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Quantum interference (Ql) can strongly affect electric and thermoelectric properties of molecular junc-
tions (MJs). So far, however, a limited number of experimental studies have explored the influence of Ql
on thermoelectric transport in MJs. To address this open point, we synthesized derivatives of meta-OPE3
with an electron-withdrawing nitro (-NO,) substituent or an electron-donating N,N-dimethyl amine
(—-NMe,) substituent, attached at two different positions of the central phenylene ring, and systematically
studied the electrical conductance and thermopower of the corresponding gold—molecule—gold junc-
tions. We show that (i) the electrical conductance of MJs depends weakly on the polarity of the substitu-
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ents but strongly on the substitution position and (ii) MJs with the N,N-dimethyl amine group feature a
higher thermopower than MJs with the nitro group. We also present calculations based on first principles,
which explain these trends and show that the transport properties are highly sensitive to microscopic
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Introduction

The ability to manipulate charge and energy transport through
a single molecule is key to the development of novel molecular
materials and devices for highly efficient energy conversion
and molecule-based electronics and sensors."™ Towards this
goal, researchers have developed various experimental tools
and employed them to probe electric,® thermoelectric’® and
thermal'®'" transport properties of single-molecule junctions
(SMJs). In the last decade, quantum interference (QI) has
emerged as a promising route to control electron flow through
SMJs. In general, QI arises when the de Broglie waves of elec-
trons propagate across a molecule through multiple pathways
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details in junctions, exhibiting destructive Ql features.

instead of one pathway, leading to either constructive or
destructive electron transmission patterns.'>'® For example,
destructive QI, i.e. reduced transmission through a molecular
junction (M]), has been experimentally observed in both
n-conjugated and o-bonded molecular systems, and such
materials show suppressed electrical conductance and
increased thermopower.'*™*°

To gain deeper insight into QI phenomena, recent studies
have explored the impact of intramolecular structural vari-
ations on the destructive or constructive interference in SMJs
which includes geometrical isomerism,**' heteroatom substi-
tution within the molecular backbones,'”"'®2272% different
anchoring groups to the contacted electrodes instead of tra-
ditional sulfur containing ones,>"*® addition of different
repeating molecular units into the backbone®’ such as
oligo(phenyleneethynylene)s,?® distinct molecular bridging
schemes,* as well as design of organic radial molecules.*°
In addition, it has been theoretically predicted that introdu-
cing different substituents to a current-carrying molecular
backbone could tune the destructive QI.>**? In this context
it is interesting to note that meta-OPE3 molecules (see
Fig. 1a) can transport electrons due to the fully r-conjugated
rigid rod-like structures and the small energy gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of ~3 eV,**3*
and they are promising candidates for achieving destructive
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Fig. 1 Schematic of the molecules and of the experimental setup. (a) Structures of para-OPE3 and meta-OPE3 reference molecules, investigated in

previous work,®

and meta-OPE3 derivatives, studied newly in this work. (b) Schematic of the experimental approach for probing the electrical con-

ductance of SMJs. A 100 mV DC bias is applied to the Au tip, while the Au substrate is grounded during the measurements. (c) Schematic of the
experimental approach employed for probing thermoelectric properties of SMJs. The Au substrate was heated to the desired temperature (~5.7 K,
~9 K, ~11.4 K) using an attached thin film resistive heater. While recording the current flowing between tip and substrate, the voltage applied to the
Au tip was modulated as a square wave, periodically switching between 100 mV and 0 V.

QI in SMJs.*>*® In fact, recently Miao et al.'® showed that
when compared with para-OPE3 junctions (Fig. 1a), meta-
OPE3 junctions feature a lower conductance yet higher ther-
mopower, which was attributed to strong destructive QI
effects. Furthermore, Jiang et al.>’ demonstrated that meta-
OPE3 with a methoxide (-OMe) group attached to the
central phenylene ring at different positions resulted in a
dramatic change in the degree of destructive QI, suggesting
that the attachment of electron-donating (ED) substituents
at different positions of the central core is an effective way to
tune destructive QI at room temperature. Zotti et al.>®
employed the concepts of bond-resonance and induction to
explain how substituents in meta-OPE3 derivatives influence
QI and charge transport. However, a key question - “How
can the thermoelectric properties of SMJs be controlled by
tuning QI effects via the electronic properties and the posi-
tion of the substituents?” — has not yet been fully explored
experimentally.

In this study, we aim to provide insight into the important
question stated above by investigating both experimentally and
theoretically the electrical conductance and thermopower of a
series of meta-OPE3 based molecules (see Fig. 1a). Specifically,

13906 | Nanoscale, 2024, 16, 13905-13914

we employ two functional groups with opposite polarities, the
electron-withdrawing (EW) nitro (-NO,) substituent and the
ED N,N-dimethyl amine (-NMe,) substituent, attached on the
central phenylene ring at two different positions (see the C,,
and Cs symmetric configurations shown in Fig. 1a). All four
molecules were terminated by the thioacetate (-SAc) protecting
group to enable the formation of Au-S covalent linkages
through in situ deprotection of the sulfur atom when preparing
the monolayer of these molecules on a clean template-stripped
Au substrate.>>%%°

Experimental
Chemical synthesis

To elucidate the influence of both the position of a substituent
at the central phenylene unit and its electronic nature on the
electrical conductance and the thermopower, four different
derivatives of meta-OPE3 were synthesized (Fig. 1a): meta-
OPE3 1 is C; symmetric and contains a EW NO, substituent,
meta-OPE3 2 is C,, symmetric and contains a EW NO, substi-
tuent, meta-OPE3 3 is Cg; symmetric and contains a ED NMe,

This journal is © The Royal Society of Chemistry 2024
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(a) Synthetic scheme for the four meta-OPE3 1-4 compounds used in this study. Molecular structure of (b) meta-OPE3 1 and (c) meta-OPE3

4, as determined by SC-XRD analysis, shown with anisotropic displacement ellipsoids at the 30% and 50% probability level, respectively. Color code:

H, white; C, black; N, blue; O, red; S, yellow.

substituent, meta-OPE3 4 is C,, symmetric and contains a ED
NMe, substituent. The two-step synthesis of meta-OPE3 1-4
from readily available starting materials is shown in Fig. 2a.
New and optimized reaction steps are discussed in the ESIf
together with the full characterization of the target molecules
and the corresponding intermediates.

The first step is a Sonogashira coupling?®*' between tert-
butyl-S protected thiophenylacetylene (1) and respective substi-
tuted meta-diiodobenzene (2 to 5), yielding the corresponding
t-butyl-S protected precursors 6 to 9. The tert-butyl group was
chosen since in our hands the S-acetyl group, typically used in
the attachment of the S-part of meta-OPE3 1-4 to the gold
surface, did not survive the conditions of the Sonogashira
coupling. After the coupling reaction, the tert-butyl group was
exchanged for an acetyl group in one step, using an acylating
reagent and TiCl, as Lewis acid promoter,*” giving meta-OPE3
1-4 in good to very good yields. The identity of all compounds
was established by 'H NMR, "*C NMR, and HRMS. The purity
was proven by E.A.

X-diffraction (XRD) analysis

A single crystal of meta-OPE3 1 was obtained by diffusion of
dichloromethane into a heptane solution of meta-OPE3 1,
and the structure was solved in the space group P2(1)/c by
XRD analysis (Fig. 2b). A single crystal of meta-OPE3 4 was
obtained by the slow evaporation of meta-OPE3 4 in chloro-
form, and the crystal was solved in the triclinic space group
P1 (Fig. 2c). Interestingly, the terminal phenyl group in one
end of meta-OPE3 1 is almost coplanar to the terminal
phenyl group in the other end, while being orthogonal in

This journal is © The Royal Society of Chemistry 2024

meta-OPE3 4 (Fig. S10%). We attribute this to differences in
the crystal packing of meta-OPE3 1 compared to meta-OPE3 4
(Fig. S117). More details about the X-ray structures can be
found in Tables S1-S3.}

Conductance measurements

To probe the electrical conductance of the MJs, we first pre-
pared a layer of the respective meta-OPE3 derivative, i.e. using
each of the molecules shown in Fig. 1a, by the drop-casting
method.*® The electrical conductance of the meta-OPE3 deriva-
tives was measured by using the scanning tunneling
microscopy break junction (STM-BJ) method.®** As shown in
Fig. 1b, a DC bias voltage of 100 mV was applied to the Au tip,
created by electrochemical etching, while the freshly prepared
template-stripped Au substrate was grounded. Next, we dis-
placed the STM tip towards the substrate at a constant speed
of ~0.2-0.4 nm s ', while monitoring the current flowing
between the tip and the substrate using a current amplifier
(model DDPCA 300 at a suitably chosen gain of 107° A V™).
This process is continued until the signal from the current
amplifier saturates (the current saturates at 10 nA, which
corresponds to an electrical conductance of ~1.29 x 1073G),
after which the tip is further displaced towards the substrate
by ~1 nm to ensure that an Au-Au contact is created (i.e., the
electrical conductance is typically above 10G,). Subsequently,
the tip was withdrawn from the Au substrate at ~0.2-0.4 nm
s~', while recording the current. During this process, mole-
cules were stochastically trapped between the tip and the sub-
strate. Further details on sample fabrication and measure-
ments are presented in the ESL.}

Nanoscale, 2024, 16,13905-13914 | 13907
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Fig. 3 Conductance histograms of SMJs studied in this work. The conductance histograms of (a) meta-OPE3 1, (b) meta-OPE3 2, (c) meta-OPE3 3,
and (d) meta-OPE3 4 SMJs were each constructed from ~1000 independently measured conductance traces at a voltage bias of 100 mV without
any data selection. A Gaussian fit to the data is also shown, and the peak of the Gaussian fit represents the most probable electrical conductance of
the corresponding meta-OPE3 SMJ. Representative conductance—time traces are plotted in the insets.

The results obtained from these experiments are displayed
in Fig. 3. Specifically, conductance histograms for meta-OPE3
1-4 molecules are shown in Fig. 3a-d, respectively. The insets
in each of the panels show representative conductance vs. time
traces, where the plateaus in the electrical conductance evol-
ution indicate the formation and subsequent rupture of these
MJs. We note that each histogram, plotted in Fig. 3a-d, was
constructed from ~1000 such independent experimental con-
ductance traces (more details of the data analysis can be found
in the ESI}). From the Gaussian-fitted peaks in the conduc-
tance histograms we identify the most probable conductance
of the given MJ. We list all the measured conductances in
Table 1, along with those previously determined by Miao
et al.'® for para-OPE3 and meta-OPE3.

In Table 1 we observe that the electrical conductances of
the Cs symmetrical meta-OPE3 1 and 3 junctions are both very
close to each other. In contrast, C,, symmetrical meta-OPE3 2
and meta-OPE3 4, which are substituted with pendant groups
at the symmetric position of the central phenylene ring, yield
significantly smaller conductances of ~2.86 x 107°G, and
~2.14 x 107°G,, respectively. They are almost five times smaller
than the electrical conductances of meta-OPE3 1 and meta-
OPE3 3 MJs, where the pendant group is in an unsymmetric

13908 | Nanoscale, 2024, 16, 13905-13914

Table 1 Experimentally determined single-molecule conductances and
thermopowers of para-OPE3,'® meta-OPE3'® and meta-OPE3 1-4

Molecule Exp. G (Go) Exp. S (WW K1)
para-OPE3'° (1.2 £0.6)x 107" 10.8 £9.5
meta-OPE3'® (1.1+0.4)x107° 20.9 +15.4
meta-OPE3 1 (1.11 +0.01) x 10™° 13.55 + 1.91
meta-OPE3 2 (2.86 +0.05) x 107° 16.50 + 3.10
meta-OPE3 3 (1.01 + 0.04) x 107° 18.17 +2.90
meta-OPE3 4 (2.14 £ 0.01) x 107° 28.59 + 4.53

position of the central phenylene ring. Since EW or ED groups
make little difference to the conductance of meta-OPE3 2 com-
pared to meta-OPE3 4 and for meta-OPE3 1 compared to meta-
OPE3 3, we conclude that the conductance in the meta-OPE3
series is generally only weakly dependent on the polarity of the
pendant groups, i.e. EW (-NO,) or ED (-NMe,), when they are
attached to the central phenylene ring, but importantly
depends strongly on the position of the pendant group on the
central phenylene ring. Our results are in line with those of
Jiang et al. in a SMJ study using meta-OPE3 derivatives, con-
taining an ED methoxy group in the symmetrical and unsym-
metrical position of the central phenylene. Those authors

This journal is © The Royal Society of Chemistry 2024
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reported that the symmetrical substitution showed lower con-
ductance than the unsymmetrical one.’” Hence, our experi-
mental results as well as those reported by Jiang et al. show that
the effect of destructive QI on the electrical conductance of
meta-OPE3 junctions, observed in past work,'® can be reduced
by adding functional substituents (ED or EW) in the unsymme-
trical position, simultaneously increasing the conductance.

Thermopower measurements

Next, we measured the thermoelectric properties of SMJs. In
these experiments, a thin film resistive heater was attached to
the bottom substrate to establish a desired temperature differ-
ential (AT) across the tip and the substrate. When a MJ, with a
conductance (G) that is within +50% of the most probable con-
ductance - the peak value obtained from the linear-scale con-
ductance histogram - was formed,'®** the tip was held static,
and we switched the bias applied to the tip periodically
between 0 V to 100 mV (see Fig. 1c), while the electric current
flowing through the junction was recorded (see ESIT and our
recent work** for more details). In each switching cycle the
electric current flowing at 100 mV bias was used to confirm
the intactness of the SMJs, and the thermoelectric current (Z,;,)
was monitored at 0 V for obtaining the thermopower. This
switching process was continued until the MJ broke, as
detected by a drop in the current at an applied bias of 100 mV.
Afterwards, the tip was withdrawn until the conductance
reached negligible levels, and the entire process of forming a
metallic contact, trapping a molecule and measuring the ther-
moelectric current was repeated.

Data obtained from such measurements was converted into
a thermoelectric voltage (AVig) via

Iin
AVrg =5 (1)
here, AVyg is defined to be positive when the thermoelectric
current Iy, at 0 V flows from the tip to the substrate and nega-
tive when current flows in the opposite direction. The thermo-
electric voltages obtained from ~5000 independent measure-
ments for each kind of MJ at the respective temperature differ-
ential were combined to construct thermoelectric voltage his-
tograms. The thermoelectric voltage histograms for meta-OPE3
1-4, obtained at temperature differentials of 0 K, 5.7 K, 9 K
and 11.4 K (estimated as described in past work**), are shown
in Fig. 4. The peak position of the thermoelectric voltage histo-
gram is fitted using a Gaussian function to obtain the most
probable thermoelectric voltage at each temperature differen-
tial. The inset of each panel shows the linear fitting of this
most probable AVyg vs. AT for meta-OPE3 1-4 from which one
can readily evaluate AVg/AT for each junction.
Subsequently, the thermopower of the SM] (Sjunction) Was
obtained using the expression (see ESIT for more details):

AVyg
AT

+ Scu (2)

N junction = —

here, the thermopower of the copper wire (Sc,) enters, as we
employ a copper wire to provide electrical access to the sample

This journal is © The Royal Society of Chemistry 2024
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substrate. It equals 1.94 pv K™ at 300 K. The SMJ thermo-
powers obtained using this approach are in the range of 10 to
30 pv K™' (see Table 1). The positive values indicate that
charge transport in all four types of MJs is hole-dominated. In
addition, the measured thermopowers are similar in magni-
tude to that of the parent meta-OPE3."°

Theoretical modelling

In the simplest picture of off-resonant hole transport in a
Lorentzian HOMO model, we would expect the conductance
and thermopower to increase for the ED substituent and to
decrease for the EW substituent, if the HOMO level is shifted
up or down in energy, respectively. In agreement with this
simple model the thermopower of meta-OPE3 1 and 2 is
indeed less than that of meta-OPE3 3 and 4 SMJs, respectively.
The previously discussed trends in the conductance and the
fact that the measured thermopower of meta-OPE3 3 is below
the thermopower of the unsubstituted meta-OPE3 show,
however, that the situation is more complicated, as can be
anticipated from the QI effects reported in previous work.'®
Let us therefore elucidate the experimental observations by
detailed first principles modelling.

Quantum transport calculations

To further explore the effect of the position and the character
of the substituent group, we perform ab initio electronic struc-
ture calculations and compute quantum transport properties
based on linear response theory and the Landauer-Biittiker
formalism.*> The conductance G and thermopower S of the
MJs are obtained from

G = GoKoand § = — L (3)
eTK,
where
K= | _dEe(E) -0 (B)(E )" (@

e is the elementary charge, T the absolute temperature of the
junction, E the energy, f(E) the Fermi-Dirac distribution and
7(E) the transmission function. In eqn (4), we approximate the
chemical potential 4 by the Fermi energy Er and set the temp-
erature to 7= 300 K. To compute the transmission z(E), we use
the non-equilibrium Green’s functions formalism,* as
implemented in a custom code.*® The underlying information
on the electronic structure is obtained from density functional
theory (DFT) in the TURBOMOLE"” quantum chemistry soft-
ware package. Since we find the DFT quantum transport pro-
perties directly derived from the PBE exchange-correlation
functional®® to be inaccurate (see ESIt), we report transport
results below for the DFT+X correction scheme.***° It consists
of two parts, namely a molecular term, correcting energies of
the isolated molecule, and an image-charge term, accounting
for the effect of electrode polarizations. We refer to the ESIf
for more detailed information on computational procedures.

Nanoscale, 2024, 16, 13905-13914 | 13909
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Fig. 4 Temperature-dependent thermovoltage histograms and the corresponding linear fitting for SMJs studied in this work. The thermovoltage
histograms of (a) meta-OPE3 1, (b) meta-OPE3 2, (c) meta-OPE3 3, and (d) meta-OPE3 4 were constructed using the flowing current measured at 0
V bias for four different temperature differentials across the SMJ (AT = 0 K, 5.7 K, 9 K and 11.4 K). Each histogram was constructed from data,
obtained from ~5000 bias-switching cycles without any data selection using multiple samples (2 to 4 samples), as described in the manuscript and
in the ESI.{ The insets present the peak values of the histograms (obtained from Gaussian fits) as a function of the applied temperature differential.
The slope AV4g/AT of the linear fit to the data enables the estimation of the thermopower of the SMJ via egn (2).

For each of the four meta-OPE3 derivatives and the parent
meta-OPE3 molecule, we study two different junction geome-
tries. In the first one, called the top-top (TT) geometry, the
sulfur atom on each side binds to a single gold atom at the top
of a gold tip. For the second one, called hollow-hollow (HH)
geometry, the gold atom at the top is removed and each sulfur
binds to the three gold atoms of the next layer, making it a
blunt electrode tip. To obtain comparable contact geometries,
we optimize the structure of the reference meta-OPE3 SM]J in
HH and TT configurations with DFT, add the relevant side
groups for meta-OPE3 1-4 and reoptimize these SMJs. The
resulting structures are shown in Fig. 5a and b (see ESIf for
further details).

Transmission curves, computed with the DFT+X approach,
are plotted in Fig. 5¢ and d. If we compare the transmission of
the meta-OPE3 derivatives with the parent meta-OPE3, we find
additional peak and dip features inside the original HOMO-
LUMO gap. They arise from electronic states newly introduced
by the attached side groups. In the rather symmetric HH geo-
metry, the transmission inside the HOMO-LUMO gap is
almost mirror symmetric for meta-OPE3 1 and 3 as well as

13910 | Nanoscale, 2024, 16,13905-13914

meta-OPE3 2 and 4, which originates from the EW character of
the nitro group and the ED character of the N,N-dimethyl-
amine group. They add new states in the LUMO region for
meta-OPE3 1 and 2 and in the HOMO region for meta-OPE3 3
and 4, respectively. The side groups also change the position
of the main destructive QI dip of meta-OPE3 inside the gap. It
moves to a lower energy for meta-OPE3 1 and 2 but to a higher
one for meta-OPE3 3 and 4. For meta-OPE3 1 the main destruc-
tive QI is shifted substantially more to lower energies into the
HOMO region (by nearly 2 eV) than for meta-OPE3 2. At the
same time, we find a regular transmission peak for meta-OPE3
1 in the LUMO area (around 2.5 eV above the Fermi energy)
but an energetically very narrow Fano-like antiresonance*>>"
for meta-OPE3 2 (around 3 eV above Eg). These differences are
clearly caused by the position of the nitro group. Analogous
effects are visible for meta-OPE3 3 compared to meta-OPE3 4,
where the main destructive QI dip is strongly shifted into the
LUMO region for meta-OPE3 3 (around 3 eV above Eg) but only
very weakly for meta-OPE3 4 (see 1.5 eV above Eg), and an anti-
resonance in the HOMO appears only for meta-OPE3 4
(around 1 eV below Eg). The antiresonances at around 3 eV

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) HH and (b) TT junction geometries of meta-OPE3 and meta-OPE3 1-4 from top to bottom. Transmission curves based on the DFT+X

approach for the meta-OPE3 molecule and its derivatives meta-OPE3 1-4 in the (c) HH and (d) TT junction configurations.

above and 1 eV below the Fermi energy for meta-OPE3 2 and
meta-OPE3 4, respectively, are so narrow that they have little
influence on the transmission at the Fermi energy. Overall, we
see that the transmissions of meta-OPE3 1 and 3 are larger at
the Fermi energy than for meta-OPE3 2 and 4. The trans-
missions for the TT configuration show similar features as
those of the HH geometry just discussed in detail. The biggest
differences are that minima from the main destructive QI
feature are shifted to around 1 eV lower energies for meta-
OPE3 2-4, which changes the minimum at around 2 eV above

This journal is © The Royal Society of Chemistry 2024

Er for meta-OPE3 3 to a rather broad dip, as compared to the
narrow destructive QI minimum for the HH SMJ at 3 eV above
Er. To summarize, the transmission curves show characteristic
changes, reflecting both the electronic character as well as the
attachment point of the substituents on the molecule.
Calculated conductance and thermopower values are pre-
sented in Table 2. As a result of the characteristic changes in
the energy-dependent transmission, the conductance of meta-
OPE3 1 and 3 SMJs is larger than those of meta-OPE3 2 and 4
both for HH and TT geometries. This trend agrees perfectly

Nanoscale, 2024, 16,13905-13914 | 13911
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Table 2 Calculated single-molecule conductances and thermopowers of meta-OPE3 1-4 based on the DFT+X approach for HH and TT junction

geometries?

Molecule G (Go) [HH] G (Go) [TT] S (uv K1) [HH] S (uv K1) [TT]
meta-OPE3 3.84x107° 2.69 %1077 21.5 27.4
meta-OPE3 1 1.18 x 107> 6.98 x107° —1.4 7.0
meta-OPE3 2 1.85x 1077 4.58 x 107° 46.6 -3.7
meta-OPE3 3 6.65 x 107° 6.62 x 107> 20.4 23.6
meta-OPE3 4 4.43x107° 2.39%x 1077 19.9 22.3

“HH = hollow-hollow geometry (see Fig. 5a); TT = top-top (TT) geometry (see Fig. 5b).

with the experimental observations. But quantitatively,
although the experimental conductance values of meta-OPE3 2
and meta-OPE3 4 are bracketed by the theoretical calculations,
those of meta-OPE3 1 and meta-OPE3 3 tend to be overesti-
mated. When we add meta-OPE3 to the comparison, we see
that theory systematically predicts the symmetric molecules
meta-OPE3, meta-OPE3 2 and 4 to yield a lower conductance,
and the unsymmetric SMJs formed by meta-OPE3 1 and meta-
OPE3 3 to yield a higher one. This trend is broken by meta-
OPE3 in the experiments, and our quantum transport calcu-
lations underestimate the conductance of meta-OPE3 SMJs by
a factor of up to 40. Thus, whereas the conductance of meta-
OPES3 is experimentally on par with those of meta-OPE3 1 and
meta-OPE3 3, theory predicts it to be so with meta-OPE3 2 and
meta-OPE3 4. These differences between theory and experi-
ment are somewhat ameliorated, if one considers the larger
standard deviations of the older measurements'® for meta-
OPE3 (see Table 1). Similar to the conductance, computed
thermopower values sensitively depend on the junction geome-
try. For instance, the thermopower is negative for the meta-
OPE3 1 junction in the HH configuration but positive for TT,
and vice versa for meta-OPE3 2. Apart from the meta-OPE3 2
SMJ in the HH geometry, we find a tendency of smaller ther-
mopower values for meta-OPE3 1 and 2, containing the EW
(-NO,) substituent, compared to meta-OPE3 3 and 4, contain-
ing the ED (-NMe,) substituent. Hence the trend in the ther-
mopower agrees with the electronic character of the added
side group and the resulting energies of the additional mole-
cular levels. The calculations predict the reference molecule
meta-OPE3 to have a similar thermopower as meta-OPE3 3 and
4, each containing one ED group, which is consistent with the
observations.

Conclusions

We have synthesized four meta-OPE3 derivatives and studied -
both experimentally and computationally - the electric and
thermoelectric transport of the corresponding SMJs with
respect to the variation of the position and electronic character
of an attached substituent on the central phenylene unit. The
parent unsubstituted meta-OPE3 served as a reference. Our
experiments show that the charge transport properties of
meta-OPE3 based SMJs, which are known to feature destructive

13912 | Nanoscale, 2024, 16,13905-13914

QI effects, can indeed be tailored by the substituents. We
demonstrated that when substituents are attached, the electri-
cal conductance of Cg low-symmetry meta-OPE3 SMJs is higher
than those of C,, high-symmetry ones. The attachment point
possesses a more important influence on conductance than
the electronic EW (-NO,) or ED (-NMe,) character of the side
groups. Compared to the parent meta-OPE3 SM] the conduc-
tance tends to be similar or suppressed by the substituents,
but no strong conductance increase was found. Using the
same side group, the thermopower in Cg symmetric meta-
OPE3 SM]s (meta-OPE3 1 and meta-OPE3 3) is lower than in
C,, symmetric ones (meta-OPE3 2 and meta-OPE3 4), and C,,
symmetric molecules possess a thermopower of similar magni-
tude as the C,, symmetric parent meta-OPE3 molecule.
Furthermore, the thermopowers of meta-OPE3 derivatives with
an EW side group (meta-OPE3 1 and meta-OPE3 2) are smaller
than those with an ED side group (meta-OPE3 3 and meta-
OPE3 4).

Our computational results rationalize the main experi-
mental observations and reveal the characteristic changes in
charge transport properties that arise from different attach-
ment points, leading to different molecular symmetries, as
well as from electronic characters of the side groups. In par-
ticular, the conductance is predicted to be ordered rather by
molecular symmetry than by the electronic properties of the
substituents, i.e., meta-OPE3 1 and 3 as well as meta-OPE3 2
and 4 form pairs of similar conductance. Thermopower values
are found to be very sensitive to the junction geometry and
show relatively large variations. Within the series of meta-
OPE3 derivatives, thermopower values are better ordered by
the electronic character of the side group than by molecular
symmetry. Quantitative discrepancies between the experi-
mental and computational results for the complex molecular
junctions involving destructive quantum interferences high-
light the need for further studies to bridge the gap.

In summary, our results reveal that substituents at the
central phenylene of the meta-OPE3 framework offer a promis-
ing way to separately optimize conductance and thermopower
of SMJs, since the former is mainly sensitive to the position of
the pendant group attached and the latter to its electronic (EW
vs. ED) character. Interestingly meta-OPE3 4 SM]Js yield the
lowest conductance but highest thermopower. Overall, our
study provides important insights into how thermoelectric pro-
perties can be tuned via substituents in M]Js featuring destruc-

This journal is © The Royal Society of Chemistry 2024
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tive QI Further investigations addressing the challenge of
measuring thermoelectric transport properties of low-conduct-
ing molecular junctions are needed.
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