avoid detonation.>*’
Experiments involving explosives, such as nitramine and
aromatic explosives, present challenges.*® Therefore, establish-
ment of principles and testing protocols to ensure safe manu-
facture and application of nanomaterials is a vital prerequisite.
Despite these challenges, many experimental works*>
involving explosive molecules using porous methods have been
done without reported safety concerns. Furthermore, with
regard to the handling of highly reactive materials, computa-
tional studies of explosives sensors can be used to complement
experimental research on the design of low-power, lightweight,
and inexpensive sensors.

In this work, we simulate a nanopore sensor designed by
using carbon nanotubes, a hollow torus-like system that we
refer to as Tor, shown in Fig. 1c. The proposed system consists
of six (4, 4) carbon nanotubes as a scatterer (central region),
whose shape is rather similar to that of a nanopore, connected
to two (6, 6) carbon nanotubes that act as left and right leads.
The main aim behind the design of this specific geometry based
on carbon nanotubes is to present a nanosensor test concept for
selective detection of a variety of explosive molecules (TATP,
RDX, PENT, HMX, and DNT). When the explosive molecules
pass through the central region (scattering region with a nano-
pore-like shape) of Tor, they interact with the carbon nanotube
walls, causing changes in the potential energy of the central
region locally. This interaction influences the charge density on
the walls of the carbon nanotubes and leads to noticeable
changes in the electronic transmission and conductance, as we
shall see. The proposed system tries then to support nanopore
technology and show the effectivity and reliability such method
in the sensing of single molecules.

2. Computational tools

To obtain the optimized Tor without/with the explosive mole-
cules shown in Fig. 1c and S1-S3,1 the SIESTA** implementation
of density functional theory (DFT) was used. The structural
optimization was carried out using the Perdew-Burke-Ernzer-
hof (PBE) parameterization of the generalized-gradient
approximation (GGA) combined with a double-{ polarized
(DZP) basis sets of pseudoatomic orbitals and norm-conserving
pseudopotentials. The real-space grid was defined with a plane-
wave cut-off energy of 300 Ry, and the initial structures were
optimized until the force on all atoms minimized below 0.01 eV
A", All the structures were infinite in the Z direction and finite
in the X and Y directions, and a vacuum space of 60 A was used
along these last directions to guarantee that there is no inter-
action between neighboring Tor (without/with explosive mole-
cules). Once the structures optimization was accomplished, we
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obtained the mean field Hamiltonian (MFH) and overlap
matrices (OM) from SIESTA. Next, we fed the MFH and OM into
the transport code GOLLUM,* which implements equilibrium
transport theory, to calculate the low-bias transmission coeffi-
cients T(E) and room-temperature current (I) for electrons with
energy (E) passing through the scatterer from the left lead
(source) to the right lead (drain). For the left/right leads calcu-
lations, a k-point grid of 1 x 1 x 25 in the Brillouin zone was
used.

3. Characterization of Tor as
a hanodevice

To obtain the hollow torus-like system (Tor) shown in Fig. 1c, we
used the sculpturene method®® which allows to build unique
and characteristic sp>-bonded molecular structures, such as
spontaneous deterministic carbon nanotubes reconstructions
out of bilayer graphene nanoribbons (bi-GNRs) or heterobilayer
nanoribbons (hbi-NRs), including sp*bonded T-shaped/
crosslike-branched carbon nanotubes (CNT). The basic idea
behind this methodology, which can also be done experimen-
tally, is to sculpt (carve) selected/desired nanoribbons from
bilayer graphene (bi-G) in vacuum. The simplest example of
sculpturenes are periodic nanotubes, inholding lines of non-
hexagonal rings. It is also feasible to create sculpturenes with
more complex geometries formed from shapes with nontrivial
topologies, connectivities and material combinations may can
also be constructed.®*” Cutting straight nanoribbons (NRs)
from bilayer graphene (bi-G) with sufficiently small width (i.e. of
order 3 nm or less) of the NR and allowing the edges®®*® to
reconstruct to maximize sp” bonding, the whole nanoribbon
can reconstruct to form a carbon nanotube (CNT), with a pre-
defined location and chirality. T-shaped, cross-shaped, and
other multiply-connected structures are also possible to form
using the sculpturene method as more complex structures with
unique topologies.”*” Nanomaterials can be cut using a variety
of techniques, including lithographic,**-** sonochemical®*** and
chemical®*® techniques. Particularly, top/down STM lithog-
raphy (STM)®> can be used to cut graphene nanoribbons (GNRs)
with a specified chirality. In order to produce cuts with different
levels of precision, specific experimental conditions are
required. Since the dynamics of these techniques at the atomic
scale are mostly unknown, this problem can be circumvented by
beginning with bilayer graphene nanoribbons (bi-GNRs) with
pre-cut edges and employing density functional theory (DFT) to
enable the initial supercells to reconstruct.

We first start by sculpting or shaping AA-stacked bilayer
zigzag graphene nanoribbons (bi-ZGNR) into a torus-like shape
with a width of 2.840 nm (middle region) connected to bilayer
zigzag graphene nanoribbons with a width of 1.136 nm (left/
right regions), as shown in Fig. 1a and b. The final reconstruc-
tion of the sculpted AA-stacked bilayer graphene (Fig. 1b) leads
to the formation of a hollow torus-like system (Tor), as shown in
Fig. 1c, which is composed of two (6, 6) CNTs as shown in the
left/right leads with well-defined ohmic contact points bonded
at approximately 45° to a network of six (4, 4) carbon nanotubes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Side (a) and front (b) view of the sculpted AA-stacked bilayer graphene (initial supercell), and (c and d) side and front view of the resulting
torus system (Tor), respectively. The initial supercell is periodic along the Z direction and finite along the X and Y directions.

(CNTs) in the region of the extended molecule (middle region, have shown that folded edges can be formed by cutting bilayer/
which is shaped like nanopore). Again, this process is essen- multilayer graphene. Note also that this shape is specially
tially equivalent to several experimental processes,*** which designed to allow target molecules to pass through it and at the
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same time allow interactions of them with the walls of the
nanotubes that cause changes in the transport properties, as we
will see. Note as well that many previous experimental works®-"°
reported the possibility of deposition molecules/nanoparticle
outside the carbon nanotube and encapsulate molecules
inside the carbon nanotubes, including measurement of the
conductance. Same with the nanopore, experimental works®****
confirmed the ability of inserting a single molecule inside
nanopores and also the measurement of the conductance, while
other publications®*® reported using the nanopore approach
for detection of explosives.

The stability of the folded/closed structure (Fig. 1c) in
comparison to the unfolded/open structure (Fig. 1a) can also be
demonstrated by calculating the total energy of both cases. The
energy (—129747.63 eV) is substantially lower in the folded/
closed edges case than in the unfolded/open edges case
(—11051.97 eV), which is expected due to the absence of
unsaturated dangling bonds in the latter. The stability of Tor
can also be additionally compared with that of carbon nano-
tubes by computing the average binding energy per atom

Sys

(]fVLc —Eicso, where EY® is the total energy of the system, N
represents the number of carbon atoms, and ES° the energy of
an isolated carbon atom). Interestingly, Tor is found to be more
stable than the (4, 4) and (6, 6) CNTs, since its average binding
energy (—9.89 eV) is lower than —8.67 eVand —9.76 eV for the (4,
4) and (6, 6) CNTs, respectively. Notice also that from a topo-
logical perspective, sculpturene molecular structures made of
nanotubes are stable against atomic scale defects.>

For a deeper understanding of the electronic behavior of the
bare Tor shown in Fig. 2a, we investigate its transmission
coefficient 7(E), shown in Fig. 2b. This transmission will be
used from now on as a reference to compare with Tor in contact
with the explosive molecules. Despite the fact that Tor has
a complex geometry made with various nanotubes, Fig. 2b
shows that the T(E) of the bare Tor exhibits metallic-like prop-
erties (zero energy gap, Eg) and significant values at/near the
Fermi energy (Er).

4. Electronic transport properties of
Tor with explosive molecules as
nanosensor

In this section, we look into the capability of Tor for selective
sensing of five explosive molecules: TATP, RDX, PENT, HMX,
and DNT, shown in Fig. 3a-e. Following the relaxation of Tor,
the targeted explosive molecules are positioned inside it (i.e.
inside the central region of Tor), and then the combined
structures (i.e. Tor + TATP, Tor + RDX, Tor + PENT, Tor + HMX,
and Tor + DNT) are relaxed again. Each explosive molecule is
placed with four possible angle of orientation (0°, 90°, 180°, and
270°) as shown in Fig. S1-S3 of the ESI.} Fig. 3 shows the relaxed
structures of the targeted explosive molecules both outside and
inside Tor (with an angle of 0° in this last case). In general, after
relaxation, the molecules tend to get closer to one of the edges
of the pore (usually the upper edge, due to the initial unrelaxed
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Fig. 2 (a) Tor as a nanodevice; the yellow regions represent the left/
right leads, while the grey region represents the scattering region
(nanopore-like hollow torus with extended CNT). (b) T(E) of Tor; Er is
the Fermi energy value given by DFT (for convenient Eg is set to zero);
the dotted blue line shows the conductance at room temperature (T =
300 K).

positions). In order to have a clear idea of the position of the
compounds and their distances to the wall we have also calcu-
lated the relaxed distances between their outer atoms and the
nanotube walls, as can be seen in Table S1.}

We calculate first the Mulliken charges of the combined
structures to determine charge transfers between the targeted
molecules and Tor and get details on the electronic structure.
The results are shown in Table 1. As can be seen, all C values
are positive, which means the charge is transferred from Tor to
the molecules, i.e. the molecules gain charge. This is to be ex-
pected since explosive molecules have more electronegative
atoms (O and N) compared to Tor. The larger amount of Cr
occurs for Tor + PENT and Tor + HMX in all cases, which is also
anticipated given that, in comparison to TATP, RDX, and DNT
molecules, PENT and HMX molecules have more electronega-
tive atoms (O and N atoms). Since charge is transferred from the
nanotube to molecule, which leads to more negatively charged
nanotube walls, that implies that Tor behave as a donor. Similar
charge transfers can also be observed experimentally for
different molecules inside nanotubes®” and can serve as addi-
tional evidence of the existence of molecules within Tor.

It is also imperative to ensure that the explosive molecules
do not adhere to the nanotube walls throughout their passing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a—e) Targeted explosive molecules TATP, RDX, PENT, HMX, and DNT respectively, (f) bare Tor, and (g1-g5) final relaxed structures of

TATP, RDX, PENT, HMX, and DNT molecules inside Tor with 0° of orientation, i.e. Tor + TATP-0°, Tor + RDX-0°, Tor + PENT-0°, Tor + HMX-0°,

and Tor + DNT-0°, respectively.

Table 1 Charge transfer (Cy) between Tor and the explosive molecules. The values are given in electrons per molecule

Tor Cr(e) Tor Cr(e) Tor Cr(e) Tor Cr(e)
+TATP-0° 0.006 +TATP-90° 0.005 +TATP-180° 0.003 +TATP-270° 0.007
+RDX-0° 0.009 +RDX-90° 0.010 +RDX-180° 0.011 +RDX-270° 0.00

+PENT-0° 0.022 +PENT-90° 0.023 +PENT-180° 0.021 +PENT-270° 0.021
+HMX-0° 0.017 +HMX-90° 0.019 +HMX-180° 0.018 +HMX-270° 0.017
+DNT-0° 0.002 +DNT-90° 0.001 +DNT-180° 0.001 +DNT-270° 0.003

through the scatterer (the central region). In order to check this,
we calculate the binding energies (Eg) for the optimized Tor
with the explosive molecules using the following equation to
minimise the basis set superposition error (BSSE):%*%°

EB _ ET0r+Mol _ (ETor + EMol) (1)

where ET"™M°! is the total energy of the combined system (Tor
with explosive molecule), and E™" and E™°' are the total ener-
gies of the isolated Tor and explosive molecule, respectively.
Table 2 shows that all binding energies are negative, which
indicates that the combined system formation is exothermic

© 2024 The Author(s). Published by the Royal Society of Chemistry

and therefore can be created without additional energy. This
means that, without additional energy (such as that needed to
propel the molecule toward the hole and make it pass through
it) the molecules would remain attached to the walls of the
nanotubes, forming a stable configuration at low temperatures,
and also that the molecules would be naturally favored to pass
through the hole. On the other hand, the obtained binding
energies are in general quite small, of the order of van der Waals
energies, as expected, implying that explosive molecules will not
stick to the inner walls of the carbon nanotubes in the scatterer
and should pass smoothly through the hole if they are delivered

Nanoscale Adv., 2024, 6, 3553-3565 | 3557
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Table 2 Binding energies (Eg) of the molecules inside the nanopore

Tor Eg (eV) Tor Eg (eV) Tor Eg (eV) Tor Eg (eV)
+TATP-0° —0.073 +TATP-90° —0.048 +TATP-180° —0.069 +TATP-270° —0.069
+RDX-0° —0.006 +RDX-90° —0.001 +RDX-180° —0.001 +RDX-270° —0.001
+PENT-0° —0.004 +PENT-90° —0.023 +PENT-180° —0.004 +PENT-270° —0.027
+HMX-0° —0.001 +HMX-90° —0.003 +HMX-180° —0.001 +HMX-270° —0.003
+DNT-0° —0.000 +DNT-90° —0.001 +DNT-180° —0.000 +DNT-270° —0.015

through it with enough kinetic energy (similar to the typical
kinetic energy of a molecule at room temperature, i.e. an energy
enough to break the weak van der Waals bonds).

Next, we investigate the low-bias transmission coefficients
T(E) of Tor inside the explosive molecules. Each explosive
molecule was oriented with four angles (0°, 90°, 180°, and 270°)
and its transmission was compared with that of the bare Tor as
a reference. Fig. 4 shows the obtained 7(E) of Tor + TATP with

I(E)

1(E)

four different angles of orientation (Tor + TATP-0°, Tor + TATP-
90°, Tor + TATP-180°, Tor + TATP-270°). From Fig. 4, it is clear
that T(E) does not depend on the orientation of the TATP
molecule inside Tor, which means there is no angular
discrimination. We repeat the same scenario for Tor + RDX, Tor
+ PENT, Tor + HMX, and Tor + DNT with the same four orien-
tation angles. Again, panels Fig. 5e-h confirm that the resulting
T(E) presents in general no angular discrimination, excluding

bare Tor
Tor+TATP-0"
Tor+TATP-90"
Tor+TATP-180"
Tor+TATP-270°

[T

05 1 1.5

-0.5 [V}

Tor+<TATP-180"
Tor+TATP-270°

E-Ep (eV)
A ——— v
0.36 “\
032 | bare Tor
028 —— Tor+TATP-0°
024 | Tor«<TATP-90°

02

016
012
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0
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0007 0004 0001 0002 0.005
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Fig.4 Relaxed structures of (a) Tor + TATP-0°, (b) Tor + TATP-90°, (c) Tor + TATP-180°, and (d) Tor + TATP-270°. The right subfigures show (top)
T(E) of the bare Tor (black line) and the T(E) of Tor + TATP-0°, Tor + TATP-90°, Tor + TATP-180°, Tor + TATP-270°, and (bottom) T(E) in a harrow

energy window (—0.01 eV to 0.01 eV) around Eg.
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Fig.5 T(E) of (a) Tor + RDX-0°, Tor + RDX-90°, Tor + RDX-180°, and Tor + RDX-270°, (b) Tor + PENT-0°, Tor + PENT-90°, Tor + PENT-180°, and
Tor + PENT-270°, (c) Tor + HMX-0°, Tor + HMX-90°, Tor + HMX-180°, and Tor + HMX-270°, and (d) Tor + DNT-0°, Tor + DNT-90°, Tor + DNT-
180°, and Tor + DNT-270°. (e—h) T(E) shown in (a—d) in a narrow energy window (—0.01 eV to 0.01 eV) around Ef.

somehow the cases of PENT and DNT, which for some angles
have small differences. On the other hand, the results show that
there is a selective sensing of the explosive molecules for each
angle of orientation, since there are sizeable differences
between the transmission of different ones, as shown in Fig. 6.

© 2024 The Author(s). Published by the Royal Society of Chemistry

To provide extra evidences that support the capability of Tor
for selective sensing of the five targeted explosive molecules, we
calculate the room-temperature current () for Tor without/with
the analytes (shown in Fig. 7) using the following equation:****
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where e = |e| is the electron charge, # is Planck's constant, T(E)

is the electronic transmission probability calculated using
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(a—d) T(E) of Tor + RDX, Tor + RDX, Tor + RDX, and Tor + RDX with 0°, 90°, 180°, and 270° of orientation, respectively. (e—h) T(E) shown in

GOLLUM, fis Fermi-Dirac distribution function, and u;; and
ugr, are the electrochemical potentials of the left and right leads,
respectively.

As can be seen from Fig. 7, for each angle orientation there is
a discriminating sensing of the explosive molecules. For all
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270°.

cases, the current of the bare Tor at 0.05 V equals 4.038 mA,
which we use as a reference guide to compare with the current
of Tor with the analytes. Table S21 shows the obtained current
values for all cases. Despite the fact that the differences between
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that the measurement of very small currents, including nano-
amperes and picoamperes, can be achieved. This means that
the resulting currents shown in Table S21 and their differences
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can be used to selectively discriminate between the explosive
molecules for each angle. Also, by comparing for each molecule
the current at different angles, it is possible to assess the
stability of the sensor with random equilibrium configurations.
We show such comparison in Fig. S4.7 As can be seen, the
sensor is especially stable for the TATP and RDX molecules,
which have essentially the same currents for all angles. The
sensor is also rather stable for HMX and DNT, where only small
differences appear for different angles. For PENT, however,
which has a larger size and interacts more strongly with the
walls, there are significant differences between (0°, 180°) and
(90°, 270°) angles. This decreases the sensing capability for this
last case, although the discriminative capability between this
and the other molecules still applies. Care then should be taken
when the currents of PENT are considered.

We also note that fluctuations of T(E) appearing near Eg
should affect the amplitude of the Seebeck coefficient (S) of
these systems. To show this, we computed S at room-
temperature for Tor without/with explosive molecules as
follows:***°

T2 Kp?T dIn T(E)

3
3 Jef® dE G)

E=Ep

Eqn (3) suggests that tuning the slope of InT(Eg) can
enhance the value of S. The resulting values of S shown in Fig. 8
reveal that Tor (Fig. 1c) with explosive molecules inside can
show a rather important increase in the value of S compared to
that of bare Tor, i.e. including the explosive molecules in Tor
can lead to a rather good thermoelectric performance. The
differences in S values shown in Fig. 8 can also be utilized as
additional evidence to demonstrate Tor's ability to discriminate
between explosive molecules at each angle. However, more
detailed research work would be needed to further demonstrate
the enhancement in the thermoelectric properties of Tor, which
is not the main goal of this work.

5. Conclusions

We have calculated the electronic, transport and thermoelectric
properties of a series of explosive molecules (TATP, RDX, PENT,
HMX and DNT) within a nanoscale sensor specially designed to
discriminate them. The nanosensor, based on carbon nano-
tubes and built with the sculpturene method, is designed to
allow molecules to pass through it and, at the same time, allow
interactions of the molecules with the walls of the nanotubes
that cause changes in transport properties. The results first
show that the device (Tor) behaves as an electron donor that
transfers charge to the molecules, in agreement with previous
results. Furthermore, the sensor is capable, on the one hand, of
producing robust and reproducible results, since the transport
properties generally do not depend on the orientation of the
molecules within the device, and, on the other hand, of effec-
tively discriminating between all explosive molecules for each
angle of rotation. Finally, the presence of considerable slopes
near the Fermi level also allows these systems to function as
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efficient thermoelectric converters, also providing additional
evidence to discriminate between them.
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