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ABSTRACT: We report a combined experimental (C-AFM and SThM) and theoretical (DFT)
study of the thermoelectric properties of molecular junctions made of self-assembled monolayers
on Au of thiolated benzothieno-benzothiophene (BTBT) and alkylated BTBT derivatives (C8-
BTBT-C8). We measure the thermal conductance per molecule at 15 and 8.8 pW/K,
respectively, among the lowest values for molecular junctions so far reported (10−50 pW/K).
The lower thermal conductance for C8-BTBT-C8 is consistent with two interfacial thermal
resistances introduced by the alkyl chains, which reduce the phononic thermal transport in the
molecular junction. The Seebeck coefficients are 36 and 245 μV/K, respectively, the latter due to
the weak coupling of the core BTBT with the electrodes. We deduce a thermoelectric figure of merit ZT up to ≈10−4 for the BTBT
molecular junctions at 300 K, on a par with the values reported for archetype molecular junctions (oligo(phenylene ethynylene)
derivatives).

Molecular junctions (MJs) have been suggested as
efficient thermoelectric devices at the nanoscale.1 Due

to their nanoscopic scale and quantum behavior, the classical
Fourier’s law is broken down,2 and among other deviations, the
thermal conductivity of MJs is size-dependent or equivalently
the thermal conductance no longer scales as 1/L (with L the
molecule length) but is almost constant or varies as 1/L0.64.3−9

More research is definitely required to explore molecular
thermoelectricity and to develop efficient thermal management
strategies for molecular nanodevices.10 The complete study of
the thermoelectric properties of MJs requires measuring the
electrical conductance Gel, the Seebeck coefficient S (thermo-
power), and the thermal conductance Gth (equivalently, the
conductances translate to the electrical conductivity σ and to
the thermal conductivity κ considering the ad-hoc geometrical
factors of the measured devices).11 The experimental
determination of the thermal conductance of molecular
junctions is relatively scarce compared to the first two factors
(see reviews in refs 9, 12, 13), especially considering studies at
the nanoscale in devices featuring self-assembled monolayers
(SAMs) or single molecules. Moreover, the results reported so
far concern only MJs based on alkanethiols and oligo-
(phenylene ethynylene) (OPE). Meier et al.7 studied the
thermal conductance of SAM-based MJs (Au-alkanethiol-Au)
using scanning thermal microscopy (SThM) and reported a
thermal conductance (per molecule) in the range 10−30 pW/
K decreasing as L0.64 for alkyl chain lengths between 2 and 18
carbon atoms. More recently, SThM-based experiments on
single molecule MJs measured a thermal conductance in the
range of 15−30 pW/K for Au-alkanedithiol-Au (almost
constant for 2 to 10 carbon atoms),8 ≈37 pW/K (for 8
carbon atoms),14 and ≈23−24 pW/K for OPE-based MJs.11,14

Here, we report the thermoelectric properties of SAM-based
MJs made of benzothieno-benzothiophene (BTBT) thiolated
derivatives. BTBT derivatives are interesting molecules for
several applications in electronics such as transistors owing to
their high charge mobility.15,16 We previously compared the
thermal conductivity (measured by SThM) of polycrystalline
thin films (40−400 nm) of BTBT and alkylated BTBT
derivatives (octyl chains at the α and ω positions of the BTBT
core, C8-BTBT-C8).17 From a combined SThM and computa-
tional study, we unveiled that the thermal conductivity of the
BTBT films is larger than that of the alkylated BTBT (0.63 W
m−1 K−1 vs 0.25 W m−1 K−1) because the alkyl chains strongly
localize the phonon modes in the BTBT layers. In the present
work, we synthesized the thiol functionalized derivatives of the
same molecules to form SAMs on Au electrodes and
characterized the thermal and electrical conductances of
these SAM-based MJs by SThM and conductive-AFM (C-
AFM). The thermal conductivity of the BTBT SAM is
measured at κSAM(BTBT) = 0.46 ± 0.27 W m−1 K−1 and
κSAM(C8‑BTBT‑C8) = 0.27 ± 0.16 W m−1 K−1 (i.e., a thermal
conductance of the SAMs Gth,SAM(BTBT) = 37 ± 21 nW/K and
Gth,SAM(C8‑BTBT‑C8) = 22 ± 13 nW/K. From these values, we
estimated the thermal conductance per molecule at 15 pW/K
and 8.8 pW/K, respectively, which is slightly lower than that
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recently measured for alkanethiol and OPE MJs (vide supra),
and makes BTBT derivatives attractive candidates to optimize
the thermoelectric figure of merit. The mean electrical
conductance (per molecule) is estimated at 2.7 × 10−10 S
(3.5 × 10−6G0, with G0 being the quantum of conductance G0=
2e2/h = 77.5 μS) for the BTBT molecules and is not
measurable for the C8-BTBT-C8 molecules. Electron transport
(ET) properties through the BTBT SAMs reveal a broad
distribution of the conductance and of the energy of the
molecular orbital involved in the ET. These features are
explained by DFT calculations considering several config-
urations of the molecules in the SAM (tilt and twist angles,
packing density). We also calculated at the DFT level the
Seebeck coefficients to be SBTBT ≈ 36 μV/K and SC8‑BTBT‑C8 ≈
245 μV/K.

Two molecules were specifically synthesized with very
different alkyl chain lengths (see details of the synthesis routes
and characterization in the Supporting Information): HS-C-
BTBT and HS-C8-BTBT-C8, where BTBT stands for
[1]benzothieno[3,2-b][1]benzothiophene (Figure 1). The
synthesis of the BTBT analogue bearing a thiol anchor for
SAM experiments was first considered by introducing the thiol
group directly on the BTBT core. However, this method would
probably have led to an unstable material sensitive to oxidation
into sulfoxide or sulfone, as it has been previously described by
some of us for 2,7-dithio-BTBT.18 We thus considered
synthesizing HS-C-BTBT in 3 steps (Figure 1) starting from
the regioselective formylation of BTBT 1 at the second
position, as previously described by Kosǎta et al.19 using
modified conditions inspired by a patent from Etori et al.20

These conditions, although enabling the increase of the
regioselectivity of the formylation on the second position
over the fourth from 2:1 to 7:1 with respect to Kosǎta’s
procedure, and reaching a conversion ratio of BTBT of about
89%, gave a yield of only 24% due to the difficulty to isolate all
the products by column chromatography. The reduction of
aldehyde 2 with sodium tetraborohydride was performed

according to a patent of Kawakami and Yamaguchi21 in good
yields. Finally, substitution of the hydroxy group by thiourea
followed by its hydrolysis to thiol was performed following the
procedure of Cho et al.,22 affording HS-C-BTBT with a
moderate though honorable overall yield of 12% considering
the propensity of the compound to dimerize.

The synthesis of HS-C8-BTBT-C8 was performed by
introducing an end-brominated octyl chain on monooctyl-
BTBT 5 in view of introducing the thiol group at the final
steps. Synthesis of C8-BTBT 5 was carried out using the
conditions previously described,23 and the introduction of the
η-bromooctyl chain was performed by Friedel−Crafts reaction
using the corresponding carboxylic acids in good yields.
Reduction of the corresponding ketones 6 keeping safe the
bromine atom was performed using the conditions previously
published24 involving the use of AlCl3 and LiAlH4 1 M in
diethyl ether to afford compound 7 in good yields. Finally, the
same substitution-hydrolysis sequence as used for the synthesis
of HS-C-BTBT adapted from the work of Cho et al.22 allowed
us to obtain HS-C8-BTBT-C8 in a moderate overall yield of
26%.

The SAMs were formed in solution on ultraflat template
stripped Au surface (TSAu), and their thicknesses were
measured by ellipsometry at 0.9 ± 0.2 nm and 2.6 ± 0.2
nm, in good agreement with the values deduced from
geometry optimization of the molecule/TSAu interfaces (see
details in the Supporting Information). The topographic AFM
images (Figure S1 in the Supporting Information) show that
the SAMs are free of gross defects with a rms roughness of
0.6−0.7 nm close to our naked TSAu substrate (ca. 0.4 nm).25

The thermal conductivity of the SAMs was measured by the
null-point scanning thermal microscope (NP-SThM) meth-
od.26 In brief (see details in the Supporting Information), this
is a differential method measuring the tip temperature jump
(TNC − TC) when the tip enters in contact with the surface
sample, TNC and TC being the tip temperature just before and
after the contact. Starting from a remote position, the heated

Figure 1. Schemes of the synthesis of HS-C-BTBT and HS-C8-BTBT-C8.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c02753
J. Phys. Chem. Lett. 2024, 15, 11593−11600

11594

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02753/suppl_file/jz4c02753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02753/suppl_file/jz4c02753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02753/suppl_file/jz4c02753_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02753/suppl_file/jz4c02753_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02753?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02753?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02753?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02753?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tip approached the surface and the measured tip temperature
started decreasing slowly because the heat transfer through the
air gap is increased. At contact, the sudden jump from TNC to
TC is due to the additional heat flux passing through the SAM/
tip contact. This approach allows removing the parasitic
contributions (e.g., air thermal conduction, radiation). Figure 2
shows the typical tip temperature versus tip vertical displace-
ment (25 Ttip-z traces per sample) measured on the TSAu-S-C-
BTBT and TSAu-S-C8-BTBT-C8 SAMs. These curves were
measured for several heat fluxes passing through the TSAu-
SAM/tip junctions (i.e., by increasing the heating of the tip by

increasing the voltage, VWB, applied to the Wheatstone bridge
in which the SThM tip is inserted, the substrate being at
ambient temperature, see the Supporting Information).

Figure 3 shows the TC vs (TNC − TC) curves at several heat
fluxes for the two samples. The thermal conductivity of the
SAM/Au samples, κSAM/Au, is calculated from the slope of these
curves, according to the relationship:26

= +
i
k
jjjjj

y
{
zzzzzT T

K
T T1

( )C amb
SAM Au

NC C
/ (1)

Figure 2. Typical tip temperature vs tip−surface distance measured at VWB = 1.1 V during the approach z-scan (0 corresponds to the tip retracted),
25 traces acquired sequentially at the same location on the SAM: (a) on the TSAu-S-C-BTBT and (b) on the TSAu-S-C8-BTBT-C8 SAMs.

Figure 3. Tip temperature at contact, TC, versus the temperature jump, TNC − TC, measured at various heating amounts of the tip (TC increases
with the voltage applied on the Wheatstone bridge, VWB= 0.7; 0.8, 0.9, and 1.1 V). The measurements were done at 3 locations (randomly chosen):
(a) on the TSAu-S-C-BTBT and (b) on the TSAu-S-C8-BTBT-C8 SAMs. The lines are linear fits from which the thermal conductivity is determined
(eq 1). (c) Thermal conductivity, κSAM, and thermal conductance, Gth,SAM, for the three zones of the two MJs. The dashed red lines indicate the
mean values (Table 1).
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where α and β are calibration parameters dependent on the tip
and equipment. They were systematically measured for all the
data shown in Figure 3 (see the Supporting Information), and
Tamb is the room temperature (22.5 °C in our air-conditioned
laboratory). Due to the very weak thickness of the SAMs, the
high thermal conductivity of the Au electrode (318 W m−1

K−1) contributes to these measured values. The thermal
conductivity of the SAM, κSAM, is obtained by correcting this
measured value from the Au electrode contribution using the
Dryden model,27 following the same approach as in our
previous work on the thermal conductivity of very thin organic
films (<10 nm) of PEDOT:OTf deposited on Au electrode28

(see also details in the Supporting Information, eq S1). The
values of κSAM are shown on Figure 3c for measurements done
on three distinct zones (randomly chosen) for each sample
(also summarized in Table 1 with the κSAM/Au values). On
average, we obtained κSAM(BTBT) = 0.46 ± 0.27 W m−1 K−1 and
κSAM(C8‑BTBT‑C8) = 0.27 ± 0.16 W m−1 K−1. Equivalently, the
thermal conductance of the MJs, Gth,SAM, is given by Gth,SAM =

4rthκSAM at the thermal constriction between tip and SAM29 (rth
is the thermal contact radius ≈20 nm, see the Supporting
Information, eq S2). The mean values are Gth,SAM(BTBT) = 37 ±
21 nW/K and Gth,SAM(C8‑BTBT‑C8) = 22 ± 13 nW/K.

The electron transport (ET) properties of the same SAMs
were also measured by conductive-AFM (details of the
measurement protocols and data analysis in the Supporting
Information). Figures 4a and 4b show the 2D histograms
(“heat map”) of the current−voltage (I−V) characteristics
measured on the TSAu-S-C-BTBT/PtIr C-AFM tip and TSAu-
S-C8-BTBT-C8/PtIr C-AFM tip molecular junctions (MJs).
Due to the presence of the C8 alkyl chains at the α,ω positions
of the BTBT, the conductance of the C8-BTBT-C8 MJs is
much lower and no current is measurable in the applied
voltage range from −1.5 to 1.5 V (below the sensitivity limit of
the C-AFM instrument ≲2−3 pA); this is due to the decrease
in the electron transmission probability at the Fermi energy,
T(εF), by a factor ≈104 (see simulation section). For the
BTBT MJs, the I−V data set was analyzed with the single

Table 1. Values of the Measured Thermal Conductivity of the SAM/Au Samples, κSAM/Au; Thermal Conductivity of the SAM
Removing the Au Substrate Contribution, κSAM, and the Corresponding Thermal Conductance of the SAMs, Gth,SAM (See Text)

TSAu-S-C-BTBT TSAu-S-C8-BTBT-C8

κSAM/Au (W m−1 K−1) κSAM (W m−1 K−1) Gth,SAM (nW/K) κSAM/Au (W m−1 K−1) κSAM (W m−1 K−1) Gth,SAM (nW/K)

zone #1 7.67 0.46 ± 0.08 37 ± 6 1.76 0.29 ± 0.06 23 ± 5
zone #2 9.75 0.58 ± 0.12 46 ± 10 1.23 0.20 ± 0.04 16 ± 3
zone #3 3.71 0.34 ± 0.07 27 ± 5 1.82 0.31 ± 0.06 25 ± 5
mean 0.46 ± 0.09 37 ± 7 0.27 ± 0.05 22 ± 4

Figure 4. 2D histograms of the I−V curves: (a) TSAu-S-C-BTBT/PtIr C-AFM tip molecular junctions; (b) TSAu-S-C8-BTBT-C8/PtIr C-AFM tip
molecular junctions. The red lines are the mean I−V curves. (c) Distribution of the energy values ε0 for the data set of the TSAu-S-C-BTBT/PtIr C-
AFM tip molecular junctions. The solid red line is the fit with a normal distribution with the mean value ± the standard deviation shown in the
panel. (d) Statistical distribution of the zero-bias SAM conductance. The red line is a fit by a log-normal distribution with log-mean, log-μ = −8.93
(or mean ⟨GSAM⟩ = 1.2 × 10−9 S), log standard deviation, log-σ = 0.87.
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energy-level model (SEL model, eq S6 in the Supporting
Information), which gives the energy position ε0 of the
molecular orbital (here the highest occupied molecular orbital,
HOMO) involved in the electron transport as well as the
electronic coupling energies with the two electrodes Γ1 and Γ2
(hybridization between the molecular orbitals and the electron
density of states in the electrodes). Figure 4c shows the
statistical distributions of the ε0 parameter obtained by fitting
the SEL model on all individual I−V traces of the data set
shown in Figure 4a. Note that such an analysis is not possible
for the C8-BTBT-C8 MJs due to the lack of a measurable
current in the −1.5 V/1.5 V window (Figure 4b). The ε0
statistics show a normal distribution with a main value at ε0 =
0.59 ± 0.04 eV, with a small tail at higher energy values. The
zero-bias conductances of the SAMs (first derivative of the I−
Vs in Figure 4a) show a very broad dispersion of the values. It
can be fit by a log-normal distribution with a mean
conductance value of ⟨GSAM⟩ = 1.2 × 10−9 S. A great
dispersion is also observable from the statistical distribution of
the current at a given voltage (see Figure S4 in the Supporting
Information), which is broad with a large tail at lower currents.
These experimental behaviors of the conductance/current
values result in broadly distributed values of the electrode
coupling energies Γ1 and Γ2 (0.1 to 10 meV, Figure S5) with
the SEL model fits. These features may indicate the existence
of several molecular organizations in the SAM and/or
configurations at the molecule/SAM interface (vide inf ra,
simulations section). Note that the data seems less dispersed
for the C8-BTBT-C8 MJs (Figure 4b), but it is likely due to the
smaller size of the data set, a large fraction of the I−Vs having
been discarded because the currents were below the sensitivity

limit of the C-AFM equipment (see “data anaylsis” in the
Supporting Information).

In order to shed light on the experimental data, we
calculated the energy dependent transmission probability,
T(ε), for the two MJs using DFT (density functional theory);
see details in the Supporting Information. To explain the broad
dispersion of ET in the TSAu-S-C-BTBT MJ (Figures 4c and
4d), we simulated T(ε) for several conformations of the BTBT
molecule in the SAMs. The structural model of the TSAu-S-C-
BTBT MJ is built by considering tilted molecules with a
density of molecules deduced from the ellipsometry measure-
ments (≈ 0.45 nm2/molecule, see Tables S1). We first
considered two conformations, with the molecules tilted with
their edge toward the Au surface (referred to as “tilted1”) or
their aromatic plane toward the surface (“tilted2”), Figure 5a.
Indeed, thiolated SAMs planar aromatic rings often organize as
ordered domains differing by their organization.30,31 The
calculated T(ε) shows a small energy difference for the
HOMO with respect to the Fermi level (Figure 5b), and the
“tilted2” configuration gives a HOMO deeper in energy by 0.1
eV (HOMO at 0.4 eV for “tilted1” and 0.5 eV for “tilted2”).
The calculated total energy of the “tilted1” configuration is
lower than the one of the “tilted2” configuration by 0.31 eV.
The “tilted1” configuration is the most stable and therefore the
most probable configuration. We note that, although the
calculated energies (0.4 and 0.5 eV, Figure 5b) do not exactly
match the experimental values (0.59 eV, Figure 4c), the
calculated energy shift between the two matches the 0.2−0.3
eV experimental dispersion. We note that the amplitude of
T(ε) in the energy window −1/+1 eV is different for the two
configurations that may contribute to the dispersion of the

Figure 5. (a) Schemes of the various structural models of Au-molecule SAMs. (b) Calculated transmission coefficient at zero bias for the TSAu-S-C-
BTBT SAM with two configurations for the tilted molecules: the molecule edge toward the Au surface (red line, “tilted1”) or the face toward the
surface (blue line, “tilted2”). (c) Calculated transmission coefficient at zero bias for the TSAu-S-C-BTBT SAMs with the maximum packing density
(see text) and the molecules perpendicular to the surface (purple line). (d) Comparison of the calculated transmission coefficient at zero bias for
the TSAu-S-C-BTBT MJ (“tilted1” configuration, red line) and for the TSAu-S-C8-BTBT-C8 MJ (green line).
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measured I−V curves, assuming a mix of the two
configurations in the SAM.

We also considered another hypothesis. The SAM thickness
measurement by ellipsometry gives an average value over a
large area (light spot on the order of mm2), while the C-AFM
tip probes a tiny area (≈ 10 nm2, see the Supporting
Information). Therefore, if small clusters of more densely
packed molecules are embedded in an overall less dense SAM,
the C-AFM data set can include I−V traces recorded on such
denser clusters. The coexistence of nanoscale domains with
different molecular organization is the consequence of the
growth mechanisms of the SAMs.30,32 We calculated T(ε) for a
SAM at its maximum packing density (≈0.26 nm2/molecule,
Table S1), with the molecules nearly perpendicular to the Au
surface (Figure 5c). In that case, the HOMO is only very
weakly shifted (at 0.45 eV), but another transmission peak
(HOMO−1) with a large amplitude appears close to it (≈0.9
eV), i.e., readily accessible in the energy window used for the
I−V measurements. In this case, when the I−V curves in the
data set coming from such compact packing clusters are
analyzed with the SEL model, the fit likely returns a slightly
higher “effective” energy ε0 value, giving rises to the higher
energy tail in the distribution (Figure 4c). The values of T(ε)
in the HOMO−LUMO gap are also different, again
contributing to the dispersion of the experimental con-
ductance/current. For the TSAu-S-C8-BTBT-C8 MJs, we
calculated T(ε) considering the same density of molecules as
that for the TSAu-S-C-BTBT MJs, as deduced from the
thickness measurements (Table S1). The HOMO lies at about
the same energy as for the TSAu-S-C-BTBT MJs (Figure 5c)
and as expected T(ε) at the Fermi energy is decreased by a
factor ≈104 in consistency with the decrease in the measured
current (>103 in the −1 to 1 V window, Figure 4). Finally,
from the slope of T(ε) at the Fermi energy, we calculated the
Seebeck coefficient as1

=
i
k
jjjj

y
{
zzzzS

k T
e

T
3

ln ( )2 2

(2)

with k the Boltzmann constant, e the electron charge, T the
temperature. Doing so, we obtain S ≈ 36 and 245 μV/K for
the TSAu-S-C-BTBT (from the calculated T(ε) of the “tilted1”
configuration) and TSAu-S-C8-BTBT-C8 MJs, respectively.

In a simple model, the difference between the thermal
resistance of the TSAu-S-C8-BTBT-C8 MJ and the TSAu-S-C-
BTBT MJ is twice the thermal resistance of the C8 alkyl chain
(see the Supporting Information, Figure S6). Given the
estimated number of molecules contacted by the SThM tip
(∼2500, see Supporting Information), the thermal conduc-
tance per molecule deduced from the measurements of Gth,SAM
(Table 1) are Gth,mol ≈ 15 pW/K for BTBT and ≈8.8 pW/K
for C8-BTBT-C8, from which we infer a thermal conductance
of ≈42 pW/K for the C8 alkyl chain in our MJs. We note that
this crude estimation is fairly of the same order of magnitude
as the previously measured values for octane chains in SAM-
based MJs (≈ 14 pW/K)7 and single molecule experiments (≈
26 pW/K and 37 pW/K).8,14 This simple estimation assumes
that the molecule−electrode interface thermal resistance
(interface Kapitza resistance)33,34 is the same at the covalent
bottom interface (Au-S-C−) and at the top molecule/tip
interface (−CH3/Pd SThM tip or −phenyl/Pd SThM tip),
which is not rigorously exact since the nature of the molecule-
interface matters (covalent vs. van der Waals). It was shown for

alkane-based MJs (using time-domain thermal reflectance) that
van der Waals molecule−electrode interfaces result in lower
thermal conductance than a covalent molecule−electrode
interface (by a factor of ∼2).35 The chemical nature of the
electrode metal matters too (e.g., the thermal conductance of
Au-alkanedithiol-Au is ca. twice that of Au-alkanedithiol-Pd
due to interface vibrational mismatch).36 Nevertheless, this
general agreement with previous measurements validates the
present data. For completeness, the electronic contribution to
the thermal conductance was estimated and, as expected,37 is
negligible. From the C-AFM measurements (Figure 4), the
mean electronic conductance per molecule at zero bias is Ge,mol
≈ 8 × 10−11 S (≈ 1 × 10−6G0, with G0 the quantum of
conductance G0 = 2e2/h = 77.5 μS) for the TSAu-S-C-BTBT
(considering the mean conductance peak, Ge,SAM = 4.1 × 10−9

S, Figure 4c, with ∼15 molecules in the C-AFM MJ, see the
Supporting Information). Assuming that the Wiedemann−
Franz law holds in MJs and at atomic scale8,14,38 (which is still
an open question at the nanoscale in general),39,40 we deduced
an electronic contribution to the thermal conductance Gth,elec =
Ge,molL0T = 6 × 10−4 pW/K, with L0 the Lorenz number (2.44
× 10−8 W Ω K−2) and T the temperature. Albeit there is
uncertainty in the number of molecules in contact with both
the C-AFM and SThM tips, this value of the electronic thermal
conductance of BTBT is of the same order of magnitude as the
values for molecules like octanethiol and OPE3 (around 0.01
pW/K)7 or as the smaller and negligible values for many
molecules.8,41

The thermal conductance of the single molecule (≈15 and
≈8.8 pW/K, for BTBT and C8-BTBT-C8, respectively) are on
a par or smaller than that of alkyl chains and OPE: 15−30 pW/
K (alkanedithiol, 2 to 10 carbon atoms),8 10−25 pW/K
(alkanethiol, 2 to 18 carbon atoms),7 ≈37 pW/K (8 carbon
atoms),14 ≈50 pW/K (2 to 24 carbon atoms),4 and ≈23−24
pW/K for OPE derivatives.11,14 With a calculated Seebeck
coefficient of 36 μV/K and a mean single molecule electrical
conductance of 8 × 10−11 S (vide supra), we estimate a mean
ZT ≈ 2 × 10−6 (for BTBT at 300 K). An upper limit can be
estimated from the measured statistical distributions: with a
maximal electron conduction Ge,mol = 2.5 × 10−9 S (GSAM,max =
3 × 10−8 S, Figure 4d), and the lowest thermal conductance
Gth,mol ≈ 6.4 pW/K (minimal value of Gth,SAM = 16 nW/K,
Table 1), we can get ZTmax ≈ 1.1 × 10−4. These values are
comparable with the complete thermoelectric characterization
of OPE derivative MJs given ZT (at 300 K) ≈ 1.3−2 × 10−5.11

These values fall short compared to some theoretical,
optimized, predictions (e.g., values from 3 to 4 have been
theoretically predicted for Zn-porphyrin MJs)42 and the
required needs of ZT > 1 to envision practical applications.10,43

The higher Seebeck coefficient of the C8-BTBT-C8 MJ is
consistent with a decrease of the electrode coupling energies
(due to the intercalation of the C8 alkyl chains). Such a
decrease in the electrode energy coupling is known to reduce
the broadening of the molecular orbitals and, thus, to increase
the slope of T(ε) at εF. However, in the present case, this also
induces a large decrease in electron conductance (Figure 4b).
Smaller alkyl chains (say, 3−4 carbon atoms) might be the
compromise for not lowering the electronic conductance too
much, while maintaining a thermal conductance below 10 pW/
K and a Seebeck coefficient above 200 μV/K, these last two
conditions being prerequisite to obtain high ZT molecular
devices.10
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To sum up, we have combined experiment and theory to
characterize the full thermoelectric properties of two
benzothieno-benzothiophene (BTBT) SAM-based molecular
junctions. We controlled the phononic thermal conductance by
inserting alkyl chains (8 carbon atoms) between the BTBT
core and the two electrodes. As previously demonstrated in
thin films of the same molecules,17 the alkyl chains efficiently
reduced the phononic thermal transport, and the thermal
conductance of the C8-BTBT-C8 molecular junctions is
decreased reaching a low value of 8.8 pW/K (per molecule
vs 15 pW/K in the BTBT molecular junction), one of the
lowest thermal conductance for molecular junction so far
measured.41 Similarly, the efficient decoupling of the BTBT
core from the electrodes leads to one of the highest expected
Seebeck coefficient, S = 245 μV/K, for a molecular device,12,13

but at the expense of a too drastic reduction of the electron
conductance. Further molecular engineering and optimization
are required to avoid this drawback (e.g., shorter alkyl spacers,
other anchoring groups, functionalization with side groups).43

The thermoelectric figure of merit (at 300 K) of the core
BTBT molecular junction is determined in a range ZT ≈ 2 ×
10−6 to 10−4, on a par with the experimental values reported
for the archetype molecular junction based on oligo(phenylene
ethynylene) derivatives, ZT ≈ 1.3−2 × 10−5.11
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