Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Destructive Quantum Interference in Meta- Oligo
(Phenyleneethynylene) Molecular Wires with Gold-Graphene
Hetero-junctions

Yingi Fan, *® Shuhui Tao,?¢ Sylvain Pitié,* Chenguang Liu,® Chun Zhao,* Mahamadou Seydou,’
Yannick J. Dappe,8 Paul J. Low," Richard J. Nichols ® and Li Yang*2®

Quantum interference (Ql) is well recognised as a significant contributing factor to the magnitude of molecular conductance
values in both single-molecule and large area junctions. Numerous structure-property relationship studies have shown that
para-connected oligo(phenyleneethynylene) (OPE) based molecular wires exemplify the impact of constructive quantum
interference (CQl), whilst destructive quantum interference (DQI) effects are responsible for the orders of magnitude lower
conductance of analogous meta-contacted OPE derivatives, despite the somewhat shorter effective tunnelling distance.
Since molecular conductance is related to the value of the transmission function, evaluated at the electrode Fermi energy,
T(Ef), which in turn is influenced by the presence and relative energy of (anti)resonances, the relative single-molecule
conductance of para- and meta-contacted OPE-type molecules is influenced both by the anchor group and the nature of the
electrode materials used in the construction of molecular junctions (gold | molecule|gold vs gold | molecule|graphene). It is
shown here that whilst amine contacted junctions display little influence of the electrode material on molecular
conductance, due to the similar electrode-molecule coupling through this anchor group to both types of electrodes, the
weaker coupling between thiomethyl and ethynyl anchors and the graphene substrate electrode results in a relative
enhancement of the DQI effect. This work highlights an additional parameter space through which to explore Ql effects and
establishes a new working model based on the electrode materials and anchor groups in tuning QI effects beyond the

chemical structure of the molecular backbone.

Introduction

Both experimental and theoretical studies of single molecular
junctions (SMJs) have greatly contributed to the understanding
of charge transport through single molecular wires and bridges
and this has given great impetus to the field of molecular
electronics. 1> Over the last decade these studies have allowed
direct elucidation of coherent transport phenomena in charge
transport through molecules, and the identification of quantum
interference (Ql) effects. ¢ The various features arising from Ql
can be broadly classified as either constructive quantum
interference (CQl) and destructive quantum interference (DQI)
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effects. CQl was observed in molecular junctions (MJs) with
linearly conjugated backbones, such as para-connected
phenylene rings?9, including examples where two such systems
are connected in parallel.1! In contrast, DQI occurs in molecular
systems containing electron transport channels that result in
the emergent de Broglie waves arriving at the drain electrode
with phase differences; prominent examples arise in molecular
backbones based on meta-substituted phenylene rings 12:13, and
cross-conjugated systems. 14 15 The experimentally determined
conductance of SMJs impacted by DQI can be several orders of
magnitude smaller than that of SMJs without DQI.12:13, 16,17

DQl can often be recognised by a characteristic sharp dip in
the plot of the theoretically computed transmission function,
T(E), against the electron energy, E.13 18 As the position of this
DQl-induced dip in the transmission function relative to the
electrode Fermi level, Ef, can be tuned through heteroatom
substitution in the backbone 19 20 or via selectively positioned
substituents,?! 22 it is possible to use DQI features as a further
degree of chemical-design induced control over the electrical
properties of a SMJ. In addition, electrochemical gating can be
used to control the energetic position of the DQI feature, since
the characteristic dip in electronic transmission can be shifted
in energy, which facilitates tuning of the molecular junction
conductance. This has enabled electrochemically-modulated
control of the junction conductance by two orders of
magnitudes.?3-2> |t has also been reported that molecular layers



showing DQIl exhibit rectification  under

electrochemical control.26

significant
Peng et al. have shown that the
magnitude of the effect of DQI on the single-molecule junction
conductance is sensitive to the composition of the (metal)
electrodes.?’” Similarly, the alignment of the DQl dip with
respect to the electrode Fermi level is sensitive to the nature of
the anchor groups contacting the molecule within the junction
to the electrode; however, these changes in electrode
composition or anchor group do not disturb the fundamental
property of DQI induced by the backbone structure.28

Beyond tuning the electrical conductance, the impact of DQI
in SMJs on other materials properties has also been
demonstrated. For example, the thermopower of a molecular
junction is related to the first derivative of the transmission
function evaluated at the Fermi level (Ef) ie. S(Ep) =
—So(dInT(E)/dE)g—,, where Eisin eV and S, = aT (a is the
Lorentz number, T is temperature in K). Therefore, molecular
junctions showing DQI can exhibit significantly enhanced
thermopower when compared with molecular junctions
without the sharply sloped features in T(E) induced by the DQI
feature.?® These combined results show the potential of
molecular targets exhibiting DQIl to be used in a variety of
scenarios to modulate the electrical and materials properties of
molecular-based molecular devices. 30-33

Although many ‘large area’ molecular junctions are often
constructed with different materials comprising the substrate
and top electrodes by experimental necessity,3* the majority of
studies of the electrical characteristics of SMJs have used
“symmetric” anchoring of the molecular target in the junction.
In other words, the molecule within the junction has been
contacted to the left and right electrodes of the same type, E.
and Eg, via the same anchoring group, X, at each terminus (e.g.
E.|X-backbone-X|Er). By contrast, the electrical properties of
“asymmetric” SMlJs, where the left and right contacts are
differentiated by the nature of the electrode materials or
contacting groups, are less commonly examined. However,
there is an emerging body of evidence that highlights the
opportunities that asymmetric SMJs offer for exploring and
optimising electrical effects. For example, indium tin oxide
(ITO)| molecule|gold SMJs present an excellent selectivity and
control over molecular orientation when forming molecular
junctions with “asymmetric” anchoring groups (different groups
at either end of the molecule).3> Beyond wire-like conductance,

graphite| molecule|Au junctions featuring o,®-diamino
oligo(phenylene)s exhibit rectifying properties due to
asymmetric coupling to the two electrodes,3® whilst

gold| molecule|graphene hetero-junctions induce a reduction
of the attenuation factors (f) of symmetrically functionalised
alkanes and oligo(phenylene ethynylene)-based SMJs. 3738

In this work the electrical properties of para- and meta-
connected oligo(phenylene ethynylene) (OPE) molecules
contacted within symmetric (gold|molecule|gold) SMJs and
asymmetric gold| molecule|graphene single molecule hetero-
junctions by one of three different anchoring groups (amine,
methyl sulfide and ethynyl) have been determined. Whilst as
noted above, the anchoring group and electrode type has been
used to tune the relative energies of the electrode Fermi level
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and the DQI induced dip in T(E) in symmetric SMJs, here
comparison of the respective single molecule conductances
from gold|molecule|gold and gold|molecule|graphene SMlJs
allow exploration of these effects in asymmetric junctions. It has
been previously reported that amine and methyl sulfide groups
are connected with gold electrodes through dative bonds, while
they connect with graphene by van der Waals forces.3%43 The
interest in an ethynyl anchoring group lies in the spontaneous
formation of a covalent bond with gold and concomitant loss of
a hydrogen atom.** 45 The use of ethynyl contacts has resulted
in SMJs displaying higher conductance than the equivalent
molecules anchored through thiol chemisorption chemistry,
and as such this provides additional interest in extending the
use of this anchor group here.* To the best of our knowledge,
this is the first report of hetero-junctions influenced by
destructive quantum interference. The theoretical study shows
that the different couplings between electrodes and anchoring
groups make the dip of transmission spectrum shift and results
in conductance changes of the molecules studied.

Experimental and computational section
Compounds

The compounds 1,4-bis(4-aminophenylethynyl) benzene (PN),

1,4-bis(4-thiomethylphenylethynyl) benzene (PS), 1,4-bis(4-
ethynylphenylethynyl) benzene (PC), 1,3-bis(4-
aminophenylethynyl) benzene (MN), 1,3-bis(4-
thiomethylphenylethynyl) benzene (MS), and 1,3-bis(4-

ethynylphenylethynyl) benzene (PC) (Figure 1) were prepared

by literature methods,#>° or minor Vvariations, and
characterised as detailed in the SI.
H,N _NH,
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Figure 1 The para and meta-connected analyte molecules used in this work

Single-molecule conductance

Molecular conductance measurements were made using the
STM-I(s) technique.>! The STM tip, which is used as the top
contact, was fabricated from a gold wire (Tianjin Lucheng Metal)
with a diameter of 0.25 mm and purity of 99.99%, using an
electrochemical etching method.52 The 1x1 cm gold on
borosilicate glass and graphene on nickel substrates were
purchased from Arrandee® (Germany) and The Graphene
Supermarket (USA), respectively. All conductance
measurements were performed in mesitylene (Sigma Aldrich,
99%) solutions containing 0.1 mM of the target molecule. In the
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measurement process, the gold tip was held above the
substrate at an initial vertical distance (4 nm) and then gradually
approached to the substrate until the tunneling current reached
the set point current. After that, the tip was retracted to zero
tunneling current and further retracted for 4 nm to ensure that
the tip was sufficiently retracted from the substrate. During this
process, the molecular target could be captured between the
electrode pair thereby forming a single molecule junction (SMJ).
The set point current is adjusted to control the distance
between the tip and the substrate, ensuring that there is no
direct contact between the upper and lower electrodes during
the extension and retraction cycles. The tip bias was set to +0.3
V for all the measurements. Over 10000 current-distance /-(s)
curves were collected for each analysis. The /-(s) curves with
conductance plateaus were collected through a fully automatic
sorting program developed locally and plotted as 1D
conductance histograms.>3 The most probable single molecule
conductance of each molecule was obtained from Gaussian
fitting to the prominent feature in these histograms.

Computational methods

In order to support the experimental measurements, Density
Functional Theory (DFT) calculations have been performed
using the Fireball code,>* following the same procedure as
detailed elsewhere for oligophenylene ethynylene-based
molecular junctions.3® This approach is based on a self-
consistent version of the Harris—Foulkes LDA functional,>>
instead of the traditional Kohn—Sham functional. The potential
is calculated by approximating the total charge by a
superposition of spherical charges around each atom. The
Fireball simulation package also uses a localized optimized
minimal basis set,>® and the self-consistency is achieved over
the occupation numbers through the Harris functional.?”
Besides, the LDA exchange—correlation energy is calculated
using the efficient multi-center weighted exchange—correlation
density approximation (McWEDA). 58 5° The cut-off radii (in
atomic units) of the optimised numerical orbitals (sp3d®) used
for the present calculations are s =4.6, p=5.2, d =4.2 (gold), s
=41,p=45(C),s=4.2,p=4.2(N),s=3.1,p=3.9(S),and s =
4.1 (H). This basis set has been used to determine the structural
and electronic properties of the molecular junctions.2% 60 For
the molecular junctions, we considered the meta-structured
molecules presented in Figure 1, sandwiched between gold
electrodes or In  these
simulations, the gold electrodes are represented by pyramids of
35 atoms, and the graphene substrate by a 5 x 5 graphene
supercell in the XY plane. Structural properties have been
determined by optimising the corresponding geometry until the
forces fell below 0.1 eV/A. Finally, we determine the electronic
transmission and conductance by using a non-equilibrium
Green function (NEGF) formalism within a fast Fisher-Lee
approach.®! As it is well-known, the determination of the Fermi

gold and graphene electrodes.
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level is of crucial importance for electronic transport
calculations in molecular junctions. Here it is even more
important in the case of meta junctions, since the position of
the DQI dip with respect to the Fermi level changes the value of
the calculated conductance dramatically. Here the Fermi level is
determined as the minimum of the Density of States (DOS)
between the HOMO and LUMO levels.®! This determination is
obviously not perfect, but has been found to give results in

rather good agreement with the experiment.®?

Results and discussions

The compounds PN, PC, PS, MN, MC, and MS each feature one
of two distinct backbone geometries with linearly conjugated
(para-OPE) or non-linear meta-connected (meta-OPE) m-
electronic structures and one of three functional groups of
varying inductive electron donating and withdrawing properties
that can serve as electrode contacting groups. The solid UV-vis
spectra of studied molecules were measured using the UV-vis
Spectrophotometer (Agilent, Cary 300 UV-VIS analyser) with an
integrating sphere (Agilent, DRA-CA-30I). In dichloromethane
solution, the absorption spectra of members of the para- (P)
(Figure 2a) and meta- (M) (Figure 2b) series are similar with the
low energy absorption edge of the para series exhibiting greater
sensitivity to the electronic character of the substituents.
However, to eliminate solvation effects, and thus better
estimate the HOMO-LUMO gap, the spectra were also recorded
in the solid state and analysed through the Tauc method,
commonly used to determine the optical band gap in organic
semiconductors. 2 The relationship between optical band gap
and absorption coefficient (a) follows the equation: (ahv)? =
B(hv — Eg), where h is Planck’s constant, v is the frequency of
the incident photons, B is a constant and Ej; is the band gap;®3
for organic semiconductors, E; can be approximated as a
HOMO-LUMO gap.64-66

As shown in Figure 2d, the band gaps of the target molecules
are determined as the intersection of the respective tangents
derived for each peak with the horizontal coordinate. The
resulting estimates gave similar HOMO-LUMO gaps for
molecules within each family (PN (2.7 eV), PS (2.8 eV), PC (2.8
eV); and MN (3.1 eV), MS (3.2 eV), MC (3.2 eV)), with the meta-
connected OPEs giving larger HOMO-LUMO gaps than the
linearly para-connected compounds as might be reasonably
expected.®”> 8 These data further demonstrate that the
electronic structures of each member of a series are similar, and
little perturbed by the anchor groups. Consequently, any
differences in the electronic behaviour of members of a series
within a molecular junction likely arise from the nature of the
molecule-electrode contact and associated molecule-electrode
coupling.

J. Name., 2023, 00, 1-3 | 3
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Figure 2 a) and b) Normalised absorption spectra of target molecules; c) and e) Solid
UV-vis spectra and d) and f) Tauc plots of target molecules

To explore the various and combined effects of electrode
materials and anchor groups on the electrical characteristics of
these molecules, the single-molecule conductance of each
member of both series was determined within single-molecule
gold|molecule|gold homo-junctions and gold|mole-
cule|graphene hetero-junctions using the /(s) technique. % The
resulting 1D conductance histograms together with
representative G-s traces are given in Figures 3 — 5 and
summarised in Table 1. In each case, the most probable
molecular conductance was determined by fitting the Gaussian
distribution (black lines) to the peak in the conductance
histogram. The error bar of each most probable molecular
conductance was calculated from the half-peak width of the
conductance peak. The most probable molecular conductance
value of PN in a gold-gold junction was measured to be 13 + 1.8
nS, in good agreement with the values reported by Ferradas et

al. 7%and Lu et al. 7* An essentially identical value (13 + 2.8 nS)
was also determined for the molecular conductance of PN in a
gold|molecule|graphene junction (Figure 3, Table 1). The
molecular conductance of the analogous meta-OPE MN is

approximately an order of magnitude lower in both
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Figure 3 1D conductance histogram of PN in a) gold| molecule|gold junctions and b)
gold| molecule|graphene junctions, and MN in c) gold | molecule | gold junctions and
d) gold| molecule|graphene junctions. The black lines represent the Gaussian peak
fitting to the most prominent feature in these histograms. The insets represent the
representative /(s) curves of studied molecular junctions.

gold|molecule|gold (1.1 + 0.21 ns) and
gold|molecule|graphene (1.1 + 0.23 nS) junctions due to the
pronounced DQI dip near the electrode Fermi level in the
transmission functions of meta-phenylene structures.”? It is
apparent that the changes in electrode material have little to no
measurable effect on the most probable
conductance of these amine contacted compounds.

In a similar manner, the 1D conductance histograms of the
thioether anchored para-OPE contain conductance peaks
corresponding to an essentially identical most probable
conductance in gold-gold (8.2 + 1.6 nS) and gold-graphene (8.2
+ 1.5 nS) single-molecule junctions. As expected, the molecular
conductance of the meta-connected analogue, MS, in
gold|molecule|gold and gold|molecule|graphene junctions
are substantially lower, being 0.56 + 0.09 nS and 0.39 +0.10 nS,
respectively (Figure 4, Table 1).

molecular
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In  single-molecule gold|molecule|gold junctions, the
conductance of the ethynyl-contacted PC is found to be around
19 + 3.7 nS, which is higher than both the amine (PN) and
thiomethyl (PS) contacted analogues, but comparable with
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Figure 5 1D conductance histogram of PC in a) gold| molecule|gold junctions and
b) gold|molecule|graphene junctions, and MC in c) gold|molecule|gold
junctions and d) gold|molecule|graphene junctions. The black lines represent
the Gaussian peak fitting to the most prominent feature in these histograms. The
insets represent the typical /(s) curves of studied molecular junctions.

other ethynyl-contacted three-ring OPEs,”® reflecting the
stronger molecule-electrode electronic coupling (Figure 5,
Table 1). This difference in coupling arises from the fact that, in
contrast to the amine and thioether anchors which bind to both
gold and graphene through a combination of dative and
electrostatic interactions and van der Waals forces, the terminal
alkyne undergoes a dehydrogenation reaction at gold surfaces,
to create a strong covalent gold|-C=C interaction.4> 7476
Comparing the interactions of the studied molecules with gold
electrodes, the stronger interaction between gold and ethynyl
lead to gold|PC|gold junction exhibiting higher conductance
values than the gold|PN|gold junction and the gold|PS|gold
junction. In the gold|PC|graphene hetero-junctions, the
ethynyl anchor contacts through as gold|-C=C, with a direct Au-
Cbond to the deprotonated acetylene, 444> and a much weaker
van der Waals force through C=C-H|graphene at the graphene
electrode. This weaker contact between ethynyl and graphene
is associated with a decrease in electrode|molecule coupling.
The resulting shift in the alignment of the position of electrode
Fermi levels decreases the most probable molecular
conductance of PC by a factor of approximately two (9.4 + 1.3
nS, Figure 5, Table 1).

Rather strikingly, despite the strong coupling induced by the
ethynyl gold|-C=C contacts, the most probable single-molecule
conductance of MC in the gold|molecule|gold junction was
foundto be 0.27 £0.11 nS, which is the lowest of all of the meta-
connected compounds in these homo-junctions (Figure 5, Table
1). In the gold-graphene hetero-junction, the single-molecule
conductance of MC lies below the limits of detection of the
instrument used in this study (ca. 10 pA/sample bias, or 0.03
nS). To facilitate the discussion that follows, an upper estimate
of the single-molecule conductance value is taken as 0.03 nS;
true values may be far lower.
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Table 1 Summary of the conductance and conductance ratios of studied MJs

Conductance(nS) Conductance ratio
Molecule old- old-
gold-gold 8 & gold-graphene
graphene gold
PN 13+1.8 13+2.8
12 12
MN 1.1+£0.21 1.1+0.23
PS 8.2+1.6 8.2+1.5
0.56 £ 15 21
MS 0.39£0.10
0.09
PC 19+3.7 94+13
0.27 70 400*
MC 0.03*
0.11

* A value at the noise floor has been assumed here as no current histogram peak
was observed. The junction may not form or the single-molecule conductance was
below the current sensitivity limit of the equipment.
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Figure 7 A graphical representation of the conductance ratios of SMJs.

The anticipated effects of the chemical structure of the
molecular backbones on molecular conductance regardless of
the electrode materials used in the construction of the junction
are clear (Table 1). Thus, whilst the linearly conjugated para-
series (PN 38 70,71 pS 38 pC 73) display CQl and relatively high
single-molecule conductance, the emergence of DQI features in
the transmission functions at the Fermi levels results ina 1 —2
order of magnitude decrease in single-molecule conductance of
the meta- structured analogues (MN, MS, MC). 13.20.77 For any
given pair of electrodes, changes in the anchor group resultin a
small variation in the most probable conductance. This
observation demonstrates both the robustness of the Ql
features imposed by the chemical structure of the molecular
backbone,?® and the influence of small changes in the electrode-
molecule coupling on the molecular conductance. The relative
effects of electrode-molecule coupling, quantum interference
and Fermi energy alignment with the (anti) resonance features
of the transmission functions that describe charge transport
through the junction are collectively expressed within the
conductance ratios summarised numerically in Table 1 and
graphically in Figure 6. The increasing single-molecule
conductance PS < PN < PC observed in the gold| molecule|gold
homo-junctions illustrates the role played by electrode-
molecule coupling in tuning molecular conductance.’”® A
different in the magnitude of single molecule
conductance values is the meta-series in
gold| molecule|gold single-molecule junctions (MC < MS < MN),
clearly indicating the dominant effect of the position of the DQI

trend
found for
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Figure 6 Structural models for PN and MN in a) gold|molecule|gold, and c)
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calculated electronic transmission functions plotted in b) and d) (with the black curve for
PN, and the red curve for MN; the latter exhibiting the characteristic DQI dip near the
Fermi level).

induced dip in the transmission function relative to the
electrode Fermi levels on the electronic characteristics of the
junction.”

In the gold|molecule|graphene hetero-junctions, the
variation in conductance is somewhat less distinct with the
anchor group due to the common electrostatic interaction of
the anchor groups to the graphene electrode. The data indicate
that it is only the carbon contacted compounds PC and MC that
show any significant decrease in conductance in the hetero-
junctions. The single-molecule conductance values of the meta
series are low, and more sensitive to the anchor group,
spanning some two orders of magnitude (1.1 —0.03 ns). As with
the para-structure compounds, variations in the electrode-
molecule coupling undoubtedly must play some role in this
observation, but the greater magnitude of variation points to a
key role in the position of the DQIl feature relative to the
electrode Fermi levels

To gain further insight into these various factors on the
electrical conductance of the SMJs investigated here, model
junctions were constructed and explored using DFT-based
calculations (Figure 7-9, Table 2). Taking the amine-contacted
compounds PN and MN within the gold-gold homo-junctions as
a point of reference, the calculated transmission curves
demonstrate the expected features. The transmission functions
for PN features well-separated HOMO and LUMO resonances,
which are further separated in the comparable plot for MN,
consistent with the greater HOMO-LUMO gap obtained from
the optical measurements. As a result of CQl, between the
HOMO and LUMO resonances of PN the transmission function
describes a broad, relatively flat and rather high conductance
region. In contrast, the transmission function for MC features a
strong, sharp dip near the calculated Fermi energy. As is now
well-appreciated in the literature, 13 18 this dip explains the

This journal is © The Royal Society of Chemistry 20xx
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strong difference in magnitude between the conductance in the
PN and in the MN configurations.

Moving to the gold|molecule|graphene hetero-junctions
formed from PN and MN, remarkably similar transmission
curves are obtained, a consequence of the similar mechanism
of electrode-molecule coupling through the amine group to
both gold and graphene.3® These results are therefore
consistent with the experimentally observed single-molecule
conductances (Table 1).

For the thioether contacted compounds PS and MS, we
observe a greater shift of the molecular levels between
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Figure 8 Structural models for PS and MS in a) gold|molecule|gold, and c)
gold| molecule|graphene single moelcule junctions, with plots of the corresponding
calculated electronic transmission functions plotted in b) and d) (with the black
curve for PS, and the red curve for MS; the latter exhibiting the characteristic DQI
dip near the Fermi level).

gold|molecule|gold and gold|molecule|graphene junctions,
which can be attributed to a difference in electrostatic dipoles
as observed in an earlier work (Figure 8).89 Consequently, the
DQl dip lies below the Fermi level for the gold| molecule|gold
configuration, whereas it is centred at the Fermi level for
gold|molecule|graphene configuration, leading to a very small
conductance value for MC in the hetero-junction. However, as
in the calculations the dip corresponds to a mathematical
singularity, the value obtained is not well suited for comparison
to the experimental results.
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To the best of our knowledge, no theoretical study of alkyne
adsorption on graphene has yet been performed. The
adsorption energy of the molecules PC and MC on graphene as
a function of the molecule-graphene distance was first explored
to estimate the stability of the resulting junctions (Figure S5).
The adsorption energy varies as a function of the position of the
terminal hydrogen, but the equilibrium position lies around 2-
2.5 A, with an energy of 0.12-0.17 eV/molecule. Consequently,
we can assume that this configuration, which has some analogy
to the T-shape configuration of a benzene dimer,8! is stable and
allows the formation of a molecular junction.

The results from electronic transmission calculations with PC
and MC in gold|molecule|gold and gold|molecule|graphene
junctions are shown in Figure 9. For PC, there is a small shift of
the electronic transmission function in response to the change
in electrode material, which is consistent with the experimental
observation. However, for MC, there is a far more significant
shift of the position of the DQI dip leading to the substantial
difference in the single-molecule conductance values of MC in
the homo- and hetero-junctions.

b) 1
001}
b
5 1E-4 r
o r
o 1E6|
=
P
1E-8 |
1E-10 4
] — gold[PCigold
|— gold|MC|gold
1E-12
-3 -2 -1 0 1 2 3
E-E; (eV)
d)’
0.01
ge 1E-4
9]
o 1E6
=
1E-8
-1
1849 = gold|PC|graphene
— gold|MCigraphene
1E-12
-3 -2 -1 0 1 2 3
E-Ef (eV)

Figure 9 Structural models for PC and MC in a) gold| molecule|gold, and c)
gold| molecule|graphene single molecule junctions, with plots of the
corresponding calculated electronic transmission functions shown in b) and d)
(with the black curve for PC, and the red curve for MC; the latter exhibiting the
characteristic DQI dip near the Fermi level).
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Table 2 Summary of the calculated single-molecule conductance of PN, PS, PC, MN, MS
and MC in gold | molecule| gold and gold| molecule | graphene junctions.

Conductance (nS) Conductance ratio
Molecule gold-gold gold- gold-gold gold-
graphene graphene
PN 10.46 7.53 1162 7530
MN 0.009 0.001
PS 16.03 3.9 133 260000
MS 0.12 0.000015
PC 5.57 1.27 51 8466
MC 0.11 0.00015

From these calculations, several general trends can be
illustrated. At the minimised energy configurations the
molecule is somewhat “stretched” in the junction. One can
observe a correlation between how stretched the moleculeis in
the meta configuration and the position of the DQI dip. Indeed,
when considering the gold-graphene junction, due to weaker
van der Waals interaction at the molecule-graphene interface,
the molecule is less stretched and the DQI dip is located very
close to the Fermi level. Oppositely, for the gold-gold junction,
the molecular junction is more stretched which increases the
angle between the two halves of the molecule, resulting in a DQI
dip located further away from the Fermi level. Obviously, this
stretched configuration is related to the intrinsic potentials
used in the DFT calculations, which might induce some
differences between the computed and measured conductance
values. In addition, this specific property might also be exploited
for electro-mechanical devices, as the degree of stretching of
the molecule in the junction has a strong influence on the
electronic conductance.

Conclusions

In this work, the conductance of para- and meta-OPE molecular
wires tethered between gold-gold and gold-graphene
electrodes has been measured using the STM-/(s) method. For
all the molecular junctions, the meta-connection leads to a low
conductance value, which is associated with the DQI induced
dip in the transmission function which falls near the electrode
Fermi level. To study the effects of electrode type on the
relative position of the Fermi level and the DQI dip, amine,
methyl sulfide and ethynyl anchoring groups were used to link
para- and meta-structured OPEs into gold|molecule|gold and
gold|molecule|graphene single molecular junctions. The
electrode material has little effect on the electrical properties
of the amine anchored OPEs, due to the similar electrode-
molecule contacting chemistry in each case. However, for
methyl sulfide and ethynyl anchored OPEs, gold-graphene
electrode contacting shows a clear impact on DQJ. In particular,
for ethynyl anchoring OPE molecules with gold-graphene
electrodes, the conductance ratio of PC/MC is greater than 400.
Our study indicates that the conductance change resulting from
DQI can be tuned through the connection between electrodes
and anchoring groups as well as through the mechanical stress
applied to the junction. The influence of electrode materials and
anchoring groups on the DQI effect is clearly complex and
further study is required.
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