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We use density functional theory to study the thermoelectric properties of a gold-molecule-graphene

molecular junction formed a fullerene monomer (denoted PTEG-1), comprising a fullerene derivative with a

polar triethylene glycol (TEG) pendent group and found that the Seebeck coefficient is +261 mV K�1. This high

positive value for the Seebeck coefficient is marked contrast with the high negative Seebeck coefficient of a

gold-dimer-graphene molecular junction containing two anti-aligned PTEG-1 molecules which we found to

be �356 mV K�1. We also computed the Seebeck coefficient of molecule comprising C60 derivative attached

to two ethylene glycol chains (denoted PTEG-2) in the presence of n-DMBI+ doping, which we found to vary

between �109 mV K�1 and �205 mV K�1, depending on the level of doping. These high values of the Seebeck

coefficients with both positive and negative signs suggest that such molecules are ideal candidates for

producing scalable gold-molecule-graphene thermoelectric generators.

Introduction

Thermoelectric materials can directly convert a temperature
difference DT into an electrical voltage DV1–5 and are of great
significance for energy conversion technologies.6–10 If DT is not
too large, then the voltage generated is DV =�S� DT, where the
constant of proportionality S is the Seebeck coefficient. The
pursuit of enhanced thermoelectric efficiency in molecular-
scale junctionsnanoscale architectures where organic molecules
bridge the gap between two metallic electrodes represents a
significant endeavour in nanotechnology.11,12 This field aims to
harness quantum effects at the single-molecule level to convert
heat directly into electricity. A primary focus of research has
been the development of sophisticated strategies to precisely
control the electronic structure and transport properties of the
molecular core.13–16 To this end, diverse gating methodologies
have been successfully employed. These include electrostatic
gating to shift energy levels, chemical modification to tailor
molecular orbitals, mechanical manipulation to alter coupling
and strain, and electrochemical gating to induce strong field
effects and redox processes. Together, these techniques provide
a powerful toolkit for optimizing the thermoelectric response
and advancing the design of future energy-harvesting
devices.17–23 Additionally, self-assembled molecular layers
(SAMs) are particularly effective at forming thermoelectric thin
films over large areas.24,25 Such SAMs can be prepared in

junctions with symmetric26 or asymmetric electrodes, which
facilitates the assembly of a top electrode.27,28 In particular gold
is commonly used as a bottom electrode, with graphene as a top
electrode, which prevents the formation of short circuits that
typically occur with thermally evaporated top electrodes.

Recently, particularly large values of the Seebeck coefficient
were reported29,30 for molecular layers based on molecules
comprising C60 derivative attached to either a single ethylene
glycol chain (denoted PTEG-1) or to two ethylene glycol chains
(denoted PTEG-2). The asymmetric junctions in which current
flowed perpendicular to the plane of the SAM utilised a gold
bottom electrode and a liquid metal eutectic Ga–In (EGaIn) top
electrode. In particular, measurements were reported of the
Seebeck coefficient of a SAM formed from a fullerene monomer
(denoted PTEG-1), comprising a fullerene derivative with a
polar triethylene glycol (TEG) pendent group, as shown in
Fig. 1a. In these assemblies, the C60 buckyball was chemisorbed
to the bottom gold electrode, with TEG chains pointing away
from the gold surface. These measurements were compared
with measurements of the Seebeck coefficient of a self-
assembled bilayer (SAB) formed from dimers of the same
molecules. In the SAB, the dipole moments of neighbouring
molecules were anti-aligned, as shown in Fig. 1b, such that 50%
of molecules had their C60 chemisorbed to the bottom gold
electrode with TEG chains pointing away from the gold surface
and 50% of molecules had their C60 physisorbed to the EGaIn
electrode with TEG chains pointing away from the EGaIn sur-
face. Remarkably, the Seebeck coefficient was found to change
sign from a large positive value +195 mV K�1 for the monomer-
based PTEG-1 SAM to a large negative value �209 mV K�1 for the
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dimer-based SAB. Additionally, measurements were conducted on
the Seebeck coefficient of doped thin films formed from PTEG-1
and PTEG-2.30 This latter consists of a fullerene derivative with a
double triethylene glycol (TEG) pendent group (Fig. 1c below). In
these experiments, the thermoelectric properties of PTEG-2 were
optimised by doping with counter-ion ((4-(1,3-dimethyl-2,3-
dihydro-1H-benzo-imidazol-2-yl)phenyl)dimethylamine n-DMBI)
as a dopant (Fig. 1c).31

Since, EGaIn electrodes are not scalable and since they
contain an ill-defined oxide layer at the EGaIn-molecule inter-
face, it is of interest to determine if these large Seebeck
coefficients and the associated sign change transfer onto more
scalable devices, with graphene top electrodes. If the large
Seebeck coefficients are an intrinsic property of the junctions,
then since the work function of EGaIn is approximately 4.3 eV,
which is close to that of graphene at 4.8 eV, one would expect
these features to transfer to graphene-based junctions.32,33 In
addition, it is of interest to determine if these large Seebeck
coefficients can be translated into molecular-scale junctions,
formed from a single molecule or from a molecular dimer. To
answer these questions, we examine the thermoelectric proper-
ties of the monomer and dimer junctions shown in Fig. 2a, with
a gold bottom electrode and a graphene top electrode. As a
comparative benchmark, we also compute the Seebeck coeffi-
cient of symmetric junctions with gold top electrodes and gold
bottom electrodes. In this case (i.e., Au–Au junction), we find
that the above sign change does not occur, suggesting that the
sign change is not an intrinsic property of molecule, but
instead is promoted by the asymmetric nature of the junction
electrodes (i.e., Au–Gr junction).

Methods

Our theoretical simulations used the density functional theory
(DFT) code SIESTA.34 Geometries of isolated molecules were
optimised by relaxing the structures until the forces on the
atoms dropped below 0.01 eV Å�1 (for more detail see the SI).

Fig. 1 Chemical structures of the studied C60 derivatives: (a) monomer
molecule of PTEG-1, consists of fullerene cage with a single triethylene
glycol (TEG) chain, (b) a dimer formed from two anti-aligned PTEG-1
molecules. (c) A monomer of PTEG-2 with two triethylene-glycol side
chains combined with n-DMBI+ dopant.

Fig. 2 (a) Scheme of the studied C60 derivatives (monomer and dimer)
and their junctions. (b) Transmission coefficients T(E) as a function of Fermi
energy of molecular junction for Au/monomer PTEG-1/Gr with the aver-
age value of 2.4 � 10�6. (c) Transmission coefficients T(E) as a function of
Fermi energy of molecular junction for Au/dimer PTEG-1/Gr with the
average value of 4.9 � 10�7(Note: curves denote different molecular
orientations in the junction).
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A double-zeta plus polarisation orbital basis set, norm-
conserving pseudopotentials and the local density approxi-
mation (LDA) for the exchange–correlation function were
employed. An energy cutoff of 250 Rydbergs was used to define
the real-space grid. Additionally, we computed results using the
generalised gradient approximation (GGA), finding that the
resulting structures were consistent with those obtained via
LDA.35,36 The thermoelectric properties of these molecules were
analysed through a combination of DFT and quantum transport
theory. We investigated the monomer PTEG-1, dimer PTEG-1
and PTEG-2 shown in Fig. S1 by first calculating their frontier
molecular orbitals and their energy levels, as illustrated in
Fig. S2 and S3 for a monomer and dimer of PTEG-1, respectively
and Fig. S4 for the PTEG-2. Fig. S5 and S6 show the optimum
distance between two fullerene cages C60 (i.e., optimum separa-
tion distance X), and between the two chains (i.e., optimum
separation distance d, in particular, O atom to O atom), which
are essential components of the dimer (for more detail see
Section S1.3 in the SI). Since we are employing two different
electrode materials (i.e., gold and graphene), it is necessary to
compute the optimal binding distance between the two electro-
des and terminal ends of the organic molecule. Fig. S7 and S8
display the equilibrium distance corresponding to the energy
minimum between the Au electrodes and the molecules vs their
Au-molecule distances. Similarly, we calculated the binding
energy versus distance between the graphene (Gr) electrode
and the molecules, as illustrated in Fig. S9. The minimum
energies in these plots correspond to their optimal binding
distances and are summarised in Table S1. In Fig. S10, twelve
gold–gold junctions are considered in total, Au-monomer-Au,
Au-dimer-Au and ten junctions for PTEG-2 with different num-
ber of the counter-ion (n-DMBI+), specifically 1-5 n-DMBI+s at
different location and with different orientations (i.e., vertical
and horizontal). Fig. S20 and S22 show the corresponding
asymmetric junctions (i.e., Gr–Au), for the monomer and dimer
of PTEG-1, which also examined in this study.

Results and discussion

The electrical properties of the monomer, dimer of PTEG-1 and
PTEG-2 with 1, 2, 3, 4 and 5 counter-ions (n-DMBI+) junctions
were studied by using density functional theory (DFT) to
compute their transmission coefficients, which describe the
transport properties of electrons passing through the junction.
Fig. S11 and S12 demonstrate their transmission coefficients
T(E), while Fig. S13 and S14 present their corresponding
Seebeck coefficients S. It should be noted that Au-Au junctions
for the PTEG-1 monomer and dimer exhibit opposite signs for S
compared to the measured ones, therefore, we repeated the
simulations with gold-graphene. The transmission coefficients
of the monomer and dimer Au-PTEG-1 derivatives-Gr junctions
are displayed in Fig. 2 for a range of different configurations of
the PTEG-1 derivatives within the junction (for more detail see
Section 1.7 in the SI). Fig. 2b and c, shows that charge transport
for monomer PTEG-1 is HOMO dominated, while for dimer

PTEG-1 it is LUMO dominated, as indicted by the dashed-
purple lines. Fig. 2b shows transmission coefficients T(E) for
different geometry orientations, whose average value at the
DFT-predicted Fermi energy is found to be 2.4 � 10�6 for the
monomer (Fig. S17). Similarly, Fig. 2c shows transmission
coefficients of the dimer, whose average value at the DFT-
predicted Fermi energy is 4.09 � 10�7 (Fig. S19).

We find that the energetic positions of the molecular energy
levels relative to the electrode Fermi energy37,38 are the key
features that control the transmission characteristics. The
transmission coefficient T(E), depends on the electron energy
(E) and the orientation of the molecule. The electronic structure
and transmission coefficient of the monomer reveal that the
transport is a HOMO-dominated, whereas for the dimer it is
LUMO dominated.

The following equation (see e.g. Chapter 7 of the textbook39

for a detailed derivation of this equation) shows that the
Seebeck coefficient is proportional to the negative slope of
ln T(E) evaluated at the Fermi energy

S ¼ �p
2kB

2T

3 ej j
d

dE
ln T Eð Þð ÞE¼EFermi

(1)

where |e| is the magnitude of the electronic charge, and kB is
Boltzmann’s constant. Therefore, one expects that S is positive
when transport is HOMO dominated (i.e., when the HOMO is
closest to the Fermi energy) and negative when the LUMO is
closest.

This is illustrated by Fig. 3b, which demonstrates a positive
Seebeck coefficient for the monomer, with an average value of
+261 mV K�1 (for more information see Fig. S20–S21). Further-
more, it is consistent with Fig. 3c, which shows a negative
Seebeck coefficient for the dimer, with average value of
�356.8 mV K�1 (also see Fig. S22 and S23).

These values are summarised in Table 1, along with experi-
mental literature values35,40 for the larger systems. Mthembu
and Chiechi29 exploited the fullerene moiety of PTEG-1 to bind
to Au(111) surface and thus were able to spontaneously form
self-assembled monomer (SAMs) of the surface with the TEG
chains extending into space. This creates a polar surface to
which a second layer of PTEG-1 can be added, resulting in SAM
of dimers of anti-aligned PTEG-1s.

In close agreement with the above results, they found that
the magnitude and sign of the Seebeck coefficient for the
PTEG-1 SAMs is +195 mV K�1 while for the self-assembled dimer
�209 mV K�1 (Table 2).

In what follows, we also calculate the electrical and thermo-
electric properties of the PTEG-2 derivative (see 1c), with one,
two, three, four and five counter ions (n-DMBI+) as shown in
Fig. 4a (for more detail see the SI, Section S1.10 and
Fig. S10(4A)–(4E)), to make a comparison with experimental
results reported by Liu et al.30 We find that the slopes of linear
fittings of the T(E) for all the junctions were positive regardless
to the number of n-DMBI+s as illustrated in Fig. 4b (for more
detail see Fig. S30–S35); therefore, the Seebeck coefficients of
the junctions were negative, as shown in Fig. 4c (Fig. S36–S41).
This arises because the Fermi level of the electrode was situated
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nearest to the LUMO. The Seebeck coefficients of PTEG-2
junctions were �205, �165, �149, �137 and �109 mV K�1 for
1–5 counter ions respectively. Thus, these findings agreed
with the experimental trend, which confirms that increasing

n-DMBI+ concentration causes a decrease in the Seebeck coeffi-
cient (see Fig. 4b of ref. 30).

To estimate the expected Seebeck coefficient for a film with
random doping concentrations, we shall use the equation below:

S ¼ G1S1 þ nG0S0

G1 þ nG0
(2)

where G1S1 are the conductance and Seebeck for high concen-

tration and G0S0 for low concentration and n ¼ m

100
� 1; and m%.

Fig. 5, shows an equivalent comparison between experiment
and theory at two different temperatures. These simulations are
when the PTEG-2 lays horizontally between the Au–Au junction,
this geometry orientation suggests that the dopant n-DMBI+

close to triethylene-glycol side chains prevent the transport via
the chains.

We also calculated the transport when the PTEG-2, in vertical
positions as shown in Fig. S3A–S3E. In this case, the conduc-
tance values are significantly lower B10�10 as demonstrated in
Fig. S24–S29, which suggests that for a measurable conductance
to appear in in a single-molecule junction, the PTEG-2, should
lay in horizontal positions as shown in Fig. 4a above.

Conclusion

The aim of this work has been to determine if the large Seebeck
coefficient measured in thicker molecular films contacted to

Fig. 3 (a) Schematic of the studied C60 derivatives (monomer and dimer)
and their junctions. (b) Seebeck coefficients as a function of Fermi energy
of molecular junction for Au/PTEG-1 monomer/Gr at different orientations
with the average value of +261 mV K�1. (c) Seebeck coefficients S as a
function of Fermi energy of molecular junction at different orientations for
Au/PTEG-1 dimer/Gr, with an average value of �356.8 mV K�1The red
circles indicated the magnitude and the sign of the S in STM measure-
ments. (Note: curves denote different molecular orientations in the
junction).

Table 1 Thermoelectric properties of the studied PTEG-1 and PTEG-2
derivatives. Measured35,40 and calculated Seebeck coefficients S in mV K�1

unit, experiment and DFT respectively. PTEG-2 mixed with different n-
DMBI+ dopant (1–5) counter ions. DFT simulations were chosen at the
DFT-predicted Fermi (EF � EDFT

F = 0 eV)

Junction S(Exp.) S(Theo.)

Au/PTEG-1 monomer/Gr +19529 +262
Au/PTEG-1 dimer/Gr �20929 �357
Au/PTEG-2+ 1 n-DMBI+/Au Low concentration (1%) �205
Au/PTEG-2+ 2 n-DMBI+/Au B(�700)30 �165
Au/PTEG-2+ 3 n-DMBI+/Au k �149
Au/PTEG-2+ 4 n-DMBI+/Au High concentration (10%) �137
Au/PTEG-2+ 5 n-DMBI+/Au B(�200)30 �109

Table 2 Electrical conductance of the studied PTEG-1 and PTEG-2
derivatives. Measured35,40 and calculated G in (G/G0) unit, experiment
and DFT respectively. PTEG-2 mixed with different n-DMBI+ dopant (1–5)
counter ions. DFT simulations were chosen at the DFT-predicted Fermi
(EF � EDFT

F = 0 eV). For experiment two set of voltage were used +0.5 and
�0.5 volt

Junction (G/G0)(Exp.) (G/G0)(Theo.)

Au/PTEG-1 monomer/Gr 10�8 (�0.5 volt)29 10�5.8–10�6.3

Au/PTEG-1 dimer/Gr 10�9 (+0.5 volt)29 10�7–10�8

10�10 (�0.5 volt)29

Au/PTEG-2 + 1 n-DMBI+/Au Low concentration (1%) 10�0.5

Au/PTEG-2 + 2 n-DMBI+/Au B(10�2)30 10�0.8

Au/PTEG-2 + 3 n-DMBI+/Au k 10�1.0

Au/PTEG-2 + 4 n-DMBI+/Au High concentration (10%) 10�1.5

Au/PTEG-2 + 5 n-DMBI+/Au (10�2)30 10�2.0
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EGaN can be translated into junctions with graphene top
contacts and whether or not these high values could be
expected in molecular-scale junctions containing a single mole-
cule or a dimer. We find that the answer to both of these
questions is yes. We found that the Seebeck coefficient of PTEG-

1 is +261 mV K�1, whereas that of a molecular junction contain-
ing two anti-aligned PTEG-1 molecules is �356.8 mV K�1. We
also computed the Seebeck coefficient of molecule comprising
C60 derivative attached to two ethylene glycol chains (denoted
PTEG-2) in the presence of n-DMBI+ doping, which we found to
vary between �109 mV K�1 and �205 mV K�1, depending on the
level of doping. Our results highlight the impressive sensitivity
of thermoelectric performance to doping and molecular align-
ment. If these features are sufficiently well controlled, our
results suggest that PTEG-based molecules are ideal candidates
for producing scalable gold-molecule-graphene thermoelectric
generators, with large Seebeck coefficients of either sign.
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Conductance, Seebeck, and other parameters are calculated
using the own Fortran code available upon request.

Supplementary information (SI) is available. See DOI:
https://doi.org/10.1039/d5cp03780h.

Fig. 4 (a) Scheme illustrates PTEG-2 derivative with different number of
n-DMBI+ counter ions (1–5), which acting as the dopant (represented by
red-dash elliptical area), in Au–Au junction. (b) Transmission coefficients
T(E) as a function of Fermi energy of molecular junction with different
numbers of n�DMBI+ and as follows: 1 (brown), 2 (light blue), 3 (green), 4
(blue) and 5 (black) respectively. (c) Seebeck coefficients as a function of
Fermi energy of molecular junctions for 1, 2, 3, 4 and 5 n�DMBI+ counter
ions with average values of �205, �165, �149, �137 and 109 mV K�1,
respectively.

Fig. 5 Seebeck coefficient comparison between experiment and theory
at two different temperatures 120 and 150 1C using eqn (2).
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