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Original Research  Abstract:

This study examines the effect of aromatic ring numbers on electronic and transport properties in

l;; 331;:(;02 4 rotaxane molecular junctions using density functional theory (DFT) calculations. Five rotaxane
Revised: molecules (R-1 to R-5) with varying ring counts (1 to 5) and 149 (R-1) to 422 (R-5) atoms. Our
20 July 2024 results showed that the ring count significantly influenced properties like as band gap, fermi energy,
Accepted: binding energy and so on. The HOMO-LUMO gap decreased from —1.14 eV to —1.05 eV for R-1
26 July 2024 and R-5 respectively which indicating improved conductivity. Electron transfer increased from
Published online: 1.6 x 10~* in R-1 structure to 2.3 x 1073 in R-5 from transmission coefficient and the impact of
30 August 2024 ring count was consistent across different temperatures. Electrical conductance (G/Gg) followed a

similar trend, increasing from 1.5 x 10~# (R-1) to 2.2 x 10~3 (R-5) with Fermi energy. Threshold
© The Author(s) 2024 voltage (Vy,) and seebeck coefficient (S) decreased with more rings in opposite manner and

finally the Binding energy (B.E.) exhibited non-monotonic behavior. This study underscores the
significant influence of aromatic ring count on electronic and transport properties in rotaxane

molecular junctions, informing the design of molecular structures for drug delivery.
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1. Introduction

The field of molecular electronics is based on exploiting
molecules as fundamental units for computing and other
electronic functions [1]. This gives molecular electronics
an attractive role in the technology field because it provides
the ultimate size for system scaling [2]. There have been
numerous past efforts to develop this field which are fo-
cused on characterization, fabrication, and design of such
devices. Today electronic devices reduced to sizes on the
molecular scale are considered a major step to advances in
modern technology [3]. The main challenge in this field
is to find convenient molecular functions, materials and
techniques to reach desirable properties for electronic de-
vices. Rotaxane molecule is one possible candidate for
molecular electronics, due to its unique properties which
are particularly varied due to the unique characteristics of
these molecules. A rotaxane is a mechanically interlocked
molecular architecture consisting of a linear molecule (the
axle) that is threaded through a macrocycle (the wheel) as

shown in Figure 1 [4]. The wheel and axle components are
typically held together by non-covalent interactions, such
as hydrogen bonding or coordination bonds. The struc-
tural and morphological features of a rotaxane molecule can
vary depending on the specific design of the molecule [5].
However, in general, a rotaxane molecule can be described
as having three main parts: the wheel, the axle, and the
stoppers. The wheel is typically a cyclic molecule with a
cavity that is large enough to accommodate the axle. The
wheel can be made from a variety of cyclic compounds,
such as crown ethers, Cyclodextrins, or Calixarenes. The
size and shape of the wheel can be tailored to fit the specific
properties of the axle. The axle is a linear molecule that
is threaded through the cavity of the wheel [6]. The struc-
tural and morphological features of a rotaxane molecule
are designed to create mechanically interlocked architec-
ture that can exhibit unique properties, such as molecular
switching or molecular machines. On the other hand, signif-
icant progress in experimental techniques, such as scanning
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Macrocycle

Dumbbell shaped molecule
Figure 1. Graphical representation of a rotaxane.

tunneling microscopy STM [7], gives the ability to study
the electronic single molecule properties through imaging,
combined with measurement of the electronic response of
the molecules. The main challenge in this field is to find
convenient molecular functions, materials and techniques
to reach desirable properties for electronic devices. This
study envisage the morphological, structural, electrical and
thermoelectric properties of rotaxane molecular junctions
using density functional theory methods (DFT)[8, 9] and
Quantum Transport Theory (QTT)[10].

2. Computational methods

Initially, the electronic structures of all molecules were com-
puted at double-{ polarized zeta DPZ basis set. Plots of the
highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO, respectively) are shown in Figure 2.
To elucidate the experimentally observed trends, and to
better evaluate the transport properties of these molecular
junctions, Calculations by using a combination of DFT (the
SIESTA code) [11] and a non-equilibrium Green’s function
formalism were also carried out. This DFT-Landauer ap-
proach used in the modeling assumes that on the time scale
taken by an electron to traverse the molecule, inelastic scat-
tering is negligible. This is known to be an accurate assump-
tion for molecules up to several nanometers in length. For
the transport calculations, each molecule was attached to
opposing 35-atom (111) directed pyramidal gold electrodes,
then geometrically optimization was carried out by using
the DFT code SIESTA, with a generalized gradient approxi-
mation [11, 12]. These layers were then further repeated to
yield infinitely-long current-carrying gold electrodes. From
these model junctions the transmission coefficient, T(E),
was calculated using the Gollum code [13]. The use of DFT
to compute the ground state energy of various molecular
junctions, allows binding energies and optimal geometries
to be computed.

3. Results and discussion

3.1 Structural properties

The rotaxane molecules [14] are shown in Figures 2 and 3,
which are identical in their backbone (the axle) and differ
in the number of rings (macrocycle wheels). The number of
rings has been increased from one ring for molecule R-1 to
five rings for molecule R-5. The backbone of the rotaxane
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molecules ends with an anchor groups called stoppers. The
stoppers are bulky groups attached to the ends of the axle
that prevent rings from slipping out of the wheel cavity. The
stoppers consist of phenyl rings attached to the pyridine
ring, which is the bonding ring of the molecule. The axle
is composed of nine carbon-carbon triple bonds and nine
of carbon-carbon single bonds atoms, which result in an
important property called the m-conjugated structure. The
wheel is typically a cyclic molecule consisted of phenyl

Figure 2. The optimized geometries at ground state of all
molecules. The red balls are oxygen atoms, grey are carbon
atoms, the white ones are hydrogen atoms, and the blue
ones are nitrogen atoms.
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rings linked to pyridine rings at the upper part, while the
lower part consisted of phenyl rings combined with three
oxygen atoms.

3.2 Electronic properties
3.2.1 Transmission coefficient T(E)

The electronic properties of rotaxanes can be influenced
by the presence of the macrocycle and the axle, as well as
the nature of their interactions [15]. The macrocycle in a
rotaxane can act as an electron donor or acceptor, depending
on its functional groups and the nature of its interactions
with the axle [16].

The transmission coefficient T(E) is a property of the whole
system comprising the leads, the molecule and the contact
between the leads and the molecule [17]. In general, the
transmission coefficient T(E) describing the propagation of
electrons of energy E from the left to the right electrode.
In this thesis, the transmission coefficient has been calcu-
lated by first obtaining the corresponding Hamiltonian and
overlap matrices using SIESTA and then using the GOL-
LUM code. Figure 4 shows that R-5 introduces a high value
of transmission coefficient (2.23 x 10’3), while the low-
est value of the transmission (1.61 x 107#) is presented by
molecule R-1. The order of the transmission is T(E)R-5
> T(E)R-4 > T(E)R-3 > T(E)R-2 > T(E)R-1. These out-
comes could be explained in terms of the increasing of the
donor atoms (oxygen atoms) at the wheels. That means is
the raising of oxygen atoms from 3 atoms for R-1 to 15
atoms for R-5, leads to a significant raising in the trans-
ferred electrons I' as shown in Figure 4, which leads to
increase the value of transmission coefficient. Furthermore,
the rings can act as additional pathways for electrons to pass
through the molecule, providing more channels for conduc-
tion. What is more, the rings can also affect the geometry
and orientation of the molecule, which can influence the
overlap between the molecular orbitals involved in electron
transport. As a result, the electronic coupling between the
rings and the rest of the molecule can increase, leading to a
higher transmission coefficient.

On the other hand, it can be seen that the transport mecha-
nism for molecules are a LUMO-dominated transport, and
this ascribed to type of anchor groups, which is the pyridine
anchor group. This result is consistent with previous studies
[18, 19].

Table 1 shows that the number of transferred electrons is
196.6 for molecule R-1, which is the lowest value. Whereas,
the highest value is 542 electrons for molecule R-5. In con-
trary, the table shows that the highest H-L gap is —1.14 eV
for molecule R-1, while the lowest once is —1.05 eV for
molecule R-5. These results predicate an important relation-
ship between I, T(E), and H-L gap, since the increasing of
I" results in a high T(E), and low H-L gap, and vice-versa.
These results as mentioned previously is ascribed to the
quantum size effect phenomenon.

3.2.2 Binding energy (B.E.)

The binding energy (B.E.) is the lowest energy required
to make the system stable at an “equilibrium interaction
distance”. The binding energies between anchor groups and
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gold electrodes for the optimized configurations have been
calculated. It is well known that SIESTA employs a local-
ized basis set and therefore these calculations are subject
to errors. Consequently, the counterpoise method has been
used to obtain accurate energies [20]. This involves calcu-
lating the total DFT energies for the system (Molecule plus
gold (EMG)). The molecule alone (EM), but with the same
conformation adopted in the presence of gold electrode and
in the absence of the molecule (EG). With these data the
binding energies BE have been calculated according to the
expression as shown in Equation (1) [21].

BE = Epyig—Em—Eg (1)

In this study the binding energy refers to the strength of the
intermolecular interactions between the wheels and the axle
that hold the molecule together, and therefore Equation (1)
could be written as:

BE = Eap-Ea-Es 2

where Eap is the total energy of the system involves wheels
and the axle. E, is the total energy of the system but with
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Figure 3. The optimized geometries at ground state of all
molecular junctions.

2251-7227[https://dx.doi.org/10.57647/j jtap.2024.1804.55]


https://dx.doi.org/10.57647/j.jtap.2024.1804.55

4/7 JTAP18 (2024) -182455

Abbas Mohammed et al.

10°
45 0.004 -
2 0.003 -
o 10 — R-5
S m -
= 103 = 0.002
10 0.001 -
10°° 0 - . . . .
08 -04 0 04 08 150 245 340 435 530

E-ELPFT (ev)

r

Figure 4. Represents the transmission coefficient T(E) as a function of electrons energy and as a function of the number of
electrons transferred from molecule to electrodes of all molecular junctions of all molecules.

the same conformation adopted in the presence of axel,
while Ep is the total energy of the system in the absence of
the axel.

Figure 5 predicates that the value of binding energy of rotax-
ane molecules has been fluctuated from —0.46 eV for R-1,
then it decreased to —0.25 eV for R-2. Sharply, it raised to
—0.61 eV for R-3, and again it lowered to —0.32 eV for R-4.
Dramatically, the binding energy increased to the highest
value —0.72 eV for R-5. These results reflect an important
result to design the rotaxane molecule for drug delivery ap-
plications, since the rotaxane molecule with odd numbers of
wheels leads to the highest values of binding energies, thus
the mechanical bond function of this molecule is exploited
through the results that appeared for the binding energy and
utilizing the unique properties of the mechanical bond to
construct functional systems for medical applications for
drug delivery and this feature is main character for this kind
of applications.

3.3 Electric and thermoelectric characteristics
3.3.1 Electrical conductance (G/Gg)

Figure 6 shows that the highest electrical conductance is
presented by R-5, while the lowest once is introduced via
R-1, as well as the conductance raise with increasing the
number of wheels in rotaxane molecule. These results could
be interpreted in terms of the band theory of solids, since

the increasing of number of wheels results in increasing in
the electronic density of states at the Fermi level, which
increases the intensity of LUMO resonance peaks as shown
in Figure 6, which increases the conductance. In addition,
the existence of multi-wheels in rotaxane molecule drives
to an important impact of the electric field on the charges
distribution and the energy levels of the molecular orbitals,
leading to an increase in conductance.

Table 2 and Figure 4 illustrate an important result, which
is the electrons transport mechanism, since the theoreti-
cal Fermi energy (0.0 eV) is located at the middle of the
HOMO-LUMO gap close to the LUMO peak resonance.
In addition, the intensity of LUMO peaks is higher than
that of the HOMO peaks, the transport mechanism is a
HOMO-dominated transport.

3.3.2 Thermo power (S) and figure of merit (ZT,)

The thermopower, also known as Seebeck coefficient, of
a rotaxane molecule describes the magnitude and sign of
the voltage generated across the molecule in response to a
temperature gradient. The thermopower is a measure of the
ability of the molecule to convert a temperature difference
into an electrical signal, and is an important parameter for
the development of thermoelectric materials and devices
[22].

Thermopower is one of the most important properties for the

Table 1. Shows the energy levels HOMOs (the highest occupied molecular orbital), and LUMOs (the lowest unoccupied
molecular orbital). T(E) is the transmission coefficient. I" is the number of electrons transferred from molecules to
electrodes. H-L gap is the energy gap between the HOMO and LUMO.

Molecule T(E) T HOMO (ev) LUMO (ev) H-L gap (ev)
R-1 1.6 x107*  196.6 —0.72 0.42 —1.14
R-2 2.4x107* 283.8 —0.69 0.42 —1.11
R-3 52x107*  369.9 —0.67 0.42 —1.09
R-4 1.2x1073 4559 —0.76 0.31 —-1.07
R-5 23x107% 5420 —0.63 0.42 —1.05
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Figure 5. The three-dimensional layout of athermalized
fisheye system in the temperature range of Iran.
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Figure 6. The three-dimensional layout of athermalized
fisheye system in the temperature range of Iran.

thermoelectric applications. Figure 7 shows one of the most
remarkable results of this work, which is the sign of the
thermopower is negative, and that consistent with previous
results that the transport mechanism is LUMO-dominated
transport. These results also demonstrated that there is
a strong relation between the thermopower and electrical
conductance, since the high thermopower —29 uVK~! for
molecule R-1 yields the lowest conductance as shown in
Figure 7 and Table 3, whereas the low thermopower —19
uVK~! for molecule R-5 gives the highest conductance. On
the other hand, it could be observed that the thermopower
value is very sensitive to the position of the Fermi energy.
This could be attributed to the delocalization of the elec-
trons, leading to a higher degree of electronic mobility and
a lower resistance to the flow of charge carriers, and that
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Figure 7. The three-dimensional layout of athermalized
fisheye system in the temperature range of Iran.

consequently leads to increase or lower the thermopower
values.

Figure of merit (ZT,) is a metric used to evaluate the perfor-
mance of a material for a specific application. In the case
of a rotaxane molecule, the ZT, would depend on the appli-
cation of interest. For example, if the rotaxane molecule is
being considered for use in a thermoelectric device, the ZT,
might be defined as the ratio of the electrical conductivity
to the thermal conductivity multiplied by the Seebeck coef-
ficient. In terms of low electrical conductance yields high
thermopower, the results presented in Table 3 show that the
lowest conductance is introduced by R-1, which leads to a
significant raising of electronic figure of merit value 0.05,
and the highest value of Seebeck coefficient, while the high-
est conductance of molecule R-5 results in the lowest value

Table 2. Shows the electrical conductance (G/Gy). Hpy is the HOMO resonance peak intensity. Lpy is the LUMO peak
resonance intensity. Vy, is the threshold voltage.

Molecule (G/Gy) Hpr (e V) Lpr (eV) Vi (eV)
R-1 1.5x1074 7.6 x 1072 2x 107! 0.47
R-2 23107 5.9x1072 1.3x 107! 0.45
R-3 5.1x107* 43 %1072 1x107! 0.44
R-4 1.1x1073 6.1 x1073 9.2x 1072 0.43
R-5 22x1073 3.4x1073 7.5%x1072 0.42
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Table 3. Shows electrical conductance, thermopower (S)
and electronic figure of merit (ZT,).

Molecule  (G/Gg) ~ SuVK™! ZT,
R-1 1.5x 107 -29 0.05
R-2 2.3x107* —24 0.01
R-3 5.1x107* -22 0.009
R-4 1.1x1073 —20 0.007
R-5 22x1073 -19 0.006

0.006 of ZT.. In general, the values of the electronic figure
of merit are low, and it is clear there is a strong connection
between electrical conductance, thermopower and figure
of merit which definitely needs more investigations. How-
ever, these results predicates that the changing of number
of rotenone wheels could be a promise strategy to influence,
control and may be enhance the thermoelectric properties
of this kind of molecular junctions.

4. Conclusion

In conclusion, the results show that the structural and
morphological characteristics such as the size, shape
and number of axle and macrocycle wheels in rotaxane
molecule are important parameters that determine not
only the structural aspects but also the electronic and
thermoelectric properties. The transmission coefficient
values were high and this an evidence of the constructive
interference, which has been controlled and enhanced via
changing the number of wheels in rotaxane molecules.
In addition, the increasing of wheels’ number impacted
the HOMO-LUMO gap, and this contributed in raising or
lowering the transmission coefficient values. A remarkable
conclusion introduce itself from this work, which is the
strong relationship between electrical conductance, thermo
power and figure of merit which definitely needs more
investigations. In general, the highest conductance yields
to low thermopower and figure of merit. All concluded
introduce a strong suggestion that the molecular junctions
based on rotaxane molecules are promising candidates for
electronic and thermoelectric applications. A conclusion
could be drawn from this work that the rotaxane molecules
with odd numbers of wheels leads to the highest values
of binding energies. This result proposes robustly that
the rotaxane molecules are vigorous candidates for drug
delivery applications.
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