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Transport properties of molecular junctions are prone to chemical or conformational
modifications. Perturbation of the molecule-electrode coupling with anchoring groups
or functionalization of the molecule with side groups is a well-characterized method to
modulate the thermoelectric properties of molecular junctions. In this study, we used wide-
band approximation combined with the non-equilibrium Green’s function (NEGF)
formalism to inspect conductance, thermopower and figure of merit of an anthracene
molecule coupled to gold (Au) electrodes. To provide a comparative study, three different
anchoring groups were used, i.e., thiol, isocyanide and cyanide. The molecule was then
perturbed with the amine side group in two positions to explore the interplay between
anchoring groups and the side group.We showed that the introduction of side group alters
transmission probability near the Fermi energy where transmission peaks are shifted
relative to the Fermi level compared to the unperturbed molecule (i.e., without side group),
ultimately leading tomodified electrical and thermoelectric properties. The greatest value of
electrical conductance was achieved when the side-group-perturbed molecule was
anchored with isocyanide, whereas the thiol-terminated molecule perturbed with
the side group yielded the greatest value of thermal conductance. We found that the
Wiedemann-Franz law is violated in the Au-anthracene-Au device. Furthermore, the
highest thermopower and figure of merit were attained in the cyanide-terminated
perturbed molecule. Our results indicate that charge donating/accepting character of
the anchoring group and its interplay with the side group position can modify temperature
dependency of conductance, thermopower and figure of merit which is in agreement with
experimental findings in organic molecular junctions. Such modifications may potentially
contribute to the understanding of emerging conductance-based memory devices
designed to mimic the behavior of brain-like synapses.
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1 INTRODUCTION

Nanoscale thermoelectric devices where molecules are attached to
two metal electrodes can be supposedly used for cooling, heating
and power generation to address future energy concerns [1, 2].
An emerging application is low-dimensional solid-state heat
pumps operating based on the thermoelectric effect which can
be used to analyze temperature-dependent temporal dynamics of
brain regions in animals [3, 4]. However, the efficiency of a
thermoelectric device - termed as the figure of merit (ZT) - poses
practical limitation on the performance of the system since the
figure of merit is determined by the interplay between several
variables (see Eq. 10 below), i.e., thermopower or Seebeck
coefficient (S), electrical conductance (G), thermal conductance
(κ) and temperature (T). In this way, obtaining a high value for
the thermoelectric figure of merit is challenging and requires
novel materials with engineered physical and chemical
properties [5–7].

In recent years, experimental techniques such as mechanically
controllable break junction (MCBJ) [8, 9] and scanning tunneling
microscope break junction (STM-BJ) [10–12] offered novel
platforms to measure the thermoelectric properties at the level
of molecules. A number of experiments employed STM-BJ based
methods to carry out thermopower measurement in molecular
junctions where a molecule is sandwiched between two metallic
electrodes [11, 12]. In this way, experimental studies were able to
measure the thermopower of molecular structures with an
interest in gold (Au) electrodes [11, 12]. Later, Widawsky
et al. used a STM-BJ based technique to simultaneously
estimate the conductance and thermopower of molecular
devices with Au electrodes obtained by direct measurement of
electrical and thermoelectric currents [10]. Most recently, Mosso
et al. employed a modified break junction technique in an Au-
linked organic molecular junction, and for the first time,
measured the electrical conductance and thermal conductance
at the same time [13].

Several parameters can modify the thermoelectric properties
of molecular junctions. Previously, several studies explored the
effect of structural or chemical modification on the
thermoelectric properties of molecular junctions by
manipulating their transport properties. For example, it has
been shown that the length of the molecule [14–17],
functionalization of the molecule with side groups [18–21],
intervention of anchoring groups [22–24], molecule-electrode
coupling geometry [25, 26] and impurity doping [7, 27] can
significantly tune the conductance, thermopower and figure of
merit of molecular junctions, depending on the system. In this
context, a key factor in the regulation of transport properties of
metal-molecule-metal structures is the energy level alignment
between Frontier molecular orbitals (FMOs) and the Fermi level
of electrodes [28, 29] that can be modulated, e.g., by the geometric
position or charge transfer nature of anchoring groups [24, 30,
31] or side groups [20, 21].

In fact, a suitable choice of the anchoring groups can favorably
tune charge transport polarization through the molecular
junction, i.e., p-type vs n-type [22, 31, 32]. More specifically, it
has been shown that anchoring groups can theoretically

determine the electrical conductance [22, 24, 33] and the
thermal conductance [34] in molecular junctions. Such a
modification occurs due to the realignment of energy levels
relative to the Fermi energy of the electrodes, e.g., by chemical
engineering of the anchoring units. For instance, thiol,
isocyanide and cyanide are examples of widely used
anchoring groups that attach to Au electrodes with different
binding strengths and can dramatically disturb the symmetry
of the transmission spectrum due to their charge-donating/
accepting character. In this way, the conductance of the
molecular structure can be increased or decreased
depending on the system [22–24]. In addition, the sign of
the thermopower is determined by the anchoring group that
reveals the nature of the transport through the modification of
energy separation between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), i.e., the HOMO—LUMO gap [22, 30].
Experimental measurements done with STM-BJ [35] or
MCBJ [22] techniques in molecular junctions with Au
electrodes verified these theoretical predictions.

Perturbation of molecular systems with side groups in various
positions can similarly modify the thermoelectric properties of
the system [18–21]. The chemical character or the position of side
groups can be a determinant of charge polarization between
molecule and the electrodes due to the realignment of the
FMOs relative to the Fermi energy of the electrodes [21, 36,
37]. Side group charge transfer nature (e.g., electron-donating
amine unit vs electron-accepting nitro unit) can induce different
resonance effects near the Fermi energy which shapes current
flow in the system [18, 20]. The emergence of side-group-induced
Fano resonances can suppress thermal conductance in polycyclic
organic molecules attached to Au electrodes, e.g., in the presence
of the amine side group [37]. In the thiol-terminated molecules,
the amine side group can attain the greatest figure of merit which
is suppressed by changing the side group position [21]. In the
isocyanide-terminated molecules, the methyl side group can yield
the greatest thermoelectric figure of merit where its magnitude is
relatively robust to the change of side group position [21].
Generally, these theoretical results were in agreement with
experiments realized, e.g., by the STM-BJ techniques. For
instance, it has been suggested that the electrical conductance
is crucially determined by the side group contact geometry during
mechanical modulation [38, 39].

The impact of anchoring groups or side groups on the
conductance, thermopower and thermoelectric figure of merit
of molecular junctions was taken into account separately in most
of the previous studies. In this study, however, we assumed
various settings to explore the interplay between anchoring
groups and the side group position. We assumed an organic
molecule where three different anchoring groups—thiol (−SH),
isocyanide (−NC) and cyanide (−CN)—mediated the coupling of
the molecule to Au electrodes and then perturbed the molecule
with the amine (−NH2) side group in two different positions
(comprising six distinct configurations). We explored the
conductance, thermopower and thermoelectric figure of
merit of the system using wide-band (WB) approximation
combined with the non-equilibrium Green’s function (NEGF)
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formalism in the linear response regime. We considered
anthracene (C14H10) as the organic molecule that is a
polycyclic aromatic molecule comprising three fused
benzene rings. π-orbitals contributing in the transport make
anthracene an appropriate choice for thermoelectric effect
studies due to great conductance at the metal-molecule
interface when the electrode is made of Au [40].

At first, we only considered the anchoring groups
(i.e., unperturbed molecule) and observed the transmission
spectrum and thermoelectric coefficients. We then perturbed
the molecule with the amine side group (i.e., perturbed
molecule) in two different positions, changed the anchoring
groups, and made a comparative evaluation of the behavior of
electrical conductance, thermal conductance, thermopower and
figure of merit in various configurations. Our results indicate that
in the molecule perturbed with the side group the transmission
peaks (with adjusted probability) are displaced with respect to the
Fermi energy compared to the unperturbed molecule. The gating
of the transmission coefficient by anchoring groups or side
groups can ultimately determine conductance, thermopower
and thermoelectric figure of merit of the system. Furthermore,
by calculating both the electrical conductance and electronic
thermal conductance we found that the Wiedemann-Franz law
is violated in the Au-anthracene-Au molecular junction due to
non-smooth dependence of the transmission coefficient on the
energy near the Fermi level.

Finally, to present a comparison, the electrical conductance,
electronic thermal conductance, thermopower and figure of merit
at the room temperature were summarized for all configurations.
The isocyanide-terminated molecule perturbed with the side
group in the R1 position reached the highest electrical
conductance, whereas the greatest value of the thermal
conductance was ascribed to the thiol-terminated molecule

perturbed with the side group in the R2 position. Notably, the
R2-position perturbed molecule anchored by cyanide reached the
higher thermopower and figure of merit at the room temperature
with ZT � 0.25. Our results show that the complex interaction
between the chemical nature of anchoring groups and the
position of the side group that perturbed the molecule is
crucial for the determination of thermoelectric properties of
the system where an appropriate combination of functionals
can favorably enhance the thermoelectric efficiency.

2 METHODS

The anthracene molecule is schematically shown in Figure 1A.
We assumed thiol (−SH), isocyanide (−NC) and cyanide (−CN)
as three different anchoring groups in the X position to mediate
the coupling of the molecule to the Au electrodes. Furthermore,
we used amine (−NH2) side group in two different positions
labeled as R1 and R2 in Figure 1A. One set of the molecular
structures considered in this study is examplary shown in Figures
1B1–B3 comprising the unperturbed isocyanide-terminated
anthracene molecule (B1), and the same molecule perturbed
with the amine side group in R1 (B2) and R2 (B3) positions.
The anthracene molecule was coupled to two three-dimensional
Au electrodes mediated by each anchoring group. Thiol
anchoring group was connected to the hollow position,
whereas isocyanide and cyanide anchoring groups were
connected to the top position of the Au (111) electrodes. 2 ×
2 × 100 k-point sampling was used to sample the Brillouin zone.
Then, the molecule was extended to include surface layers of the
Au electrodes (three Au layers).

The Hamiltonian of the molecule (HM) is calculated based on
the extended Hückel method [41]:

FIGURE 1 | (A) Schematic representation of the anthracene molecule terminated with anchoring groups X � thiol (−SH), isocyanide (−NC) or cyanide (−CN), and
functionalized with the amine (−NH2) side group in the R1/R2 position. (B1-B3) Examplary model of the unperturbed isocyanide-terminated anthracene molecule (B1),
and the same molecule perturbed with the amine side group in R1 (B2) and R2 (B3) positions.
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HM � C
2
Sij(Hii +Hjj), (1)

where C � 1.75 is the Hückel coefficient, Sij indicates the overlap
integral of the molecular orbitals, and Hii and Hjj are the
ionization energies of the orbitals. The transmission coefficient
is calculated by the Landauer-Büttiker formalism expressed in
terms of the Green’s function [42]:

T(ε) � Tr[Gr(ε)ΓL(ε)Ga(ε)ΓR(ε)], (2)

where ΓL/R � −2 ImΣL/R is given by the self-energy ΣL/R of the left
(L) or right (R) electrode.Gr(ε) is the retarded Green’s function of
the molecule connected to the Au electrodes which in the NEGF
formalism can be expressed as follows:

Gr(ε) � (εI −HM − ΣL − ΣR)−1, (3)

where the advanced Green’s function can be obtained by Ga(ε) �
[Gr(ε)]†.

Charge current (I) and heat current (IQ) are calculated based
on the Landauer-Büttiker formalism [42]:

I � e
h
∫T(ε) fL(ε) − fR(ε)[ ] dε,

IQ � e
h
∫ (ε − μ)T(ε) fL(ε) − fR(ε)[ ] dε,

(4)

where e � 1.6 × 10–19 C is the charge of electron, and h � 6.626 ×
10–34m2 kg/s is the Planck constant. fL/R(ε) is the Fermi
distribution function of the left (L) or right (R) electrode. The
Fermi distribution function is given by:

fL/R(ε) � [exp((ε − μL/R)/kBT) + 1]−1, (5)

where kB � 1.38 × 10–23 JK−1 is the Boltzmann constant.
The temperature gradient (ΔT) and voltage difference (ΔV)

are negligible in the linear response regime, therefore, the flow of
charge and heat currents in the system can be approximated in
terms of ΔT and ΔV (to the first order) [42, 43]:

I � e2L0ΔV + e
T
L1ΔT ,

IQ � −eL1ΔV − 1
T
L2ΔT ,

(6)

where Ln � Z−1 ∫dε(ε − μ)n T(ε) (−zf(ε)/zε) is the so-called Lorenz
function, μ denotes the chemical potential and f (ε) represents the
equilibrium Fermi-Dirac function.

The Ln quantities can then be used to define the thermoelectric
coefficients. The electrical conductance and the electron
contribution to the thermal conductance are given by the
following expressions, respectively:

G � e2L0, (7)

Kel � (1/T)(L2 − L2
1/L0). (8)

In the linear response regime the thermoelectric coefficients
are calculated at points where both the bias voltage and
temperature gradient between the two electrodes tend to
vanish, i.e., μL � μR � μ and TL � TR � T.

The thermopower can be expressed as the ratio of the induced
voltage difference to the temperature gradient when the current
vanishes:

S � −ΔVΔT � −(1/eT)(L1/L0), (9)

The reciprocal interaction between the electrical conductance,
thermal conductance and thermopower finally shapes the
thermoelectric efficiency of the system, i., e, the figure of merit:

ZT � S2TG/(Kel + Kph). (10)

Rigorous theoretical and experimental studies have shown that
the thermal conductance in polycyclic organic based molecular
junctions with Au electrodes is notably dominated by electrons
[13, 44]. Therefore, without loss of generality we only considered
the electron contribution to the thermal conductance in this
study [7, 21].

3 RESULTS

3.1 The Unperturbed Molecular Junction
First, we assumed a situation where the anthracene molecule is
attached to the Au electrodes via three different anchoring
groups, i.e., thiol, isocyanide and cyanide units, in the X
position (shown in Figure 1A) and ignored the presence of
any side group (i.e., the unperturbed configuration). The
choice of anchoring group can determine the nature of charge
transport in the system to be either p-type (HOMO-dominated)
or n-type (LUMO-dominated) [21, 30, 31] by the rearrangement
of FMOs [28]. In this way, anchoring groups can be discriminated
by their electrode-coupling induced charge transfer
properties [45].

The calculated transmission spectrum of the molecular
junction in the presence of each anchoring group is shown in
Figure 2A (on a logarithmic scale). Color-coded H/L labels
indicate the HOMO/LUMO transmission peaks corresponding
to the anchoring group with the same color: Thiol (red),
isocyanide (blue) and cyanide (green). The transmission
spectrum of the thiol-terminated anthracene molecular
junction shows p-type (HOMO-dominated) transport, whereas
the same molecule terminated with isocyanide and cyanide
anchoring groups shows n-type (LUMO-dominated) transport.
More specifically, when the coupling of the molecule to the Au
electrodes is mediated by the thiol anchoring group (red) the
HOMO energy (H-labeled peak in Figure 2A) is located closer to
the Fermi energy (p-type transport) than the corresponding
LUMO energy (L-labeled peak in Figure 2A) due to the
electron-donating nature of the thiol unit which increases the
energy of the π-electron system. On the contrary, for the electron-
accepting isocyanide (blue) and cyanide (green) anchoring
groups, the electron transport occurs through the LUMO
(n-type transport) denoted by transmission peaks labeled with
the same-color letter L in Figure 2A. These observations are in
agreement with the results of previous studies [30, 31]. The
behavior of transmission spectrum in the presence of different
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anchoring groups arises due to the difference between the
electrode-coupling induced charge transfer for each anchoring
group [45], and the electronegativity of the molecule (mediated
by each anchoring group) and that of the Au electrodes [21].

The realignment of the FMOs in the transmission spectrum by
anchoring groups determines the dominant carriers participating
in transport which is strongly related to the change of chemical
potential of the electrodes [46]. This can ultimately shape the

temperature dependency of thermoelectric properties of the
molecular junction that are depicted in Figures 2B–E. The
electrical conductance of the unperturbed molecule for all of
the anchoring groups decreases with temperature and relatively
saturates at temperatures over T � 300 K (see Figure 2B). This is
due to the temperature-dependent broadening of the Fermi
derivative around the Fermi energy. This finally decreases the
number of carriers contributing in transport leading to a

FIGURE 2 | (A) The transmission spectrum versus energy for the unperturbed anthracene molecule coupled to the Au electrodes via thiol (red), isocyanide (blue)
and cyanide (green) anchoring groups which was evaluated at T � 300 K. HOMO/LUMO transmission peaks are labeled by letter H/L. Temperature dependency of the
electrical conductance (B), electronic thermal conductance (C), thermopower (D) and figure of merit (E) in the unperturbed molecular junction. Colored arrows indicate
that the corresponding curve is depicted against y2-axis (right).

FIGURE 3 | The temperature dependency of Lorenz functions is examplary drawn for the unperturbedmolecular junction terminated with the thiol anchoring group.
(A) T(ε) (−zf/zε). (B) (ε − μ)T(ε) (−zf/zε). (C) (ε − μ)2T(ε) (−zf/zε).

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 7273255

Ramezani Akbarabadi and Madadi Asl Anchoring-Group-Mediated Thermoelectric Properties

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


suppressed electrical conductance. The behavior of the electrical
conductance can be explained by the temperature-dependent
modification of T(ε) (−zf/zε) associated with the L0 term in
Eq. 7. As examplary shown in Figure 3A, the T(ε) (−zf/zε)
term for the thiol-terminated molecule is suppressed near the
Fermi energy with increasing the temperature leading to a
decreased electrical conductance. Similar argument can be
brought forward for the isocyanide and cyanide anchoring
groups. Notably, the lowest value of the electrical conductance
belongs to the thiol-terminate molecule (Figure 2B, red). The
behavior of the electrical conductance can be attributed to the
location of HOMO and LUMO peaks in the corresponding
transmission coefficient of the system in the case of each
anchoring group (see Figure 2A).

The electron contribution to the thermal conductance for all of
the anchoring groups is increased with temperature (see
Figure 2C) since electrons and holes carry more thermal energy
when the temperature increases. This observation can be validated
by the temperature dependency of (ε − μ)2T(ε) (−zf/zε) depicted in
Figure 3C (for the thiol anchoring group) which strongly modifies
the behavior of the electron contribution to the thermal
conductance via the L2 term in Eq. 8. The (ε − μ)2T(ε) (−zf/zε)
term is enhanced with increasing the temperature implying an
increased electronic thermal conductance where the lowest value
belongs to the thiol-terminated molecule. Same argument can be
brought forward for the isocyanide and cyanide anchoring groups.

The sign of the thermopower reveals how HOMO and LUMO
energy levels are aligned with respect to the Fermi energy level
[47]. A positive thermopower is obtained when the HOMO lies
closer to the Fermi energy than the LUMO implying a p-type
transport, whereas a negative thermopower indicates that the
LUMO is located closer to the Fermi energy resulting in a n-type
transport. As shown in Figure 2D, when the molecule is
terminated with the electron-donating thiol (red) anchoring
unit, the thermopower is positive and follows an ascending
trend with temperature. However, the electron-accepting
isocyanide (blue) or cyanide (green) anchoring group yields a
negative thermopower but its magnitude increases with
temperature. The temperature dependency of the thermopower
can be explained by the contribution of (ε − μ)T(ε) (−zf/zε)
shown in Figure 3B which determines the behavior of the
thermopower through the L1 term in Eq. 9. Figure 3B shows
that the (ε − μ)T(ε) (−zf/zε) term is increased around the Fermi
energy with temperature for the thiol anchoring group which
leads to the enhancement of thermopower. The thermopower of
the molecule terminated with isocyanide and cyanide anchoring
groups qualitatively follows the same line of arguments. The
temperature-dependent increase/decrease of the thermopower
occurs in the vicinity of the Fermi energy where the peak of
the transmission coefficient is located since thermopower
depends on the slope of the transmission function at the
Fermi energy.

Finally, the interaction between the electrical conductance,
thermal conductance and thermopower shapes the figure of merit
of the molecular junction through Eq. 10 as a function of
temperature that is shown in Figure 2E. The smallest value of
the figure of merit belongs to the isocyanide-terminated system

(blue), whereas the cyanide-terminated molecule (green) has the
greatest figure of merit. The behavior of the figure of merit is
mostly shaped by the thermopower since ZT ∝ S2, which was
most significant for the thiol anchoring group. However, in this
case the small electrical conductance of the thiol-terminated
system prevented the figure of merit to attain the greatest value.

3.2 The Molecular Junction Perturbed With
the Side Group
So far, we inspected the thermoelectric properties of the
anthracene molecular junction for three different anchoring
groups. Next, we will introduce the amine side group to the
system, in two different positions labeled as R1 and R2 in
Figure 1A (i.e., the perturbed configuration) where the
molecule is coupled to the Au electrodes via previously
described anchoring units. The interplay between charge
donating/accepting nature of anchoring groups and that of the
side group, as well as the position of the side group may strongly
modify the thermoelectric properties of the molecular junction
[21]. To further explore these modifications, we repeated
calculations for the electrical conductance, thermal conductance,
thermopower and figure of merit of the system in the presence of
the amine side group.

Notably, the perturbation of the molecule with side group can
rearrange HOMO or LUMO alignment relative to the Fermi
energy, and consequently, modify the thermoelectric properties
of the molecular junction depending on the position of the side
group. This is illustrated in Figure 4 where the transmission
coefficient of the molecular junction perturbed with the amine
side group is depicted as a function of energy. In the case of
molecule terminated with the thiol anchoring group, the HOMO
peak in the transmission spectrum is shifted towards the Fermi
energy upon the introduction of the side group (Figure 4A,
magenta/cyan curves) in comparison to the unperturbed
molecule (red curve). In the isocyanide-terminated molecule
the HOMO peaks are slightly shifted closer to the Fermi
energy, whereas the LUMO peaks are relatively in the same
location when the molecule is perturbed with the side group
(Figure 4B, magenta/cyan curves) compared to the unperturbed
molecule (Figure 4B, blue curve), leading to a reduced
HOMO—LUMO gap. In the cyanide-terminated molecule, the
most significant observation is that the introduction of the side
group in the R2 position leads to the emergence of sharp HOMO
and LUMO peaks (Figure 4C, cyan curve) in comparison to the
unperturbed molecule (Figure 4C, green curve). However, the
HOMO and LUMO peaks are slightly suppressed in the R1
position of the side group (Figure 4C, magenta curve). The
introduction of the side group crucially modulates the
transmission probability near the Fermi energy and shifts the
transmission peaks due to constructive/destructive quantum
interference effects [48, 49] and the interaction between charge
donating/accepting nature of the side group and different
anchoring groups [21, 24, 50].

Then, we looked into the behavior of the electrical
conductance, thermal conductance, thermopower and figure of
merit in the presence of the side group (in two different
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positions) when the molecule is anchored with thiol, isocyanide
and cyanide units. For both the unperturbed molecule (labeled
X for each anchoring group) and the molecule perturbed with
the side group in R1 and R2 positions, the electrical conductance
decreases with temperature (see Figure 5A1–A3), except for the
cyanide-terminated molecule with side group in the R2 position
(Figure 5A3, cyan curve). As argued earlier, the electrical
conductance is decreased since the transmission spectrum is
modified accordingly and the Fermi derivative (−zf/zε)
associated with L0 is broadened around the Fermi energy
(not shown). In this case, the overlap between the Fermi
derivative and the peak of the transmission is decreased with
temperature [21], which restricts the number of carriers
contributing in transport implying a decreased electrical
conductance. However, when the temperature increases, the
Fermi derivative is broadened and more likely embraces
additional peaks of the transmission spectrum which
enhances the electrical conductance, e.g., in the case of
the cyanide-terminated molecule with side group in the R2
position (see Figure 5A3, cyan curve). Notably, the value of
the electrical conductance has been relatively increased upon
the introduction of the side group (cf. Figures 4A1–A3,
red/blue/green and magenta/cyan curves). This side-group-
induced increasing effect can be traced back to the
modulation of HOMO and LUMO locations in the
corresponding transmission spectrum compared to the
unperturbed system.

Similar to the perturbed molecule, the electron contribution to
the thermal conductance of the perturbed molecule follows an

ascending trend when the temperature is increased (see Figures
5B1–B3). This was expected because charge carriers transfer more
thermal energy as the temperature increases. In particular, the
introduction of the side group enhanced the temperature-
dependent electronic thermal conductance in comparison to the
unperturbed molecule for all of the three anchoring groups (cf.
Figures 5B1–B3, red/blue/green and magenta/cyan curves). The
temperature increasing behavior of the thermal conductance can
be explained by the enhanced overlap between the peaks of
transmission and Fermi derivative and the contribution of
(ε − μ)2T(ε) (−zf/zε) linked with L2 term in Eq. 8 that leads to
an enhanced thermal conductance with temperature (not shown).
Furthermore, for all of the three anchoring groups, changing the
position of the side group fromR1 to R2 does not induce anymajor
different in overall behavior of the electrical conductance or the
thermal conductance, except the cyanide-terminated molecule
with the side group in the R2 position (Figures 5A3, B3, cyan
curve). The side-group-mediated emergence of new sharp peaks in
the transmission spectrum of the cyanide-terminated molecule
perturbed with side group in the R2 position (Figure 4C, cyan
curve) can account for this different behavior compared to the
same system perturbed with side group in the R1 position
(Figure 4C, magenta curve).

The role of thermopower in shaping the behavior of the figure of
merit is more critical than the electrical conductance or the thermal
conductance since the figure of merit quadratically depends on the
thermopower. Furthermore, the sign of thermopower indicates the
conductance mechanism through the system: Negative
(positive) thermopower is a footprint of charge transfer

FIGURE 4 | The transmission spectrum versus energy for the anthracene molecule perturbed with the amine side group in R1 and R2 positions which was
evaluated at T � 300 K. The molecule was connected to the Au electrodes via thiol (A), isocyanide (B) and cyanide (C) anchoring groups. The transmission of the
unperturbed molecular junction (labeled X) is depicted as a reference. HOMO/LUMO peaks of the unperturbed system are labeled by letter H/L.
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dominated by electrons (holes). This interpretation reveals
other information about the location of FMOs with respect
to the Fermi energy, i.e., negative (positive) thermopower is the
indicator of a LUMO-dominated (HOMO-dominated) charge
transfer. In this way, charge transfer properties of anchoring
groups can strongly determine the sign of the thermopower in
the molecular junction [30].

Figure 6A1–A3 shows the thermopower of the perturbed
molecular junction. The absolute value of the thermopower is
increased with temperature for both the unperturbed and
perturbed molecules anchored with the electron-donating thiol
(Figure 6A1; positive thermopower) or the electron-accepting
isocyanide and cyanide units (Figure 6A2,A3; negative
thermopower). The magnitude of the thermopower, however,
is determined by the location of HOMO or LUMO peak relative
to the Fermi energy in the transmission spectrum. In fact, the
thermopower is proportional to the slope of the transmission near
the Fermi energy on the logarithmic scale, i.e., S ∝ dε log (T(ε)).
This explains why the magnitude of thermopower in the thiol-
and cyanide-terminated molecules (Figure 6A1–A3,
respectively) is greater than the isocyanide-terminated
molecule (Figure 6A2). In the thiol-terminated molecule, the
introduction of the side group reduced the magnitude of
thermopower (cf. Figure 6A1, red and magenta/cyan curves).
However, in the isocyanide- and cyanide-terminated molecules
the presence of the side group in the R2 position notably
increased the temperature dependency of the thermopower
(cf. Figure 6A2,A3, red/magenta and cyan curves). The
behavior of the thermopower in either of these cases can be
explained by the temperature dependency of the (ε − μ)T(ε)

(−zf/zε) term (not shown) that is related to L1 in Eq. 9 which
ultimately shapes the trend of the thermopower. However, while
the sign of the thermopower is determined by the charge transport
nature of the anchoring group and side group, its magnitude is
determined by the location of HOMO and LUMOpeaks relative to
the Fermi energy in the transmission spectrum.

Ultimately, the electrical conductance, thermal conductance
and thermopower compete to determine the thermoelectric figure
of merit of the molecular junction given by Eq. 10. The
temperature dependency of the figure of merit for all
considered configurations is depicted in Figures 6B1–B3. In
general, the lowest value of the figure of merit belongs to the
isocyanide-terminated molecule (Figure 6B2), whereas the
greatest value of the figure of merit belongs to the cyanide-
terminated molecule (Figure 6B3). Notably, at high
temperatures the figure of merit of the cyanide-terminated
molecule perturbed with the side group in the R2 position can
attain high values, i.e., ZT ∼ 1. In particular, perturbation of the
molecule with the side group (regardless of the its position)
decreases the figure of merit of the thiol-terminated system
(cf. Figure 6B1, red and magenta/cyan curves). There was no
major difference between the R1 and R2 position of the side group
in this case as they both yielded relatively similar values for the
figure of merit (see Figure 6B1, magenta/cyan curves). In the
isocyanide-terminated molecule, however, the introduction of the
side group in the R1 position slightly reduced the figure of merit
(Figure 6B2, magenta curve) in comparison to the unperturbed
molecule (Figure 6B2, blue curve). The side group in the R2
position increased the figure of merit in this case (Figure 6B2,
cyan curve). In the cyanide-terminated molecule, the

FIGURE 5 | Temperature dependency of the electrical conductance (A1-A3) and electron contribution to the thermal conductance (B1-B3) in the molecular
junction perturbed with the amine side group in R1 and R2 positions. The molecule was connected to the Au electrodes via thiol (first column), isocyanide (second
column) and cyanide (third column) anchoring groups. The electrical conductance and electronic thermal conductance of the unperturbed molecular junction (labeled X)
are depicted as a reference. Colored arrows indicate that the corresponding curve is depicted against y2-axis (right).
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introduction of the side group in both positions shifted the figure
of merit towards greater values (Figure 6B3, magenta/cyan
curves) compared to the unperturbed molecule (Figure 6B3,
green curve).

3.3 Comparison Between the Unperturbed
and Perturbed Molecules
To compare the influence of the charge transfer nature of
anchoring groups and the side group position on the electrical
conductance, thermal conductance, thermopower and figure of
merit in the anthracene molecular junction, the results were
summarized in Figure 7 where the calculations were carried
out at T � 300 K. Figure 7A shows that the electrical conductance
trend is as follows: In the unperturbed molecule: thiol < cyanide <
isocyanide, in the molecule perturbed with the side group in the
R1 position: cyanide < thiol < isocyanide, and in the R2 position:
thiol < cyanide < isocyanide. The greatest value of the electrical
conductance at T � 300 K belonged to the isocyanide-terminated
molecule perturbed with the side group in the R1 position,
i.e., G � 2.42 × 10–6 S. The trend of thermal conductance,
however, is as follows: In the unperturbed molecule: thiol <
isocyanide < cyanide, in the molecule perturbed with the side
group in the R1 position: cyanide < isocyanide < thiol, and in the
R2 position: isocyanide < cyanide < thiol. The greatest value of
the thermal conductance at T � 300 K belonged to the thiol-
terminated molecule perturbed with the side group in the R2
position, i.e., Kel � 8.54 × 10–11 W/K.

The thermopower showed the following trend illustrated in
Figure 7C: In the unperturbed molecule: isocyanide < cyanide <
thiol, in the molecule perturbed with the side group in the R1

position: isocyanide < thiol < cyanide, and in the R2 position:
isocyanide < thiol < cyanide. The cyanide-terminated molecule
perturbed with the amine side group in the R2 positions attained
the greatest thermopower at T � 300 K, i.e., S � 180.38 V/K.
Figure 7D shows the figure of merit of the system evaluated at
T � 300 K which qualitatively follows the trend of thermopower: In
the unperturbed molecule: isocyanide < thiol < cyanide, in the
molecule perturbed with the side group in the R1 position:
isocyanide < thiol < cyanide, and in the R2 position: isocyanide
< thiol < cyanide. Notably, the cyanide-terminated molecule
perturbed with the amine side group in the R2 position reached
the greatest value of the figure of merit at T � 300 K, i.e., ZT � 0.25.

3.4 Violation of the Wiedemann-Franz Law
It was predicted that the Wiedemann-Franz law holds for certain
bulk metals, however, its validity is questioned when the
dimension is reduced to the nanoscale. Recently, the thermal
and electrical transports were precisely measured in atomic-sized
contacts by using advanced experimental methods [51, 52]. The
validity of the Wiedemann-Franz law was substantiated at this
scale. But, extremely thorough and careful theoretical studies
raised serious doubts about the generality of such observations
and argued that significant deviations may arise depending on the
structure of the system, temperature or gate voltage [53].

To address such concerns in the context of our study, we
quantitatively checked the validity of the Wiedemann-Franz law
for the Au-anthracene-Aumolecular junction. The Lorenz ratio is
defined as follows [44]:

L
L0

� Kel

L0TG
, (11)

FIGURE 6 | Temperature dependency of the thermopower (A1-A3) and figure of merit (B1-B3) in the molecular junction perturbed with the amine side group in R1
and R2 positions. Themolecule was connected to the Au electrodes via thiol (first column), isocyanide (second column) and cyanide (third column) anchoring groups. The
thermopower and figure of merit of the unperturbed molecular junction (labeled X) are depicted as a reference.
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where L is the Lorenz number that converges to the Sommerfeld
value, i.e., L0 � π2k2B/(3e

2) � 2.44 × 10−8 W/SK2, when the
Wiedemann-Franz law holds (i.e., L/L0 � 1).

We then calculated the temperature dependency of Lorenz
ratios (i.e., L/L0) defined in Eq. 11 for the unperturbed molecule
(i.e., without side group) and the perturbed molecule (i.e., with
the amine side group in the R1 and R2 positions), both anchored
with the thiol, isocyanide and cyanide units. This is illustrated in
Figure 8 indicating that the Wiedemann-Franz law is violated in
the Au-anthracene-Au molecular junction, irrespective of the
presence or position (i.e., R1 vs R2 in Figures 8A–C) of the side
group and regardless of the type of the anchoring group (i.e., thiol
(red), isocyanide (blue) and cyanide (green) in the X position
shown in Figures 8A–C).

It has been predicted that deviations from the Wiedemann-
Franz law (i.e., L/L0 ≠ 1) in metallic atomic-size contacts may
arise due to significant phonon contributions [44, 54]. However,
in polycyclic organic molecular junctions with Au electrodes the
thermal conductance is significantly dominated by electrons [13,
44]. Alternatively, it was suggested that quantum interference
effects and energy dependency of the transmission spectrum in
the vicinity of the Fermi energy are responsible for the notable
violation of the Wiedemann-Franz law in organic molecular
structures with Au electrodes [53], as observed in our study.
In fact, as shown in Figures 4A–C, non-smooth dependence of
the transmission coefficient on energy near the Fermi level leads
to the enhancement of the electronic thermal conductance
with temperature due to the temperature-dependent increase
of (ε − μ)2T(ε) (−zf/zε) vs the descending behavior of the
electrical conductance with temperature due to the
temperature-dependent reduction of T(ε) (−zf/zε). The non-
identical modulation of the electronic thermal conductance
and the electrical conductance finally promoted the calculated

Lorenz ratio leading to temperature-dependent deviations from
the Wiedemann-Franz law (see Figure 8).

4 DISCUSSION

In the present study, we theoretically explored the thermoelectric
properties of an anthracene-based molecular device with Au
electrodes by using wide-band (WB) approximation combined
with the NEGF formalism in the linear response regime.
Specifically, our intention was to address the question that
how the electrical conductance, thermal conductance,
thermopower and figure of merit of the Au-anthracene-Au
molecular structure can be shaped when the system is
terminated with different anchoring groups or it is perturbed
with a side group in comparison to the unperturbed molecule
(i.e., without side groups). We considered one side group but in
two different positions indicated by R1 and R2 and comparatively
examined the behavior of thermoelectric coefficients in the
presence of three anchoring groups. The results indicated that
modification of the Au-anthracene-Au molecular junction with
different anchoring groups or with a side group in different
positions can significantly change the thermoelectric properties
of the system.

We assumed an electron-donating side group (amine) in two
different positions for the functionalization of the molecule where
the molecule-electrode coupling was mediated by both electron-
donating (thiol) and electron-accepting (isocyanide, cyanide)
anchoring groups. We found that the charge transfer nature of
the system (dictated by each anchoring group) remains intact to
the perturbation of the molecule with the side group. In this way,
termination of the molecule with the electron-donating thiol unit
led to a HOMO-dominated transmission, whereas when the

FIGURE 7 | The electrical conductance (A), electronic thermal conductance (B), absolute value of the thermopower (C) and figure of merit (D) of the unperturbed
molecular junction (labeled X), and the molecule perturbed with the amine side group in R1 and R2 positions are compared at T � 300 K. The coupling of the molecule to
the Au electrodes was mediated by thiol (red), isocyanide (blue) and cyanide (green) anchoring groups.
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molecule was anchored with the electron-accepting isocyanide
and cyanide units the transmission was LUMO-dominated,
irrespective of the side group position. The LUMO peaks were
closer to the Fermi energy in the cyanide-anchored molecule than
the isocyanide-terminated molecule, implying stronger electron-
accepting character of the cyanide group. However, employing
electron-accepting side groups such as nitro unit (−NO2) may
disturb this deduction, as addressed by previous studies [21]. In
addition, the main impact of the side group was shifting the
location of HOMO/LUMOpeaks in the transmission spectrum in
comparison to the unperturbed molecule (see Figure 4).

Previous studies showed that charge transfer nature or
position of anchoring groups can crucially shape conductance,
thermopower and figure of merit of molecular junctions by the
realignment of FMOs with respect to the Fermi energy level in the
transmission spectrum [30, 31]. By the same token, chemical
character or conformational changes of side groups can also
result in substantial variations of the transmission spectrum
[19–21]. In this way, charge transport polarization through the
molecule can be controlled where its consequences are finally
reflected in the conductance, thermopower and figure of merit of
the system [5, 18–20, 55]. In addition, here the molecule-
electrode contact was mediated by anchoring groups only in
one geometrical position. However, similar studies demonstrated
that changing the position of the anchoring group can also adjust
transport properties of the system by changing the
HOMO—LUMO symmetry in the spatial distribution of the
molecular orbitals [24, 56]. This finally can manipulate
electron transport through the molecular junction due to
symmetry-allowed or symmetry-forbidden transport states.
Moreover, here we merely assumed two geometrical position
for the side group. But, assigning more degrees of freedom to the
spatial localization of the side group [55] or rotational variations
of the side group relative to the molecular backbone [5, 20] can be
further a determinant of the thermopower and figure of merit in
molecular junctions.

Here, we employed a formalism where only linear effects were
taken into account. However, nonlinear effects could, at least in
principle, affect the thermoelectric properties of the considered
molecular junction. This may happen by inducing a notable
temperature or chemical potential difference between the

electrodes. In addition, the presence of local electric fields
around the different functional groups and/or in proximity of
the Au atoms may play a role in shaping the underlying
chemistry, as proven in some recent studies [57].

In this study, we assumed a combination of three anchoring
groups and one side group (in two positions) comprising six
distinct configurations. Our results showed that electron-
donating/accepting nature of anchoring groups modifies the
transmission probability near the Fermi level and plays an key
role in shaping conductance, thermopower and figure of merit of
the molecular junction. These properties can be further adjusted
by perturbing the molecule with side groups in different
positions. In particular, a comparison at the room temperature
showed that the isocyanide-anchored molecule perturbed with
the side group in the R1 position reaches the greatest value of
electrical conductance. This may be due to the weak binding
strength of the isocyanide to the Au surfaces which enables
isocyanide unit to be adsorbed onto the Au surfaces [58]. This
finally enhances the transmission probability near the Fermi
energy leading to a greater conductance [59]. However, the
greatest value of the thermal conductance belonged to the
thiol-terminated molecule perturbed with the side group in the
R2 position, probably due to the strong binding of the thiol unit to
the Au surfaces [60]. Notably, the molecule anchored with
cyanide (stronger electron-accepting anchoring group) and
perturbed with the side group in the R2 position attained the
greatest value of both the thermopower and figure of merit. As it
can be seen from the trend of the cyanide-terminated molecule in
Figures 7C,D (green boxes), introducing the side group and then
shifting its position from R1 to R2 favorably enhances both the
thermopower and figure of merit. At the room temperature, in the
best scenario, the figure of merit reaches ZT � 0.25.

The results presented in this study are in agreement with
experimental findings obtained in organic molecular junctions
sandwiched between two metallic electrodes. For instance,
experimental measurements on metal-molecule-metal
junctions revealed that the electrical conductance is crucially
modified by anchoring groups [14, 22, 61] or side groups [36,
38, 39]. However, inability to simultaneously measure the
electrical, thermal and thermoelectric properties of single-
molecule junctions may be one of the technical challenges of

FIGURE 8 | Lorenz ratios defined by Eq. 11 as a function of temperature for the unperturbed (labeled X) molecule and the molecule perturbed with the amine side
group in R1 and R2 positions. The coupling of the molecule to the Au electrodes was mediated by thiol (A), isocyanide (B) and cyanide (C) anchoring groups.
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the traditional experimental methods. This limitation was
overcame in several experiments reporting, e.g., simultaneous
measurement of the electrical conductance and thermopower in
single-molecule devices based on break junction techniques
[10, 62, 63]. It was not until recently that Mosso et al.
simultaneously measured the electrical conductance and
thermal conductance of organic molecular junctions with Au
electrodes via a modified break junction technique [13]. Such
experimental techniques render the possibility of careful
inspection of the Wiedemann-Franz law in organic single-
molecule junctions that has been considered in this study.
Thus, our findings may enable an understanding of the role of
functionalization in shaping the electrical and thermoelectric
properties of organic molecular junctions which may
encourage experimentalists to further examine the validity of
the Wiedemann-Franz law and structure-function properties of
single-molecule junctions.

Ultimately, a potential application of organic molecular
junctions is the development of synaptic devices for brain-like
bioelectronic computing systems [64, 65]. In particular,
realization of long-term memory within single-molecule
junction synapses based on conductance changes [66] opened
a new window towards implementation of brain-like synaptic
plasticity mechanisms into molecular junctions with metal
electrodes. In this context, the long-term memory in the
device conductance can be manipulated by successive
application of appropriate electrical pulses; a counterpart of
the spike-timing-dependent plasticity in the brain that
modifies the synaptic strengths between neurons [67, 68]. At

higher levels, these memory devices can be integrated in crossbar
arrays [69] representing the strength of plastic synaptic
connections in brain neural networks [70, 71]. The results
presented here may contribute to further understanding of
how the conductance of such molecular structures could be
modified/controlled by the modification of anchoring groups
or side groups. In fact, side groups in the perturbed molecule
can be regarded as a chemical gate that determine the
transmission probability or shift the peaks of the transmission
spectrum relative to the Fermi energy in comparison to the
unperturbed molecule. In this way, the conductance of the
system can be tuned to attain stable and favorable regimes.
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