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rence features and thermoelectric
properties of macrocyclic-single molecules:
theoretical and modelling investigation†

Sarah Hussein Halboos,a Oday A. Al-Owaedi *ab and Enas M. Al-Robayia

The quantum interference effect on the thermoelectric properties of cycloparaphenylacetylene-based

molecular junctions was investigated theoretically using a combination of density functional theory (DFT)

methods, a tight binding (Hückel) model (TBHM) and quantum transport theory (QTT). Manipulating the

unique conjugation function of these molecules not only creates a quantum interference (QI) but it is

also a robust strategy for improving the thermoelectric properties of these molecules. QI controls the

transport behaviour and decreases the electrical conductance (G) from 0.14 × 10−7 to 0.67 × 10−11 S, as

well as enhancing the Seebeck coefficient (S) from 14.4 to 294 mV K−1, and promoting the electronic

figure of merit (ZelT) from 0.008 to 1.8, making these molecules promising candidates for thermoelectric

applications.
Introduction

The tunneling transport process across the sourcejmoleculejdrain
has attracted wide interest and is depicted as a coherent trans-
port.1 Quantum interference (QI)2 is one of the most important
phenomena that control3,4 the tunneling transport, and conse-
quently impacts the properties of single-molecule junctions.5–12

The attractive functionality of p-conjugated molecules13 such as
cycloparaphenylene (CPP)14 compounds makes them a target of
a wide range of investigations.15–21 The efforts to form carbon
nanotubes with precise structure have led to the development of
CPP compounds, and these macrocyclic structures are composed
of para-linked phenylene rings.22–26 Lambert et al.27 have demon-
strated that cycloparaphenylene (CPP) macrocycles show a high
electrical conductance due to the topological nature of the de
Broglie wave created by electrons injected into the macrocycle
from the source. The potential applications of CPP and its
derivatives range from organic electronics28,29 to supramolecular
sensing30–32 and bioimaging.33 Cycloparaphenylene and its deriv-
atives could be perfect for exploring quantum interference (QI),
since they provide a powerful strategy to investigate the propa-
gation of de Broglie waves through the sourcejmoleculejdrain
conguration. Oday A. Al-Owaedi34 proved that the multiple
molecular templates of cycloparaphenylene molecules are an
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ideal host to inspect the quantum interference, and demonstrated
that the destructive quantum interference (DQI) inuenced the
thermoelectric properties of these molecules and raised the See-
beck coefficient (S) from 3.13 to 37.24 mV K−1.

In addition, there are many interesting phenomena have been
found in cycloparaphenylene-based devices, such as a negative
differential resistance (NDR),35 highly nonlinear I–V relation-
ship,36 electrical switching37,38 etc. Because of its wide applications,
e.g., logic, memory, and amplication, NDR has attracted a lot of
attention. The spectroscopic15–18 and optical19–21 properties of CPP
molecules have been studied widely. BryanM.Wong et al.39 found
that the rst electronic excitation in chiral nanorings is allowed
because of a strong geometric symmetry breaking, which proves
that cycloparaphenylene molecules possess extremely interesting
optoelectronic properties with excitation energies increasing as
a function of size, which is in contrast to typical quantum
connement effects. In this context, manipulating the transport
paths of de Broglie waves through this kind of molecule will
undoubtedly lead to the emergence of the quantum interference
phenomenon.40–49 Herein, we explore the inuence of QI on the
electronic, thermoelectric and spectroscopic properties of CPP-
based molecular junctions using a combination of density func-
tional theory (DFT) methods,50,51 a tight binding (Hückel) model
(TBHM)52 and quantum transport theory (QTT).53–62
Computational methods

The initial optimization of gas phase molecules and isosurfaces
calculations were carried out at the B3LYP level of theory63 with
the 6-31G** basis set64,65 using density functional theory (DFT)
and time-dependent DFT (TD-DFT)66 respectively. The geomet-
rical optimization of all goldjCPPjgold congurations under
Nanoscale Adv., 2024, 6, 6303–6316 | 6303
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investigation in this work was accomplished by the imple-
mentation of DFT67,68 in the SIESTA67 code, as shown in Fig. 4
and S2 (see the ESI†). The generalized gradient approximation
(GGA) of the exchange and correlation functional is used with
a double-z polarized (DZP) basis set, a real-space grid dened
with an equivalent energy cut-off of 250 Ry. The geometry
optimization for each structure is performed for forces smaller
than 20 meV Å−1. The mean-eld Hamiltonian obtained from
the converged DFT calculations was combined with Gollum53

code. Quantum transport theory (QTT)54,69 implemented in
Gollum has been used to calculate the electronic and thermo-
electric properties of all molecular junctions. The optimized
molecules have been attached to two (111)-directed pyramidal
gold electrodes. Each electrode was constructed of seven layers
of (111)-oriented bulk gold, with each layer consisting of 6 × 6
atoms and a layer spacing of 0.235 nm, which were used to
create the molecular junctions. These layers were then further
repeated to yield innitely long gold electrodes carrying current,
as shown in Fig. 4 (see the ESI for more details†).
Results and discussion

Fig. 1 shows that eachmolecule under investigation in this work
is a necklace consisting of a mixture of two molecules. The rst
Fig. 1 Schematic illustration of CPP molecules. CPP-1, CPP-2 and CPP-
groups for CPP-2 and CPP-3 respectively. The CPP-4molecule has an in
atoms, yellow balls are sulfur atoms and the red ball is an oxygen atom.

6304 | Nanoscale Adv., 2024, 6, 6303–6316
three molecules CPP-1, CPP-2 and CPP-3 consist of an oligo(-
phenylene ethylene) (OPE) molecule incorporated with a cyclo-
paraphenylene (CPP) molecule, while molecule CPP-4 is
a necklace consisting of a combination of a CPP molecule plus
an indacene structure. All molecules are terminated by a thiol
compound as an anchor group. In addition, molecules CPP-1,
CPP-2 and CPP-3 possess meta-connectivity, while a connec-
tion of para is the distinguishing feature of molecule CPP-4.
Furthermore, 2-methylpropane is the pendant structure of the
molecule CPP-2, while the methoxy group represents the
pendant group of the molecule CPP-3, and molecule CPP-4
contains an indacene compound as a pendant group.

Obviously, the HOMOs of the rst three molecules (CPP-1,
CPP-2 and CPP-4) are localized on the circular part of each
molecule, while they extend along the indacene structure for the
fourth molecule (CPP-4). In contrast, LUMOs have a signicant
weight on the OPE part of themolecule for CPP-1, CPP-2 andCPP-
3, while they have less weight on the indacene compound for the
molecule CPP-4. In addition, the HOMOs and LUMO do not have
a considerable weight on the circular part of CPP-4. The nar-
rowest HOMO–LUMO gap (1.69 eV) is presented by the fourth
molecule (CPP-4). To some extent, the other molecules exhibit
gaps of similar values, as shown in Fig. 2 and Table 1.
3 molecules consist of OPE with methylpropane and methoxy pendant
dacene structure. White balls are hydrogen atoms, gray balls are carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The highest occupied and lowest unoccupied molecular orbitals (HOMOs and LUMOs) (isosurfaces ±0.02 (e bohr−3)1/2), the blue part is
a positive sign, and the red part is a negative sign. aH$aL is the multiplication of the HOMO and LUMO amplitudes. As an example, the HOMO and
LUMO for the CPP-4 molecule possess different signs, so the multiplication of molecular orbital amplitudes (aH$aL) is a negative sign and the
molecule exhibits a constructive quantum interference (CQI).
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In order to explore the impact of connectivity type and to
prove the existence of QI66 in CPP molecules, as part of the
current investigation an orbital analysis was performed, and it
demonstrated that the destructive quantum interference (DQI)
dominates the transport of most molecular junctions, as shown
in Fig. 2. Lambert et al.70 have reported an orbital symmetry
rule. Magic ratio theory67 is based on utilising the exact core
Green's function, dened by:

g(E) = (IE − H)−1 (1)

In the literature, various approximations to g(E) are dis-
cussed, one of which involves the approximation of including
Table 1 Highest occupied molecular orbital (HOMO); lowest unoccup
absorption intensity; Almax is the maximum absorption wavelength; E is th
the emission oscillator strength; SS is the Stokes shift

Molecule HOMO (eV) LUMO (eV) H–L gap (eV) A (a.u.

CPP-1 5.47 1.88 3.59 1614.6
CPP-2 5.47 1.81 3.66 1290.6
CPP-3 5.47 1.87 3.6 1931.7
CPP-4 5.07 3.38 1.69 24.2

© 2024 The Author(s). Published by the Royal Society of Chemistry
only the contributions to g(E) from the HOMO and LUMO. If the
amplitudes of the HOMO on sites a and b are denoted jEH

a and
jEH
b and the amplitudes of the LUMO are jEL

a and jEL
b , then if the

contributions from all other orbitals are ignored, then, a crude
approximation to Green's function gba(E) is

gabðEÞz jðEHÞ
a j

ðEHÞ
b

E � EH

þ jðELÞ
a j

ðELÞ
b

E � EL

(2)

where EH and EL are the energies of the HOMO and LUMO
respectively. If the HOMO product jðEHÞ

b j
ðEHÞ
a has the same sign

as the LUMO product jðELÞ
b j

ðELÞ
a then the right-hand side of eqn

(2) will vanish at some energy E in the range EH# E# EL. That is
for some energy E within the HOMO–LUMO gap. In this case,
ied molecular orbital (LUMO); HOMO–LUMO gap (H–L gap); A is the
e emission intensity; Elmax is the maximum emission wavelength; fem is

) AlMax (nm) E (a.u.) ElMax (nm) fem SS (nm)

352 62 532 375 1.34 23
348 49 387.4 372 0.95 24
350 71 303.1 374 1.3 24

5 536 1871.2 592 0.04 56

Nanoscale Adv., 2024, 6, 6303–6316 | 6305
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one can say that the HOMO and the LUMO interfere destruc-
tively. On the other hand, if the HOMO and LUMO products
have opposite signs then the right hand side of eqn (2) will not
vanish within the HOMO–LUMO gap and one can say that the
HOMO and LUMO interfere constructively within the gap (they
could of course interfere destructively at some other energy E
outside the gap). When the right-hand side of eqn (2) vanishes,
the main contribution to gba(E) comes from all other orbitals, so
in general eqn (2) could be a poor approximation. One exception
to this occurs when the lattice is bipartite, because the Coulson–
Rushbrooke (CR) theorem68 tells us that if a and b are both even
or both odd, then the orbital products on opposite sides of eqn
(3) and (4) have the same sign. Consequently, the HOMO and
LUMO interfere destructively, while all other pairs of orbitals
interfere destructively, leading to trivial zeros in the magic
number table,70 for which gba(0) = 0.

jðEnÞ
a j

ðEnÞ
b ¼ jð�EnÞ

a j
ð�EnÞ
b (3)

f
ðEnÞ
b f

ðEnÞ
b ¼ f

ð�EnÞ
b f

ð�EnÞ
b (4)

where ±En are eigenvalues that come in ± pairs and the
eigenstate belonging to −En is related to the eigenstate
belonging to En.

Obviously, this exact cancellation is a property of bipartite
lattices only, but based on its success for bipartite lattices, one
might suppose that eqn (2) is a reasonable approximation, for
other lattices. Nevertheless, as pointed out by Yoshizawa
et al.,71–74 since orbitals such as those in Fig. 2 are oen available
from DFT calculations, it can be helpful to examine the ques-
tion of whether or not the HOMO and LUMO (or indeed any
other pair of orbitals) interfere destructively or constructively,
by examining the colours of orbitals. This is simplied by
writing eqn (2) in the form
Fig. 3 UV/Vis absorption spectra (solid curves) and emission spectra (da

6306 | Nanoscale Adv., 2024, 6, 6303–6316
gabðEÞz aH

E � EH

þ aL

E � EL

(5)

where aH ¼ j
ðEHÞ
a j

ðEHÞ
b and aL ¼ j

ðELÞ
a j

ðELÞ
b . If the HOMO product

aH has the same sign as the LUMO product aL then the right-
hand side of eqn (5) will vanish for some energy E in the
range EH # E # EL. In other words, the HOMO and LUMO will
interfere destructively at some energy within the HOMO–LUMO
gap. However, this does not mean that the exact gba(E) will
vanish. Indeed, if the right hand side of (5) vanishes, then the
contributions from all other orbitals become the dominant
terms.75 Nevertheless, this is an appealing method of identi-
fying QI effects in molecules and describing their qualitative
features.76

Studying the spectroscopic properties has become one of the
necessary factors to complete an integrated investigation for
any system in order to predicate the appropriate applications
for that system. Therefore, the absorption and emission spectra
of CPP molecules are topics of great interest for many
investigations.15–21 Fig. 3 and Table 1 show that the UV/visible
absorption and emission spectra of the rst three molecules
(CPP-1, CPP-2 and CPP-4) exhibit a blueshi, since the range of
the absorption spectrum extends from 350 to 352 nm, and the
emission spectrum ranges from 372 to 375 nm. These results
are consistent with the literature.15–21 On the other hand,
molecule CPP-4 shows a visible light region, since its absorption
and emission spectra are 536 and 592 nm respectively. Table 1
shows one of the most important parameters in optoelectronics
applications, which is the emission oscillator strength (fem).77

Theoretically, for a given PL material, fem is directly propor-
tional to the emission cross section (sem) and it is given by:78

semðnÞ ¼ e2

430mec0nF
gðnÞfem (6)
shed curves) for all molecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where e is the electron charge, 30 is the vacuum permittivity, me

is the mass of an electron, c0 is the speed of light, nF is the
refractive index of the gain material, n is the frequency of the
corresponding emission, and g(n) is the normalized line shape
function with

Ð
gðnÞ dn ¼ 1. Interestingly, the emission oscil-

lator strengths (fem) of CPP-1, CPP-2 and CPP-3 are 1.34, 0.95
and 1.3 respectively, whereas molecule CPP-4 shows the lowest
value of fem (0.04), as shown in Table 1. These results suggest
that cycloparaphenylene-single molecules are promising
candidates for optoelectronics applications.

In this work the transmission coefficient T(E) has been
calculated by attaching the optimized molecules with two (111)-
directed gold electrodes, as shown in Fig. 4. From these
molecular junctions the electronic and thermoelectric proper-
ties were calculated using Gollum code.48,79 The transmission
coefficient according to Landauer–Büttiker80 formalism is given
by:

T(E) = Tr{GR(E)G
R(E)GL(E)G

R†(E)} (7)

where

GL;RðEÞ ¼ i
�
SL;RðEÞ � S

†
L;RðEÞ

�
(8)

where GL,R describes the level broadening due to the coupling
between the le (L) and right (R) electrodes and the central
scattering region, and SL,R(E) is the retarded self-energies
associated with this coupling.

GR = (EX − H − SL − SR)
−1 (9)

where GR is the retarded Green's function, H is the Hamiltonian
and X is the overlap matrix. The transport properties are then
calculated using the Landauer formula:
Fig. 4 Theoretical models of optimized molecular junctions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
G ¼ G0

ð
dE TðEÞð �vf ðE;TÞ=vEÞ (10)

where G0 = 2e2/h is the conductance quantum, f(E) = (1 + exp((E
− EF)/kBT))

−1 is the Fermi–Dirac distribution function, T is the
temperature and kB = 8.6 × 10−5 eV K−1 is Boltzmann's
constant. Regarding the relaxed geometries shown in Fig. 4, it is
obvious that all molecules were accommodated appropriately
between electrodes, with an angle of 52° between the anchor
group (thiolate (RS−)) and gold. These results are in excellent
agreement with the literature.81,82

Many investigations83,84 have demonstrated that quantum
interference (QI) arises from the tunneling of electrons through
various molecular orbitals with different phases. Both of inter-
fering and noninterfering effects are comprised in the trans-
mission function, so the single interference between molecular
orbitals cannot be diagnosed from the transmission function
directly. Latha Venkataraman et al.84 have deconstructed the
interferences of the molecular orbitals and established
a powerful method to arrange these interferences in a matrix
and display them pictorially as a QI map, which allows one to
easily identify individual QI effects. The current study predi-
cates that the HOMO–LUMO orbitals interfered destructively at
the middle of the HOMO–LUMO gap, near the theoretical Fermi
energy (0.0 eV) with transmission functions featuring anti-
resonances, as shown in Fig. 5. These results are in excellent
agreement with various pen-and-paper methods85–87 that pre-
dicted the existence of antiresonances at the Fermi energy. The
origin of the destructive quantum interference (DQI) is the node
at the meta position in the HOMO which prevents electronic
coupling between twometa substituents. Therefore,meta-linked
wires show poor conductance and DQI for the same reason that
electrophilic aromatic substitution reactions with electron-rich
substituents, in general, do not occur at the meta-position.88,89
Nanoscale Adv., 2024, 6, 6303–6316 | 6307
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Fig. 5 Transmission coefficient T(E) as a function of electron energy
for all molecules.

Fig. 6 The number of electrons transferred from the molecule to
electrodes (G) against the transmission coefficient T(E) for all
molecules.
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Fig. 5 shows the transmission coefficient T(E)90,91 of sour-
cejmoleculejdrain junctions. The transmission coefficient
curves of the rst three molecules (CPP-1, CPP-2 and CPP-3)
show robust antiresonance features as a representation of the
destructive quantum interference (DQI). These features are
located at the middle of the HOMO–LUMO gap, toward the
HOMO peak. In contrast, the antiresonance features dis-
appeared in the transmission curve of the CPP-4 molecule, as
well as presenting the highest value of T(E) along a wide range of
energies, which refers to the constructive quantum interference
(CQI). The order of T(E) is CPP-4 > CPP-3 > CPP-2 > CPP-1, as
shown in Table 2. In addition, the theoretical Fermi energy (0.0
eV) lies within the HOMO–LUMO gap towards the HOMO
resonance, which indicates the HOMO-dominated transport
mechanism.92,93 Fig. 5 reects the fact that the destructive
quantum interference (DQI) dominates the transport process
through the rst three molecules, and increases the values of
Seebeck coefficient (S) and the electronic gure of merit (ZelT),
and the transport behavior varies from onemolecule to another,
and this difference in turn will lead to a difference in the slope
of the transmission coefficient T(E), which affects the values of
the Seebeck coefficient.

The meta-linked structures have an extremely small number
of transferred electrons (G), which leads to an impalpable T(E).
In contrast, molecule CPP-4 with para connection exhibits
a high value of T(E) due to the constructive quantum interfer-
ence (CQI) (Fig. 6).
Table 2 Transmission coefficient T(E); the number of electrons
transferred from the molecule to electrodes (G); HOMO–LUMO gap
(Ua) of CPP-based molecular junctions; HOMO–LUMO gap (Ub) of
OPE and indacene-based molecular junctions

Molecule T(E) G Ua (eV) Ub (eV)

CPP-1 8.64 × 10−8 0.73 2.085 2.37
CPP-2 1.82 × 10−7 0.8 1.937 2.24
CPP-3 4.02 × 10−7 0.85 2.07 2.6
CPP-4 1.8 × 10−4 2.3 1.8 2.25

6308 | Nanoscale Adv., 2024, 6, 6303–6316
The molecule length of all molecules is consistent with
a dominant contribution from the coherent tunneling
mechanism.94–98 The rectangular tunnel barrier model99 states
that the electrical conductance through a single molecule
(barrier) decreases exponentially with the length of the barrier,
according to eqn (11).

T(E) f e−bl (11)

where T(E) is the transmission coefficient, b is the electronic
decay constant and l is the tunnelling distance. Herein, the
molecule CPP-4 represents the longest molecule, but it shows
the highest value of T(E). In contrast, CPP-1, CPP-2 and CPP-3
molecules possess the same molecule length, which is the
shortest length, but they show transmission values that are
lower by several fold than that of the CPP-4 molecule, as shown
in Table 2 and Fig. 5. Therefore, these results cannot be
explained according to Kirchhoff's law; instead, they are
evidence of the quantum interference effect.

To gain a deeper understanding of the role of macrocyclic
units and their effect on the properties of the molecular junc-
tions under investigation in this work, we have calculated the
transmission coefficient T(E) of molecular junctions that
consist of only oligo(phenylene ethylene) (OPE) and indacene
molecules and compared the results of both systems (with and
without macrocyclic units), as shown in Fig. 7. Obviously, the
absence of the macrocyclic unit has led to the widening of the
HOMO–LUMO gap, as the value of this gap for molecular
junctions that include a macrocyclic unit is smaller (on average)
by 0.39 eV than that of the unit-free structures, as shown in
Table 2. This result could be ascribed to the quantum size
effect.100 On the other hand, the presence of the circular units
impacts the slope of the transmission coefficient, which
undoubtedly affects the Seebeck coefficient characteristics (see
Fig. 11a). It is well known that the meta-connection leads to
a destructive quantum interference (DQI) and an appearance of
the antiresonance feature. Herein, the curve of the transmission
coefficient of structures with a wheel shows two antiresonances,
one at the middle of the HOMO–LUMO gap, near the theoretical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fermi energy (0.0 eV), and the second located between 0.8 and
1.2 eV, while the wheel-free compositions have just one anti-
resonance feature. Moreover, the CPP-4 molecule possesses
a para connectivity, and the effect of the constructive quantum
interference (CQI) is prominent via the highest transmission
coefficient value, but there is also a small antiresonance feature
in the transmission curve. In contrast, the transmission curve of
the structure with the same backbone (indacene) and without
a macrocyclic unit is completely free of antiresonance features.
Based on these results, it can be concluded that the origin of the
quantum interferences (QIs) is the connectivity type (meta or
para) with an important contribution of the macrocyclic units.
This contribution may be the result of a tilt or twist in the
circular rings during the accommodation between electrodes.
Indeed, these results and behaviour need more exploring and
investigation. According to the rectangular tunnel barrier
model99 and eqn (11), T(E) decreases exponentially with the
length of the tunneling distance. The macrocyclic unit-based
molecular junctions have the longest distance, but their trans-
mission coefficient is the highest over a wide range of energies,
as shown in Fig. 7. This could be explained in terms of the
existence of more than one probability for the junction forma-
tion. The strong interactions between the extended p-system
and gold electrodes create a good chance to form a molecular
junction,27 and the high binding energy between sulfur (S)
atoms and gold (Au) atoms101 represents another strong prob-
ability for the junction formation and molecule. This investi-
gation took into account both of these probabilities, as shown
in Fig. 7 and 8.
Fig. 7 Transmission coefficient T(E) as a function of electron energy; (a
OPE-2 molecular junctions; (c) T(E) of CPP-3 and OPE-3 molecular junc

© 2024 The Author(s). Published by the Royal Society of Chemistry
The theoretical models shown in Fig. 8 have simulated the
probable contacts of gold electrodes to carbon atoms in the
circular wheel of structure CPP-1 with various connections. The
L1 model involves the formation of the molecular junction via
ameta–meta connection. This kind of connectivity is well known
to cause a difference in the phase of the traveling electronic
waves, which in turn leads to a destructive quantum interfer-
ence (DQI), that decreases the transmission coefficient as
shown in Fig. 8a. In contrast, the L3 model shows the structure
of the molecular junction with a para–para connection. This
system shows the highest T(E) due to a constructive quantum
interference (CQI). These results could be explained in terms of
Mach–Zehnder interferometers.102 The de Broglie waves cross
identical pathways of L3, which results in wave interference at
the same phase, then CQI (T(E)= jeik3 + eik3j2 = jejik3 = j1 + 1j2 =
4), raising the T(E) of the whole system. In contrast, the different
pathways of the L1 model lead to a low T(E), which could be
attributed to DQI (T(E)= jeik4 + eik2j2= jei2p + eipj= j1− 1j2= 0).
Model L2 exhibits a mixed connection consisting of meta and
ortho positions. Interestingly, the transmission value of this
structure is mediated between the lowest and highest values of
T(E) of other systems, which could be understood by releasing
a predication that the transmission coefficient of this structure
is a result of the contributions of constructive (ortho) and
destructive (meta) quantum interferences at the same time.
These results open an important window to design new mate-
rials to control and utilize the quantum interference in different
electronic applications. On the other hand, it could be observed
that all T(E) curves are completely clear of any mark of the
) T(E) of CPP-1 and OPE-1 molecular junctions; (b) T(E) of CPP-2 and
tions; (d) T(E) of CPP-4 and indacene molecular junctions.
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Fig. 8 (a) Transmission coefficient T(E) as a function of electron energy of the CPP-1molecular junction as an example; (b) theoretical models of
optimized molecular junctions in different junction formation probabilities. L1 is the meta–meta connection; L2 is the meta–ortho connection;
L3 is the para–para connection.
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antiresonance feature, and so there is no dramatic difference
between the slope of T(E) curves. Consequently, it is expected
that the Seebeck coefficient of these models will not show
promising results, as shown in Fig. S4 (see the ESI†).

In seeking to conrm the quantum interference effect and
understand the transport behaviour of molecules and the rela-
tive effects of different pendant groups, a minimal tight-binding
(Hückel) model (TBHM) has been constructed, as shown in
Fig. 9. The simplest tight-binding Hamiltonian of the parents is
obtained by assigning a site energy 3 to each diagonal and
a nearest neighbor hopping integral g between neighbouring
sites, i.e., Hii = 3 and Hij = g if i, j are the nearest neighbours.

Fig. 9 shows a system connected to two one-dimension
electrodes on both sides by weak nearest neighbor coupling of
gR and gL. The tight-binding (Hückel) model (TBHM) neglects
the interactions between electrons, which is considered a major
defect, but it remains one of the widely used methods to visu-
alize and understand the electronic properties of molecular
junctions.103 In addition, the energy levels produced by this kind
of computational method are diminished by a few electron
voltages in comparison with the accurate values relative to those
in a vacuum. However, the energy differences are appropriate to
compare with DFT calculations and consequently this method
is considered a powerful tool to obtain reasonable and precise
results that could yield the fundamental physics and resolve the
problems.104

Furthermore, TBHM not only takes into account all
morphological aspects of molecular junctions, but also assumes
that the electron transport is elastic and coherent.104 Fig. 10
6310 | Nanoscale Adv., 2024, 6, 6303–6316
shows the transmission coefficient produced by TBHM as
a function of electron energy of all models. If all sites are treated
as the same and the on-site energies set to 0 eV and coupling
integrals to −1 eV, the transmission values disagree with the
DFT results (see the ESI†). However, by adjusting the coupling
integrals (g= g1= gL= gR= 0.5 and g2= 0.3 eV) for all models,
as well as g3 = 2.2, g4 = 0.5 and g5 = 0.3 eV, then by changing
the on-site energies (3phy = 0.5, 32-methylpropane = 0.7, 3methoxy =

0.7 and 3indacene = 1.1 eV), the TBHM results are reproduced, as
shown in Fig. 10a. The 2-methylpropane structure is joined by
carbon–carbon sigma bonds allowing them to rotate about
these bonds. In terms of Newman projection,105 the free rotation
around single bonds results in various conformations. These
conformations are classied as staggered and eclipsed confor-
mations. Staggered conformations are the lower energy
arrangements, whereas eclipsed conformations are higher in
energy than staggered conformations due to bond straining.
Herein, the tight-binding (TB) model depicts the molecular
rotation by changing the value of g3 to obtain the appropriate
eclipsed conformation. For g3 = 2, the TB model produces
a DQI-dominated transport behaviour of model CPP-2. The
rotation of the methoxy (OMe) pendant group for the CPP-3
molecule has been pictured as g4. An excellent agreement
between DFT and TB has been reached by adjusting g4 to be 2.
The results of TB agree with the results of DFT as shown in
Fig. 10a, as well as conrming that there are two parameters
controlling and switching the quantum interference from CQI
to DQI, which are the connectivity type either para or meta, and
the second parameter is the kind of pendant group.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Aminimal tight-binding (Hückel) representation of CPPmolecules with different intramolecular coupling elements, g, and different onsite
energies 3.

Fig. 10 (a) Transmission coefficient as a function of electron energy for all models presented in Fig. 9. The coupling integrals g = g1 = gL = gR =

0.5 eV, g2 = 0.3 eV, g3 = 2.2, g4 = 0.5, and g5 = 0.9 eV are fixed for all models. The on-site energies are 3phy = 0.5 eV for CPP-1, 32-methylpropane =

0.7 eV for CPP-2, 3methoxy = 0.7 eV for CPP-3 and 3indacene = 1.1 eV for CPP-4; (b) representation of the agreement between density functional
theory (DFT) and tight-binding (TB) calculations.

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 6303–6316 | 6311
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Table 3 Seebeck coefficient (S); electronic figure of merit (ZelT);
power factor (P); threshold voltage (Vth); and electrical conductance
(G) for all molecular junctions

Molecule S (mV K−1) P (W K−1 × 10−23) ZelT Vth (V) G (S)

CPP-1 175 20 518 0.55 0.66 0.67 × 10−11

CPP-2 147 30 252.6 0.57 0.64 0.14 × 10−10

CPP-3 294 267 951.6 1.12 0.43 0.31 × 10−10

CPP-4 14.4 290 304 0.0081 0.69 0.14 × 10−7
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The slope of T(E) determines the Seebeck coefficient (S) and
electronic gure of merit (ZelT), which are given by:

Sz � LjejT
�
d ln TðEÞ

dE

�
E¼EF

(12)

where L is the Lorentz number

L ¼
�
kB
e

�2 p2

3
¼ 2:44� 10�8 W U K�2. In other words, S is

proportional to the negative of the slope of ln T(E), evaluated at
the Fermi energy. Based on the Seebeck coefficient, the power
factor was calculated by:

P = GS2T (13)

where T is the temperature (T = 300 K), G is the electrical
conductance and S is the Seebeck coefficient. The purely elec-
tronic gure of merit (ZelT) is given by:106,107
Fig. 11 (a) Seebeck coefficient (S); (b) electronic figure of merit (ZelT); (c)
as a function of applied voltage for all molecular junctions.

6312 | Nanoscale Adv., 2024, 6, 6303–6316
ZelT ¼ S2G

kel
T ¼ S2

L
(14)

where kel is the electron thermal conductance. According to
previous studies,106,107 the gure of merit in this work has been
calculated only based on a purely electronic contribution, as
shown in eqn (14).

It is well known that the performance of thermoelectric
materials is characterized by an efficient conversion of input
heat to electricity.44,108 In this context, the enhancement of the
power factor (P) and electronic gure of merit (ZelT), which
depend on the Seebeck coefficient (S), is important. Fig. 11a,
b and Table 3 show that the highest values of S and ZelT (294 mV
K−1 and 1.12 respectively) have been exhibited by molecule CPP-
3. In contrast, molecule CPP-4 presents the lowest values of
these parameters (14.4 mV K−1 and 0.0081). In addition, mole-
cules CPP-1 and CPP-2 introduce high S and ZelT values as
shown in Table 3. These results not only established the
important role of the existence of the destructive quantum
interference in improvement of the S and ZelT characteristics
but also show a crucial contribution of the pendant groups in
promoting these properties. Furthermore, the competition
between electrical conductance (G) and Seebeck coefficient (S)
according to eqn (13) led to the power factor order of PCPP-4 >
PCPP-3 > PCPP-2 > PCPP-1. In light of the aforementioned results,
these molecules could be considered as promising candidates
for thermoelectric applications. The values of transmission
coefficient T(E), Seebeck coefficient (S) and electronic gure of
current–voltage characteristics; and (d) electrical conductance (G/G0)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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merit (ZelT) are found to be higher when the contact Fermi
energies are close to the middle of the HOMO–LUMO gap and
increase as Fermi energies approach resonance with the highest
occupied molecular orbitals (HOMO). To some extent, these
results are consistent with an investigation of Milan et al.,109

since they reported that the electronic and electrical properties
depend in a very sensitive manner on the position of the contact
Fermi energies within the HOMO–LUMO gap.

Fig. 11c, d and Table 3 present the electrical conductance
and current–voltage (I–V) characteristics of all molecular junc-
tions, which are limited to the rst and third quadrants of the I–
V plane crossing the origin. Therefore, they are classied as
components that consume electric power, and here the impor-
tance of the threshold voltage (Vth) value appears. The values of
Vth range from 0.43 to 0.69 V, which makes these molecules
promising candidates for electronic applications.

All molecules show a quantum staircase behaviour. Obviously,
as the voltage increases, the density of electrons also increases,
which leads to an increase in the number of occupied subbands.
The dependence of conductance in this case is represented by
a set of plateaus separated by steps of height 2e2/h: a stepwise
change in the conductance of all molecule channels occurs each
time the Fermi level coincides with one of the subbands. Hence,
the quantum staircase behaviour could be attributed to the
adiabatic transparency of the spin-nondegenerate subbands of
these molecules.110,111 On the other hand, aer the threshold bias
voltage, the current increases obviously with the increasing bias
voltage. When the bias voltage is further increased to a certain
range [2, 2.5] V, the current decreases and the negative differ-
ential resistance (NDR) appears, as shown in Fig. 10c and S3.†
These results are consistent with the results in the literature.35

Conclusions

Numerous methods and tools have been used to create the
destructive quantum interference (DQI) phenomenon. From the
current investigation it can be concluded that the
cycloparaphenylene-single molecules and their derivatives repre-
sent a promising host for creating the quantum phenomena by
manipulating the topological properties via crucial parameters,
which are the connectivity or the pendant group. These parameters
not only control the transport behaviour of CPPmolecules, but also
enhance the thermoelectric properties. Therefore, we believe that
these ndings will strongly help in developing fast and trustworthy
design of molecular electronics and thermoelectric materials.‡

Data availability

The data is available in the manuscript and ESI.†
‡ The results of the current investigation were achieved based on theories and
relevant computational methods, which are reported in the ESI.† It contains all
details of the theoretical models of all source, molecule and drain
congurations. In addition, the ESI† includes the results of the negative
differential resistance (NDR) phenomenon for CPP molecules. Furthermore, the
calculations and results of the Seebeck coefficient for different connections
between the molecule and gold electrodes were mentioned, as well as all details
and results of the tight-binding Hückel model (TBHM).112–115
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G. Rubio-Bollinger, H. Sadeghi, N. Agrait, A. Hodgson,
S. J. Higgins, C. J. Lambert, H. L. Anderson and
R. Nichols, J. Am. Chem. Soc., 2018, 140, 12877–12883.

70 C. J. Lambert and S.-X. Liu, Chem.–Eur. J., 2018, 24, 4193–
4201.

71 K. Yoshizawa, Acc. Chem. Res., 2012, 45, 1612–1621.
72 T. Tada and K. Yoshizawa, Phys. Chem. Chem. Phys., 2015,

17, 32099–32110.
73 Y. Tsuji and K. Yoshizawa, J. Phys. Chem. C, 2017, 121, 9621–

9626.
74 K. Okazawa, Y. Y. Tsuji and K. Yoshizawa, J. Phys. Chem. C,

2020, 124, 3322–3331.
75 C. A. Coulson and G. S. Rushbrooke, Math. Proc. Cambridge

Philos. Soc., 1940, 36, 193.
76 O. A. Al-Owaedi, ChemPhysChem, 2024, 25, e202300616, 1–

12.
77 O. Qi, P. Qian and S. Zhigang,Nat. Commun., 2020, 11, 4485.
78 A. V. Deshpande, A. Beidoun, A. Penzkofer and

G. Wagenblast, Chem. Phys., 1990, 142, 123–131.
79 O. A. Al-Owaedi, S. Bock, D. C. Milan, M. Oerthel,

M. S. Inkpen, D. S. Yut, A. N. Sobolev, N. J. Long,
T. Albrecht, S. J. Higgins, M. R. Bryce, R. J. Nichols,
C. J. Lambert and P. J. Low, Nanoscale, 2017, 9, 9902–9912.

80 M. Büttiker and R. Landauer, Phys. Rev. Lett., 1982, 49,
1739–1742.

81 O. A. Al-Owaedi, ACS Omega, 2024, 9, 10610–10620.
82 R. J. Davidson, D. C. Milan, O. A. Al-Owaedi, A. K. Ismael,

R. J. Nichols, S. J. Higgins, C. J. Lambert, D. S. Yuta and
A. Beeby, RSC Adv., 2018, 8, 23585–23590.

83 K. Yoshizawa, Acc. Chem. Res., 2012, 45, 1612–1621.
84 S. Gunasekaran, J. E. Greenwald and L. Venkataraman,

Nano Lett., 2020, 20, 2843–2848.
85 T. A. Su, M. Neupane, M. L. Steigerwald, L. Venkataraman

and C. Nuckolls, Nat. Rev. Mater., 2016, 1, 16002.
86 T. Markussen, R. Stadler and K. S. Thygesen, Nano Lett.,

2010, 10, 4260–4265.
87 Y. Tsuji, R. Hoffmann, M. Strange and G. C. Solomon, Proc.

Natl. Acad. Sci. U. S. A., 2016, 113, E413–E419.
88 M. Mayor, H. B. Weber, J. Reichert, M. Elbing, C. Hänisch,

D. Beckmann and M. Fischer, Angew Chem. Int. Ed. Engl.,
2003, 42, 5834–5838.
© 2024 The Author(s). Published by the Royal Society of Chemistry
89 G. C. Solomon, C. Herrmann, T. Hansen, V. Mujica and
M. A. Ratner, Nat. Chem., 2010, 2, 223–228.

90 H. Hakkinen, Nat. Chem., 2012, 4, 443–455.
91 C. Herrmann, G. C. Solomon andM. A. Ratner, F, 2010, 114,

20813–20820.
92 R. Davidson, O. A. Al-Owaedi, D. C. Milan, Q. Zeng, J. Tory,

F. Hartl, S. J. Higgins, R. J. Nichols, C. J. Lambert and
P. J. Low, Inorg. Chem., 2016, 55, 2691–2700.

93 M. Naher, D. C. Milan, O. A. Al-Owaedi, I. J. Planje, S. Bock,
J. Hurtado-Gallego, P. Bastante, Z. M. Abd Dawood,
L. RinconGarcia, G. Rubio-Bollinger, S. J. Higgins,
N. Agrait, C. J. Lambert, R. J. Nichols and P. J. Low, J. Am.
Chem. Soc., 2021, 143, 3817–3829.

94 F. Jiang, D. I. Trupp, N. Algethami, H. Zheng, W. He,
A. Alqorashi, C. Zhu, C. Tang, R. Li, J. Liu, H. Sadeghi,
J. Shi, R. Davidson, M. Korb, A. N. Sobolev, M. Naher,
S. Sangtarash, P. J. Low, W. Hong and C. J. Lambert,
Angew. Chem., Int. Ed., 2019, 58, 18987–18993.

95 M. H. Garner, H. X. Li, Y. Chen, T. A. Su, Z. Shangguan,
D. W. Paley, T. F. Liu, F. Ng, H. X. Li, S. X. Xiao,
C. Nuckolls, L. Venkataraman and G. C. Solomon, Nature,
2018, 558, 415–419.

96 B. Huang, X. Liu, Y. Yuan, Z. Hong, J. Zheng, L. Pei, Y. Shao,
J. Li, X. Zhou, J. Chen, S. Jin and B. Mao, J. Am. Chem. Soc.,
2018, 140, 17685–17690; P. Moreno-Garcia, M. Gulcur,
D. Z. Manrique, T. Pope, W. J. Hong, V. Kaliginedi,
C. C. Huang, A. S. Batsanov, M. R. Bryce, C. J. Lambert
and T. Wandlowski, J. Am. Chem. Soc., 2013, 135, 12228–
12240.

97 B. Kim, J. M. Beebe, C. Olivier, S. Rigaut, D. Touchard,
J. G. Kushmerick, X. Y. Zhu and C. D. Frisbie, J. Phys.
Chem. C, 2007, 111, 7521–7526.

98 S. M. S. Al-Mohana, H. N. Najeeb, R. M. Al-Utayjawee,
F. Babaeia and O. A. Al-Owaedi, RSC Adv., 2024, 14,
23699–23709.

99 Q. Lu, K. Liu, H. M. Zhang, Z. B. Du, X. H. Wang and
F. S. Wang, ACS Nano, 2009, 3, 3861–3868.

100 A. Rochefort and P. Avouris, Nano Lett., 2002, 2, 253–256.
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V. M. Garćıa-Suárez, P. Broekmann, C. J. Lambert and
M. Haga, Chem.–Eur. J., 2016, 22, 12732–12740.

112 S. Bock, O. A. Al-Owaedi, S. G. Eaves, D. C. Milan,
M. Lemmer, B. W. Skelton, H. M. Osorio, R. J. Nichols,
S. J. Higgins, P. Cea, N. J. Long, T. Albrecht, S. Martin,
6316 | Nanoscale Adv., 2024, 6, 6303–6316
C. J. Lambert and P. J. Low, Chem.–Eur. J., 2017, 23, 2133–
2143.

113 B. A. A. Al-Mammory, O. A. Al-Owaedi and E. M. Al-Robayi, J.
Phys.: Conf. Ser., 2021, 1818, 012095.

114 O. A. Al-Owaedi, T. T. Khalil, S. A. Karim, M. H. Said, E. Al-
Bermany and D. N. Taha, Syst. Rev. Pharm., 2020, 11, 110–
115.

115 H. Ozawa, M. Baghernejad, O. A. Al-Owaedi, V. Kaliginedi,
T. Nagashima, J. Ferrer, T. Wandlowski, V. M. Garćıa-
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