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Abstract. Thermoelectric energy conversion offers a viable solution to harvesting waste heat and transforming

it into usable electrical power. This investigation examines the impact of oxygen and nitrogen heteroatom doping

on the structural and functional performance of anthracene-based molecular junctions. This work systematically

investigates the influence of impurity type, location, and number. Findings reveal that oxygen incorporation, par-

ticularly when localized in the middle ring or with increased impurity number in both the middle and peripheral

rings, substantially elevates thermoelectric performance, achieving a peak ZT of 3.5 in the D2O configuration. In

contrast, nitrogen doping consistently reduced ZT values, irrespective of the impurity’s position or count. The re-

sults emphasize that accurately selecting the positioning of heteroatoms is essential for maximizing thermoelectric

efficiency.
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1 Introduction

The ongoing global energy dilemma, propelled by the depletion of fossil fuels and the environ-
mental repercussions of excessive nonrenewable energy consumption, underscores the urgency
for sustainable alternatives (Lee et al., 2023; Zhang et al., 2024). Thermoelectric materials
have emerged as promising candidates for converting thermal waste into electrical energy, es-
pecially since a considerable portion, exceeding 60% of the produced energy, dissipates as heat
(d’Angelo et al., 2023; Preesam et al., 2023). Thermoelectric systems offer practical advantages
such as being solid-state devices with high scalability and operational stability. Their perfor-
mance is quantified by the dimensionless figure of merit ZT (He et al., 2024; Lee, 2018). Recent
advancements have aimed at enhancing ZT values through molecular engineering approaches,
with particular focus on polycyclic aromatic hydrocarbons such as anthracene, known for its
structural symmetry and chemical stability (Al-mebir et al., 2021, 2023; McKeown, 1998; Wang
et al., 2020).

Grasping the fundamental principles that govern charge transport efficiency in molecules
situated within nanogaps presents a significant challenge in the field of molecular electronics
(d’Angelo et al., 2023; Huang et al., 2015; Noori & Al-Jobory, 2018; Noori, 2017). In conventional
silicon-based electronic devices, the electrical transport characteristics are mainly adjusted by
doping the semiconductor materials (O’Driscoll et al., 2021; Yang et al., 2018) while the flow of
electrical current is controlled through electrical gating (Fang et al., 2025). A similar strategy
involves doping aromatic molecules with heteroatoms to influence their transport characteristics
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(Sakban et al., 2020; Wang et al., 2021).

For example, adding oxygen or nitrogen atoms to molecular systems can reduce their bonding
molecular orbitals while increasing electron transport capabilities (Lee, 2018; Liu et al., 2015).
Heteroatoms can also influence the coupling between the molecule and the electrode, therefore
modifying the transport characteristics of the whole device (Feng et al., 2018; Zhao et al., 2024).
González et al. (Chen et al., 2023) studied the molecular conductance of pyrimidine-containing
molecules and found that double N-substitution has little effect on the molecular conductance
(Gümüş & Akbay, 2013; Miguel et al., 2015). They also reported that the conductance of N-
substituted anthracene derivatives is comparable to that of the pristine all-carbon anthracene
compound (Palomino-Ruiz et al., 2021). Meanwhile, the O-substitution in anthracene increases
the molecular conductance (Ulcakar et al., 2020; Zhao et al., 2020).

More importantly, because room-temperature charge transport in molecular systems is gov-
erned by quantum mechanics (Wang et al., 2020), introducing heteroatoms into specific atomic
sites within molecules can significantly modulate their transport behaviors by tuning various
interesting quantum interference (QI) effects (Al-Abboodi et al., 2017; Yanagi et al., 2014).
Among the different quantum phenomena in molecular devices, QI has received a lot of interest
in recent years (Leary et al., 2018; Noori et al., 2018; Poudel et al., 2008; Preesam et al., 2024).

The modification of QI has concentrated on the impacts of a single heteroatom substitution
(O’Driscoll et al., 2021). As a result, it is logical to wonder whether adding numerous het-
eroatoms to molecular systems might result in novel QI effects that do not exist in molecules
with single heteroatoms (Chen et al., 2023; Wang et al., 2021). When an aromatic unit contains
more than one heteroatom, adjusting the relative locations of the doping results in a wide range
of molecular structures (Gümüş & Akbay, 2013). However, our understanding of the impact of
heteroatom substitution on QI remains quite restricted.

This work aims to study the effect of the impurity of a heterogeneous atom of oxygen or
nitrogen on an anthracene molecule, and to analyze the role of the location of this impurity
within the molecular rings, as well as the effect of increasing the number of impurities at the
same sites, on the electronic and thermoelectric properties of the molecule, and exploring the
behavior of quantum interference, when the anthracene terminal rings are attached to gold
electrodes.

Figure 1: Molecular structures of anthracene-based junctions connected to Au electrodes via thiol
linkers attached at the terminal rings (first and third rings). The symbol X denotes a heteroatom
(O or N), depending on the configuration. (A) pure anthracene. (B) One X atom at a terminal ring
(BO or BN). (C) One X atom at the middle ring (CO or CN). (D) Two X atoms at the middle and
a terminal ring (D2O or D2N). (E) Two X atoms at both terminal rings (E2O or E2N). Impurities

in the terminal rings that are connected to gold atoms.
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2 Method

All thermoelectric calculations in this study were performed at room temperature (300 K).
The geometry of each structure investigated in this work was relaxed to a force tolerance of
10 meV/Åusing the SIESTA (Soler et al., 2002) implementation of DFT (Khudhair & Hanoon,
2021a,b) with a double-ζ polarized basis set (DZP) and the Generalized Gradient Approximation
(GGA) (Ferrer et al., 2014) functional. To calculate the electrical and thermoelectric properties
of all the anthracene molecular junctions shown in Fig. 1, the underlying mean-field Hamiltonian
(H) was combined with the quantum transport code Gollum (Perdew et al., 1996) to calculate
the transmission coefficient T (E). The electrical conductance G was computed by using the
Landauer formula. We compute the thermopower S over a wide range of Fermi energies by
using the equation. The Seebeck coefficient is defined as: The Seebeck coefficient is defined as:

S(E) = −∆V

∆T
= − 1

eT

L1

L0
(1)

where T is the temperature, e is the electron charge, and Ln can be calculated as:

Ln =

∫ ∞
−∞

(E − EF )nT (E)

(
−∂f(E, T )

∂E

)
dE (2)

Electrical conductance G is given by:

G =
2e

h
L0 (3)

Thermal conductance κ is given by:

κ =
2

h

1

T

(
L2 −

L2
1

L0

)
(4)

The quantity that defines thermoelectric efficiency is ZT . The ZT is a dimensionless figure
of merit proportional to electric conductance G, the square of the Seebeck coefficient S, and
inversely proportional to thermal conductance κ.

Electronic contribution to the figure of merit ZT :

ZT =
1(

L0L2

L2
1

)
− 1

(5)

This study considers only the electronic contribution to thermoelectric transport. The
phonon thermal conductance was not included in the ZT calculation. This simplification is
consistent with earlier studies on π-conjugated molecular junctions (Al-Mohana et al., 2024),
where the electronic contribution was shown to dominate at room temperature and under con-
ditions where vibrational coupling to electrodes is weak. Nevertheless, the absence of phonon
transport is acknowledged as a limitation in the present study.

3 Results and Discussion

Systematically interpret the results presented in this work. Table 1 categorizes the studied
anthracene-based molecular junctions according to dopant type, number, and location within
the molecular structure. This classification facilitates a clearer interpretation of the subsequent
results and graphical representations.
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Table 1: Summary of investigated molecular configurations.

Label Dopant
Type

Number
of
Dopants

Doping Positions Description

A None 0 — pure anthracene

BO O 1 Terminal ring One oxygen atom at the terminal site

BN N 1 Terminal ring One nitrogen atom at the terminal site

CO O 1 Middle ring One oxygen atom in the middle ring

CN N 1 Middle ring One nitrogen atom in the middle ring

D2O O 2 Middle + terminal
ring

Two oxygen atoms at the middle and terminal
positions

D2N N 2 Middle + terminal
ring

Two nitrogen atoms at the middle and termi-
nal positions

E2O O 2 Both terminal rings Two oxygen atoms at both terminal rings

E2N N 2 Both terminal rings Two nitrogen atoms at both terminal rings

The analysis of the electronic and thermoelectric behavior of the selected systems begins
with the calculation of the electronic transmission coefficient T (E) for all configurations listed
in Table 1 and depicted in Fig. 1. Fig. 2 displays the energy-dependent transmission spectra
for both pristine and heteroatom-doped anthracene molecular junctions.

Specifically, Fig. 2a compares the transmission coefficients of pristine anthracene (A) with
systems containing a single heteroatom dopant at the terminal ring (BO and BN). Fig. 2b shows
the results for configurations with a single dopant located in the middle ring (CO and CN). Fig.
2c displays the transmission for molecules doped with two heteroatoms, one in the middle and
one in the terminal ring (D2O and D2N). Finally, Fig. 2d presents the systems with two dopants
placed symmetrically at both terminal rings (E2O and E2N).

These results demonstrate the significant influence of heteroatom type and position on the
transmission spectra, and thus on the charge transport characteristics of anthracene-based junc-
tions.

The computational investigation commenced by substituting a one-carbon atom within the
anthracene molecule with oxygen or nitrogen. Introducing these dopants led to notable changes
in bond lengths. C–O bonds became longer, while C-N bonds showed contraction. In contrast,
the C-C bonds experience a slight contraction. Upon introducing oxygen impurity, it became
evident that the inherent symmetry of the two carbon sub-lattices was disrupted, leading to a
notable reduction in the energy gap as depicted in Fig. 2(a-d), in which the narrowest energy
gap was achieved by doping anthracene with one oxygen impurity, predominantly at the terminal
aromatic rings. The insertion of a single nitrogen impurity into the anthracene structure resulted
in just a little change in the energy gap when compared to pure anthracene.

To investigate the impact of the increased number of impurities on the anthracene configu-
ration, the simulations were expanded to include two impurity atoms, either oxygen or nitrogen
Gümüş & Akbay (2013). This methodology enabled a full assessment of how alternative dopants
and configurations affect the system’s electrical characteristics. The results showed that increas-
ing the number of impurities from one to two leads to greater disruption of the π network, causing
significant changes in the energy gap and quantum interference patterns. This has resulted in
shifts in the behaviour of electronic transport, depending on the locus of impurities, highlight-
ing the importance of controlling the number and location of the distortion atoms to adjust the
electronic properties of the molecule, as depicted in Fig. 2.
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Figure 2: Electronic transmission coefficient T(E) as a function of energy for all molecular junctions
that appear in Fig. 1

Figure 3a–d presents the room-temperature electrical conductance as a function of energy for
each studied molecular structure. The introduction of oxygen atoms into the anthracene frame-
work led to a noticeable enhancement in conductance. This improvement is primarily attributed
to the strong electronegativity of oxygen, which promotes a redistribution of electron density
within the π-conjugated system. This redistribution enhances charge transport by elevating
the transmission coefficient. In contrast, nitrogen doping exhibited a much weaker influence on
conductance. The nonbonding electron pair associated with nitrogen does not actively engage
in charge transport (Eklund & Karttunen, 2022), resulting in only minor modifications to the
electronic structure. Consequently, the density of states near the Fermi level remains largely
unaffected, and the electrical performance of the system remains close to that of the pure an-
thracene molecule. These findings underscore the distinct roles of heteroatoms in modulating
molecular transport behavior.

Figure 3: Electrical conductance as a function of energy for all molecular junctions that appear in
Fig. 1
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Figure 4 shows the thermal conductivity (κ) as a function of energy for all anthracene
molecular junctions. Figure 4a-d shows that, similar to the electrical conductance case, the
doping with oxygen impurity shows high values of thermal conductivity compared with nitrogen
doping. This improvement is due to the electronegative nature of oxygen, which promotes
electronic transmission without causing localized disturbances that hinder energy transfer. In
turn, introducing nitrogen leads to the formation of local states within the π lattice, which hinder
heat transfer through the molecule. These states act as barriers to electronic transmission, which
explains the low thermal conductivity in nitrogen-doped samples as shown in Fig. 4a-d.

Figure 4: Thermal conductivity as a function of energy for all molecular junctions that appear in
Fig.1

Figure 5 shows the Seebeck coefficient S as a function of energy at 300 K for each structure
under investigation. Fig. 5a–d shows the observed improvement in Seebeck’s modulus when the
anthracene molecule is distorted with oxygen atoms due to the high electronegativity of these
atoms, which alters the electron density distribution, to increase asymmetry around the Fermi
level and enhance thermopower. This variation in state density contributes to raising the Seebeck
coefficient. In contrast, the doping of the molecule anthracene with nitrogen atoms leads to the
formation of localised electronic states that act as traps for charge carriers, hindering their flow
and impairing the Seebeck coefficient. Therefore, the fundamental differences in the electronic
and structural effects of oxygen and nitrogen are a direct cause of the different performance of
the two systems in terms of thermoelectric efficiency.
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Figure 5: Seebeck coefficient as a function of energy for all molecular junctions that appear in Fig1

Figure 6 depicts the electrical figure of merit ZT for all configurations over a range of
energies. ZT , the thermoelectric figure of merit, is calculated by combining conductance (G),
Seebeck coefficient (S), and thermal conductivity (κ). The results demonstrate that oxygen
doping enhances the material’s thermoelectric figure of merit ZT , as seen in Figure 6a-d. This
rise positively affects the material’s overall performance in thermoelectric applications. On the
contrary, nitrogen doping lowers the material’s thermoelectric figure of merit ZT . The data
shown in Figure 6a–d indicate that the D2O structure, which includes two oxygen atoms placed
in the middle ring and the terminal ring directly connected to the gold electrodes, achieved
the highest recorded value of ZT of about 3.5 at 0.0 V, in conjunction with high electrical
conductivity, and the E2O structure involving two oxygen atoms placed in the terminal rings
directly connected to the gold electrodes achieved a value for ZT of about 2.5 at the same energy,
supporting the hypothesis that the oxygen impurities at strategic locations within the molecule
are a critical factor in improving the thermoelectric performance of organic molecules.

Figure 6: ZT (the efficiency of thermoelectrical materials) as a function of energy for all molecular
junctions that appear in Fig. 1
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Previous studies on PAH-based molecular junctions, including pristine and functionalized
anthracene systems, have typically reported ZT values ranging from 0.1 to 1.5, depending on
the molecular structure, contact geometry, and linker groups (Zhao et al., 2024; Noori et al.,
2018; Wang et al., 2021). For example, Noori et al. (Noori et al., 2018) reported a ZT ≈ 0.8
for stable-radical-modified graphene nanoconstrictions, while O’Driscoll et al. (O’Driscoll et al.,
2021) obtained ZT values below 1.5 for N-substituted anthracene derivatives.

In contrast, the D2O configuration in our study, featuring two oxygen atoms placed at
the central and terminal rings achieved a maximum ZT of approximately 3.5, while the E2O
structure yielded ZT ≈ 2.5. This substantial enhancement emphasizes the critical influence
of heteroatom positioning in tuning quantum interference and optimizing the thermoelectric
response in π-conjugated systems.

4 Conclusion

We used DFT calculations to analyze the effect of atomic impurities on the thermoelectric
properties of an anthracene molecule, focusing on the type, location, and number of impurities.
The results showed that oxygen atoms enhance thermoelectric performance compared to nitrogen
atoms, due to oxygen’s electronegativity, which improves the Seebeck coefficient and electron
transport efficiency. Moreover, the impurity’s position within the aromatic ring critically affects
thermoelectric performance, as its position in the middle ring enhances the value of the figure
of merit (ZT ) compared to the terminal sites. Additionally, introducing multiple oxygen atoms,
particularly in both the middle and terminal rings bonded to gold electrodes, resulted in a
significant rise in the ZT value, reaching a peak of 3.5 in the D2O configuration. Conversely,
nitrogen doping consistently led to diminished ZT values, regardless of its position or number,
due to its limited influence on electronic transport mechanisms. These results reinforce the
critical role of dopant type, position, and number in optimizing thermoelectric performance as
a key approach for optimizing the thermoelectric performance of organic molecular systems.
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