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The proper detection of drug molecules is key for applications that have an impact in several fields,
ranging from medical treatments to industrial applications. In case of illegal drugs, their correct and fast
detection has important implications that affect different parts of society such as security or public health.
Here we present a method based on nanoscale sensors made of carbon nanotubes modified with
dopants that can detect three types of drug molecules: mephedrone, methamphetamine and heroin. We
show that each molecule produces a distinctive feature in the density of states that can be used to detect
it and distinguish it from other types of molecules. In particular, we show that for semiconducting

Received 4th August 2023, nanotubes the inclusion of molecules reduces the gap around the Fermi energy and produces peaks in

Accepted 20th September 2023 the density of states below the Fermi energy at positions that are different for each molecule. These
results prove that it is possible to design nanoscale sensors based on carbon nanotubes tailored with
dopants, in such a way that they might be able to discriminate between different types of compounds

and, especially, drug molecules whose proper recognition has important consequences in different fields.
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Introduction

Recently, illicit drug abuse has increased dramatically, and the
death rate associated with its use is becoming extremely high." To
fight against the abuse of these substances, it is essential to detect
different molecules. The ability to detect a wide range of illicit
drugs, such as heroin, cocaine, methamphetamine and mephe-
drone, is, therefore, a significant challenge whose overcoming will
bring great benefits to society.”” The successful detection of such
drugs has become a crucial priority to reduce threats and risks to
public health,®*® which cause serious damage, such as respiratory,
cardiac, renal damage and also mental health problems such as
violence, depression, anxiety and hallucinations.’>** In order to
design sensitive, fast, portable, and low-cost sensing nanodevices,
it is necessary to develop new nanomaterials and device concepts,
and devise new plans and strategies to control, manage, and
develop precise sensor chips. Various techniques have been
proposed for the detection of illicit drugs, such as mass
spectrometry,>**'* nuclear magnetic resonance,">'® X-ray powder
diffraction’” and liquid chromatography of high resolution.'®
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Electrochemical or electrical methods are also promising methods
and have recently grown remarkably.’®" Device miniaturization,
on the other hand, can provide nanoscale electrical transduction
capabilities,” which, compared to traditional techniques, leads to
significant cost reductions and low power requirements. Finally,
label-free techniques to detect small molecules are also desirable
targets in technology, because there is no need to chemically
modify or separate analytes.”®

Low-dimensional materials, including heteromaterials such as
nanotubes and graphene, have been intensively examined for single-
molecule screening®****> and show promising responses, making
these materials good candidates for detection applications. The
synthesis of carbon nanotubes (CNTs) with various dopants has
also been reported using different experimental techniques, for
example, CNTs doped with boron®**” and nitrogen.*® Junction
fabrication is also an important step that must be completed to
design suitable sensors. Despite many obstacles, involving the
precise preparation of carbon nitride/boron heterojunctions, suc-
cessful experimental attempts have been carried out using different
methods.***® These heterojunctions are energetically stable®****7~
and have electronic properties that can be modified by changing the
width of the boron nitride strips in the heteronanotube.***

Results

In this work, we aim at sensing three types of illicit drug
molecules, namely mephedrone (MEP, with chemical formula
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Front view

Fig. 1 Side view (a)—(c) and front view (d)—(f) of the relaxed ideal ZCNT, h-hZNT, and v-hZNT nanotubes respectively. BN and C indicate boron nitride
and carbon strips in the hetero-nanotubes shown in subfigures (b) and (c). All nanotubes are periodic in the Z direction and isolated in the X and Y

directions.

C11H;5NO), methamphetamine (MET, C;,H;5N), and heroin
(HER, C,;H,,NO5) by encapsulating them inside different types
of nanotubes and calculating the subsequent modification of
their electronic properties. Note that the encapsulation of
molecules and other nanometric compounds inside nanotubes
has been carried out for a relatively long time with different
experimental techniques and in all cases the electronic struc-
ture was modified upon such encapsulation.>'° Currently, the
MEP, MET, and HER molecules are widely abused and con-
sidered harmful substances, causing a variety of health pro-
blems, including mental illness.”” *° Herein, we examine three
different (15.0) zigzag nanotubes with different compositions
for the selective detection of MEP, MET, and HER. We start with
an ideal (15,0) zigzag carbon nanotube (ZCNT), shown in
Fig. 1a, which behaves as metallic with an almost zero-energy
gap E, (notice, however, that due to curvature effects these
nanotubes exhibit a narrow band gap®* %), and follow with two
different striped (15,0) hetero-nanotubes composed of carbon,
boron, and nitrogen atoms. Note as well that the modification
of carbon nanotubes with different types of atoms, such as B
and N, has also been done experimentally for a relatively long

26614 | Phys. Chem. Chem. Phys., 2023, 25, 26613-26622

time.*®*% Fig. 1b shows the first type of striped hetero-
nanotube, which consists of rows of hexagonal rings of boron
nitride (BN) and carbon (C) that spread along the longitudinal
direction (Z-axis); Fig. 1c shows the second type of striped
hetero-nanotube, which contains boron nitride (BN) and car-
bon (C) rings oriented along the transverse direction (Y-axis).
Conveniently, we refer from now on to the striped hetero-
nanotubes shown in Fig. 1(b and c) as #-hZNT and v-hZNT
respectively.

We use density functional theory (DFT), as implemented in
the SIESTA code (see the computational tools section for more
details). After achieving the optimized ground state structures,
we used the mean-field Hamiltonian obtained from SIESTA to
calculate the density of states (DOS) for the bare nanotubes,
shown in Fig. 1. The DOS, which represents the number of
states as a function of energy (whose integration up to the
Fermi level gives the number of electrons) is a quantity that is
typically used to characterize the electronic properties of a
material or compound. As can be seen, the DOS calculated
for the 2-hZNT and v-hZNT shown in Fig. 2 have a markedly
different shape than the ideal ZCNT, which shows a zero

This journal is © the Owner Societies 2023
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Fig. 2 Density of states (DOS) of the bare nanotubes shown in Fig. 1.
(metallic) energy gap, i.e. adding the BN strips strongly modi- Ep = ENTMOL_(ERT oL+ By (1)
fies the electronic structure, as Was expected. We find that the
h-hZNT and v-hZNT have energy gaps of 1.28 eV and 0.78 eV ENT™Mel represents the total energy of the whole system, i.e.,

respectively, which are close to the energy gap of silicon
(1.12 eV)°*®” and the germanium (0.74 €V)**®° (actually they
would be slightly larger, almost double due to underestimation
of the gap by DFT; notice however, that such underestimation
should not modify the emergence of the molecular resonances
close to the Fermi level, nor their relative position, since the
resonances are associated to the molecules and usually appear
within the gap. This makes these hetero-nanotubes promising
semiconductor materials for a variety of electronic applications.

We first calculate the binding energy (Es) for the relaxed
molecules inside the nanotubes, to check whether it is favour-
able or not to encapsulate the molecules. The binding energy
allows to assess the final result of the encapsulation irrespec-
tive of the path followed to make it (notice for instance that a
full study of such encapsulation would require the calculation
of the height and width of the potential barrier when the
molecule and the nanotube approach each other -if the
potential barrier were too high then it would be necessary to
add additional energy to encapsulate the particular molecule-
and the consideration of several details such as the structure of
the opening, its composition, etc.) We use the following equa-
tion, which also takes into account the basis-set superposition
error (BSSE) due to the fact that the Hilbert space of the
susbsystems is not the same when atomic orbitals are used:”>”"

Table 1 Binding energies of MEP, MET, and HER drug molecules inside the

the molecule encapsulated in the nanotube, Eg%lT is the energy
of the nanotube in the presence of the ghost states of the
molecule (i.e. atomic orbitals without the corresponding atomic
potential) and E%‘K}T is the energy of the molecule in the
presence of the ghost states of the nanotube. Table 1 shows
the resulting binding energies of MEP, MET, and HER within
the nanotubes. Most of the energies are negative, which by
eqn (1) implies that the formation of the combined system is
exothermic and therefore can be created without additional
energy. Note that ZCNT + MEP and ZCNT + MET are endother-
mic but become exothermic when encapsulated in the other
nanotubes, ie. in case of ZCNT the process of encapsulation
needs additional energy, but occurs spontaneously in the other
two nanotubes. This demonstrates the importance of designing
and choosing suitable heteronanotubes for the formation of
these systems. Also, the most stable configurations are those
that involve HER, i.e. ZCNT + HER, with Eg equal to —1.0151 €V,
h-hZNT + HER, with Eg equal to —1.8390 eV, and v-hZNT + HER,
with Ep equal to —0.9723 eV). This order of stabilities is some-
what expected, because HER is the biggest molecule and
interacts more strongly with the nanotube walls. Notice as well
that the inclusion of BN rows (#-hZNT) or rings (v-hZNT) in the
original carbon nanotube increases in general the stability
(more negative binding energies). This and the previous points

corresponding nanotubes

Nanotube + molecule Eg (eV) Nanotube + molecule Eg (eV) Nanotube + molecule Eg (eV)

ZCNT + MEP 0.2856 h-hZNT + MEP —1.4337 v-hZNT + MEP —0.1764
ZCNT + MET 0.9853 h-hZNT + MET —0.0941 v-hZNT + MET —0.0636
ZCNT + HER —1.0151 h-hZNT + HER —1.8390 v-hZNT + HER —0.9723
This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 26613-26622 | 26615
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Table 2 Charge transfer (Cy) between the nanotubes and the drug molecules. The values are given in electrons per molecule. Negative values mean that

the molecules lose charge

Nanotube + molecule Cp Nanotube + molecule Cp Nanotube + molecule Crp

ZCNT + MEP 0.124 e h-hZNT + MEP 0.084 e v-hZNT + MEP —0.150 e
ZCNT + MET —0.092 e h-hZNT + MET 0.050 e v-hZNT + MET —0.033 e
ZCNT + HER 0.110 e h-hZNT + HER 0.101 e v-hZNT + HER 0.107 e

show the importance of designing heteronanotubes with tai-
lored properties.

We have also carried out Mulliken charge analyses of the
MEP, MET, and HER drug molecules and the nanotubes to
estimate the amount of charge transfer (Cy) between both
subsystems, which can shed light on their electronic properties.
The results are shown in Table 2. As can be seen, the larger
amount of Cr occurs for the MEP molecule encapsulated inside
v-hZNT and is equal to —0.150 e. The negative sign means that
the charge is transferred to the nanotube from the molecule,”
ie. in ZCNT + MET, v-hZNT + MEP and v-hZNT + MET the
molecule loses charge and behaves as an electron donor. In the
case of HER, however, the charge transfer is always positive,
which is to be expected since this molecule has more electro-
negative atoms (O and N) than the other two molecules. In
general, the charge transfers are small and change with the type
of molecule and nanotube, again indicating that the donor or
acceptor behavior of these molecules can be modified with a
suitable choice of heteronanotube. These charge transfers can
also be seen experimentally’”® and provide another possible

S+

) hydrogen
. nitrogen
. oxygen
° carbon

Fig. 3

@

indicator of the presence of the molecules within the
nanotubes.

In what follows, we investigate the potential of the ideal
ZCNT and the A-hZNT and v-hZNT for detection of target
analytes (MEP, MET, and HER molecules). First, we encapsulate
MEP, MET, and HER within the nanotubes and then relax the
initial supercell to achieve the final relaxed structures. Fig. 3 shows
the relaxed structures of the molecules both outside and inside the
ZCNT. Note also that the encapsulation of molecules within carbon
nanotubes has been demonstrated experimentally.”*”® We then
calculated the DOS of the nanotubes in the presence of the
analytes. Fig. 4 shows the resulting DOS for ZCNT + MEP, ZCNT
+ MET, and ZCNT + HER.

From Fig. 4 and comparing the DOS of the ideal ZCNT
shown in Fig. 2, we can see that encapsulating MEP, MET, and
HER molecules inside the ZCNT gives rise to a new feature in
the DOS below the Fermi energy (Er). Fig. 4 shows that new
peaks appear due to the presence of the analytes in the DOS of
ZCNT + MEP, ZCNT + MET, and ZCNT + HER. These peaks are
located, as commented before, below Eyx and have their maxima

4 ™

e =

(a)—(d) The targeted drug molecules MEP, MET, and HER respectively, (d) the bare ideal ZCNT, and (d)—-(f) the final relaxed structures of each drug

molecule encapsulated within the ideal ZCNT, i.e. ZCNT + MEP, ZCNT + MET, and ZCNT + HER, respectively.
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Fig. 5 (a)-(c) Relaxed h-hZNT + MEP, h-hZNT + MET, and h-hZNT + HER, respectively, and the corresponding densities of states (panel on the right).
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Fig. 6 (a)-(c) Relaxed v-hZNT + MEP, v-hZNT + MET, and v-hZNT + HER, respectively, and the corresponding density of states (panel on the right).

at —0.080 eV, —0.286 eV, and —0.330 eV respectively. These new
extra features, which appear close to Eg (below it), could be
measured by sampling the DOS of the combined systems in e.g.
experiments involving the scanning tunnelling microscope,
by measuring the conductance by connecting the nanotubes
to proper electrodes or by easier and faster methods that
would involve optical properties, such as visible range
spectroscopy.”®®® The calculation of optical properties such
as fluorescence differences would also require the use of
TDDFT,*' which may lead to future avenues of research for
these systems. In addition, due to their shape and position,
such features can also lead to improvements of the Seebeck
coefficient,?®?8283 and thus can also be used for selective
sensing of MEP, MET, HER by means of the Seebeck effect.
Using the same scenario shown in Fig. 3, we relax the MEP,
MET, and HER molecules inside #2-hZNT and v-hZNT. The final
relaxed structures are shown in Fig. 5(a-c) and 6(a-c). Right
subfigures in Fig. 5 and 6 also show the obtained DOS for

26618 | Phys. Chem. Chem. Phys., 2023, 25, 26613-26622

the A- and v- relaxed hZNT + MEP, hZNT + MET, and hZNT +
HER, respectively. It is clear from Fig. 5 that, compared to the
DOS of h-hZNT in the absence of the molecules, there is a
remarkable non-trivial reduction of the energy gap in the DOS
for A-hZNT + MEP, h-hZNT + MET, and A-hZNT + HER due to
the presence of the molecules. Furthermore, a new peak below
Er appears again in the resulting DOS, which is clearly different
for each type of molecule. The peaks are located at —0.426 eV,
—0.698 eV and —0.727 eV for ~-hZNT + MEP, A-hZNT + MET and
h-hZNT + HER, respectively. Note that for this heteronanotube
the peak positions and relative order are different than for
pure ZCNT. The peaks also allow to distinguish between the
three molecules, although the MET and HER peaks are close
together.

Similarly, for v-hZNT + MEP, »-hZNT + MET, and v-hZNT +
HER the DOS show that the insertion of the drug molecules
inside this nanotube leads again to a reduction of the energy
gap, compared to the bare »-hZNT. The largest reduction of the

This journal is © the Owner Societies 2023
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gap occurs for HER and the smallest for MET (i.e. the size of the
gap in v-hZNT + MET is the most similar to that of the bare
v-ZNT). In this case, however, only one system, v-hZNT + MEP,
shows an additional peak below Eg. The differences between all
the molecules arise, however, below or above the energy gap
(different amplitudes and positions of the corresponding
peaks). Such differences should also be measurable by sam-
pling the DOS of these systems. Therefore, we can conclude
that by measuring the size of the space or the features inside,
above, or below it, it is possible to clearly detect the presence of
each type of molecule.

Discussion

From the results it is clear that the introduction of the
drug molecules inside the nanotubes leads to non-trivial
changes that should allow an adequate detection of said sub-
stances. The doping of the nanotubes with impurities of B
and N is also an important factor that helps to increase the
detection properties of these systems. The most notable mod-
ification of the electronic structure is the appearance of reso-
nances around the Fermi level that can be easily seen in DOS.
These resonances come from the presence of molecular states
close to the Fermi level, which are obviously different for each
of them due to their different composition and structure. The
position of such resonances also depends on various factors
that determine their exact position, such as the charge transfer
between the nanotube and the molecule and the interaction of
the latter with the nanotube wall, factors that are always
present in the encapsulation of atoms or molecules inside
nanotubes.®* The first factor changes the position of the levels
of both systems, while the second leads to additional changes
in the states due to slight modifications of the structures
(changes in the angles and distances between atoms; this is
verified by comparing the coordinates before and after the
encapsulation).

On the other hand, the inclusion of dopant impurities with
certain periodicities inside the nanotubes causes strong mod-
ifications in the electronic structure of the nanotubes, which
makes them semiconductors. This is also to be expected, since
BN hexagonal structures are insulators and their inclusion in
carbon nanotubes breaks the structural continuity between the
carbon lattice and opens a bandgap.**°*®* Such a change (from
metallic to semiconductor) also increases the detection proper-
ties of the systems, as also expected, since the effect of the
resonances of the molecules becomes clearer if the nanotube
does not have states around the Fermi level that can mask the
effect of such resonances or hybridize with them and change
their current position. Taken together, the design presented in
this article (molecules encapsulated in modified nanotubes)
proves that it might be possible to detect different types of
compounds and possibly discriminate between them (since in
some cases the resonances are closed to each other and might
be difficult to assign to a particular molecule) by encapsulating
them in carbon nanotubes.
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Conclusions

Using first principles, we have calculated the electronic proper-
ties of three types of drug molecules, mephedrone, metham-
phetamine and heroin, encapsulated in three types of
nanotubes, two of which are built by replacing carbon rows
or rings with hBN structures. We first show that by using
different types of BN strips it is possible to tailor the electronic
properties of nanotubes and convert them into semiconductor
systems with gaps similar to those of typical semiconductors.

By encapsulating the molecules in the nanotubes, we found
that the combined systems were generally exothermic, implying
that these compounds can be formed without additional
energy. It is important to note that the only two cases that were
endothermic, ZCNT + MEP and ZCNT + MET, become exother-
mic when pure ZCNT is replaced by heteronanotubes. We have
also calculated the charge transfer and found that it depends
on the type of molecule and nanotube, but in general, the more
electronegative the molecule (HER), the greater the charge
transfer to it from the nanotube, leading to negatively charged
nanotube walls.

By analyzing the density of states of the combined systems,
we find that the molecules might produce a distinctive feature
below the Fermi energy, especially for the cases of ZCNT and
h-hZNT. For the v-hZNT, however, no distinctive peaks are
observed for MET and HER and the differences are twofold: a
reduction in the energy gap and changes in features above and
below it. These DOS modifications depend on the type of
molecule and nanotube and prove two things: first, that it is
possible in general to detect these three molecules using
nanotubes; second, that the type of nanotube is also important
to detect the molecules, since it leads to different character-
istics that can be used for said detection.

Computational tools

To obtain the final ground state, the relaxed geometry and
the mean-field Hamiltonian (MFH), we used the SIESTA®’
implementation of density functional theory (DFT). We
employed the local density approximation (LDA)®*® with the
Ceperley-Alder (CA) exchange correlation functional and also,
to further verify the results, the generalized gradient approxi-
mation (GGA),*” which is the one we took to show the results.
We note that the LDA and GGA results agree rather well, with
some minor differences in the position of the peaks, while their
relative position is kept, which shows the feasibility of these
calculations to make predictions. We have also used a double-{
polarized (DZP) basis sets of pseudo atomic orbitals, which is
enough to describe carbon-based systems and light elements,*®
and a real-space grid defined with a plane wave cut-off energy of
300 Ry. The initial structures were relaxed until the total forces
of all the atoms were smaller than 0.01 eV A~". For all the DOS
calculations, we sampled the Brillouin zone with a k-point grid
of 1 x 1 x 30. The DOS was artificially broadened with a factor
of 0.1 eV, which is small enough to clearly distinguish the
resonances. To assure that there was no interaction between
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the analytes encapsulated inside the nanotubes and the peri-
odic images along the nanotube axis, we ensured that the
distance between the targeted molecules was enough to avoid
such interactions. For instance, in the case of ZCNT + HER,
h-hZNT + HER, and v-hZNT + HER, the distances were 5.6 A, 5.4 A,
5.3 A, respectively, while for the other molecules they were larger
than 6.8 A.
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