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Abstract:

Itis well known that the electrical conductance of molecular junctions in the tunneling regime varies exponentially
with the length of the molecular backbone. This behavior is strongly influenced by the anchoring groups, which
connect the molecular backbone to the electrodes and locate the HOMO and LUMO resonances with respect to
the Fermi level. Nevertheless, most of the studies have been performed on symmetric junctions, namely using the
same electrodes and anchoring groups at both sides of the junctions. There have only recently been some reports
detailing the influence of introducing asymmetry into single molecular junctions, by using different contacts or
different anchoring groups at either end of the molecular bridge. These studies have revealed that such junction
asymmetry impacts strongly on the electrical characteristics. In this study, Au and graphene electrodes were used
to provide the asymmetry to a single molecular junction. The conductance and length dependence of amine and
methyl sulfide terminated oligo-(phenylene ethynylene) have been determined experimentally and theoretically.
The impact of introducing this asymmetric has been quantified by comparing the conductance and B values of OPE
based molecules within Au/Au electrode and Au/graphene junctions, respectively. Our results show that the
introduction of a graphene electrode leads to lower conductance values and attenuation factors, similarly to what
has been previously observed in alkane chains. This is attributed to a shift of the electronic molecular levels toward

the Fermi level mainly driven by the acetylene groups linking adjacent phenyl groups.



Introduction

Aviram and Ratner ! first proposed the creative idea of using molecules as molecular rectifiers and within single
molecule circuits in 1974. Since then, many fundamental aspects of molecular electronics have been extensively
developed, helped by the development of platforms to reliably electrically contact molecules and methods to
theoretically model their transport properties. 2> Molecular electronics has even been extended beyond
fundamental studies, for example larger area molecular junctions (MJs) have been recently commercially deployed
as an active component in audio distortion circuits for guitar pedals °. Efficient charge transport across individual
molecules and electrode interfaces is essential for many chemical, physical and biological processes. Here
fundamental knowledge supplied by single molecule measurements and accompanying theory is of paramount
importance for understanding such charge transfer processes.”® Commonly, electron transport in short molecules
is characterized by an exponential decrease in conductance with the increasing molecular length. 12 This
decrease of conductance with length of the single-molecule junction can be quantitatively described by the
attenuation factor (B). For molecules following a direct tunneling mechanism, the attenuation factor is associated
with the conductance G through the simple equation G = A exp(—fL), where A is the contact resistence and L
is the molecular length. 32 To date, the attenuation factor of single-molecular junctions formed with wide various
molecules has been extensively investigated. It is widely accepted that the chemical structure of the molecular
bridge strongly affects the attenuation factors. Generally speaking, m-conjugated structures present a smaller
HOMO-LUMO gap than saturated organic molecules and thus have a significantly lower attenuation factor.*>*’ For
example, fully saturated alkanes were reported to have higher attenuation factors (6-12 nm) #1° than oligo-
phenylene (4.3 nm™) 2%, Moreover, nt-conjugated molecules with non-aromatic systems were reported with lower
B values than purely aromatic molecules, such as alkenes (2.2 nm™) 2 and alkynes (0.6 nm™) 22, Many studies also
show that the attenuation factor depends on the anchoring groups of the molecules in the MJs. 2>2* The influence
of various anchoring groups on junction formation and electrical transport properties has also been established,
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with anchoring groups investigated including thiol ?°, amino , pyridyl %%, carboxylic acid 3°3!, dimethyl

® methyl sulfide3? and Isocyanides. 3* 2° However, for the same molecular backbones, different

phosphine
anchoring groups often (but not always) only weakly affects the attenuation factors of the molecular junction.
Examples of analysis for the anchoring group influence on the attenuation factor include a study from Park et al.,
where the length dependence of amine, dimethyl phosphine and methyl sulfide terminated alkanes was
considered and a small difference in the B value of each MJs was found. * This difference was mainly attributed

to the alignment between the Fermi level and the frontier orbitals of the molecular backbone. Oligo (phenylene

ethynylene) (OPE) attached to gold contacts through Au-C bonds in MJs have been reported to have similar B
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values to those of thiol terminated OPEs, although the former displayed higher conductance values. ** On the
other hand, Moreno-Garcia et al. found a large variation in B values for a series of functionalized oligoynes with
different anchoring groups and gold contacts. * Here the experimental attenuation factors were found to range
from between 1.7 nm™ for CN anchoring groups to 3.2 nm™ for thiol anchors. The solvent in which the single
molecule measurements are performed has also been found to have a marked impact on attenuation factors.3>-3¢
An example of this is the study of Milan et al. who quantified the conductance and attenuation factor of a
homologous series of oligoynes. 3’ These authors found large differences in attenuations for the oligoyne
molecular wires with different organic solvents. This was theoretically explored using DFT-based models of the

solvated molecular junction, with the solvent molecules interacting with the molecular junction and influencing

the transport properties.

The electrode material is another important factor which influences the electron transport characteristics and the
attenuation factor in MJs. Many experiments show that the strength of the electronic coupling between the
anchoring group and the electrode affects the electrical conductance and the B value of the molecular junction,®
3 for instance Au %, Ag *, Cu %, ITO ®, graphite & graphene #. Obviously, strong coupling and small contact
resistance are more beneficial for effective electronic transport across molecular junction. Kim et al. found that
for both alkane and phenylene, the Au electrode yielded a higher conductance and a higher B value than Ag
electrode.*” Additionally, silver electrodes were reported to have better electrical contact with thiol-terminated
silanes when compared to Au and Pt. *! He et al. built metal free MJs by using carbon fiber as a top electrode and
graphene as bottom electrode. *® They suggested that carbon contacted single molecular junctions present a lower
B value than Au contacted MJs. Kim et al. formed symmetric and non-symmetric MJs through amine terminated
oligophenyls with Au/Au (“symmetric”) and graphite/Au (“non-symmetric”) electrodes.® They found that the B
values of these two MJs are the same. Similarly, Zhang et al. also studied the effect of non-symmetric electrode
systems on molecular conductance and B values.?”#” They found that the replacement of one of the Au electrodes
by a graphene one resulted in a lower conductance at short molecular length but also a lower B value, leading to
higher conductance at longer molecular lengths. This phenomenon is explained by the coupling asymmetry
between the strong chemisorption of molecules on gold electrodes and the weak van der Waals contacts on
graphene. However, Tao et al. found the influence of the junction symmetry depends on the decrease of
conjugation of the molecular backbone. They found that the junction asymmetry has a greater impact for alkane
containing molecular bridges than for phenylene one®. These preliminary studies indicate that a full
understanding of charge transport properties remains a complicated task for non-symmetric MJs systems, and
therefore, further studies of such non-symmetric MJs are likely to reveal new insights which have been less

routinely investigated to date.



In the present work, we fabricated OPE based MJs with Au and graphene contacts to give non-symmetric junctions.
OPE has been a popular model system in single molecular electronics. *¢4° A feature of the OPE system is its smaller
B value when compared to alkane and phenylene molecular bridge, thereby promoting longer range transport
within a tunnelling regime. 55! Here, we also achieve a reduction of attenuation factors for amine and methyl
sulfide terminated OPE based MJs when introducing a non-symmetric Au/graphene electrode contacting. In
particular, we explored the effect of electrodes and anchoring group to the charge transport evolution of MlJs.
Density Functional Theory (DFT) and non-equilibrium Green Function (NEGF) calculations support the
experimental results and confirm the impact of junction asymmetry on electronic transport properties for

electronically delocalized MlJs.

Experimental Section

Materials and conductance measurements

In this study, all the purchased chemicals are directly used without further purification. The compounds used in
the single-molecule conductance measurements are shown in Figure 1(a). 1a and 2a were purchased from J&K
Scientific (99%). 3a, 2b and 3b were synthesized by a Sonogashira cross-coupling reaction. The synthesis of 1b
followed the procedure reported by Joseph et al. > The details of molecular synthesis can be found in the
supporting information. The single-molecule conductance measurements of target molecules were performed
using STM- I(s) technique developed and describe by Haiss et al. (Figure 1(b)).>® The gold STM tips were fabricated
by the electrochemical etching method reported by Ren et al. in 2004. >* A gold wire (Tianjing Lucheng Metal) with
0.25 mm diameter and 99.99 % purity was used as the tip material. The etching solution was a mixed solution of
hydrochloric acid and ethanol with a volume ratio of 1: 1. During the etching process, a gold ring of about 8 mm
in diameter was placed on the surface of the solution. A gold wire was immersed in the center of the ring and an
etching voltage of + 2.3 V was applied. The 1x1 cm size gold and graphene substrates were purchased from the
Arrandee Gold (Germany) and Graphene Supermarket (USA), respectively. Before the conductance measurements,
the target molecules were dissolved in mesitylene (Sigma Aldrich, 99%) to prepare 1 mM solutions. All the
measurements were performed under a stable liquid environment. The tip bias and set point currents were set to
different values according to which molecule was under study. For example, the tip bias was 100 mV and the
current set point was 100 nA for Au/1a/Au Mls. Over 10000 current-distance curves were collected for each
molecular junction. Then, all collected curves were processed by a fully automatic sorting program developed by
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our group.* In this process noisy curves and the direct exponential tunneling curves were firstly screened out.
Then, according to the current value of the corresponding plateau, the selected current-distance curves were
automatically divided into several groups with the same bin size. The curves of different groups were plotted as
one-dimensional (1D) and two-dimensional (2D) conductance histograms to find the dominant conductance value
of MlJs. In addition, the break-off distances of each molecular junction were calculated through the 2D

conductance-distance histograms.

a) b)

<
z
S
N
Z
z
o
z
o
=
ec pr-e
Ll
« (
[ S o

Gold tip

N

o

=
e
®

€
<

r-o-o—¢
>

e
»

i e

N

pd
|\
o

oo |
o

S

(D\

Il
]

N

pd

o

N
[ € [
[ X% L€C€C4€
[ (S

& ? o
e
€ e

1b ¢ = -NH, or -SMe ., A

©
=40 :
/ Graphene ,
2b
S ‘ ‘ £ ‘ £

Figure 1. (a) Chemical structure of studied molecules; (b) Schematic illustration of the formation of OPE

molecular junction.
Computational details

In order to interpret the experimental results, we have performed Density Functional Theory (DFT) calculations
on the different types of model MJs involved in this study. To this end, we have used the very efficient localized-
orbital basis sets Fireball code *. Numerical orbitals sp3d® have been used to determine the atomic configuration
and the electronic properties of the MJs. The corresponding cut-off radii (in atomic units) ares=4.6, p=5.2,d =
4.2 (Au),s=4.1,p=4.5(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
successfully in previous works on Mls 224, To model the junctions, we have considered the OPE molecule with

one, two or three molecular units, sandwiched between the anchoring groups (either amine -NH; or methyl sulfide
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-SMe) and between gold electrodes (Au tip of 35 atoms) or gold and graphene electrodes (a 5x5 graphene supercell
in the XY plane). Then, we have optimized the corresponding geometry until the forces went below 0.1 eV/A. Also,
we have used a non-equilibrium Green Function (NEGF) formalism within a fast Ficher-Lee approach > to

determine the electronic transmission and the corresponding conductance of the MJs.

Results and Discussions

Conductance of amine terminated OPE molecules

The amine terminated OPE 1a-3a MJs formed using gold electrodes were firstly investigated. Figure 2(a-d) shows
the typical conductance traces and the 1D conductance histograms of each MJs. The most probable conductance
values were obtained by Gaussian distribution peak fitting. The conductance value of Au/1a/Au is around 460 nS.
The same molecular junction was also studied by Yoo et al. and Zhao et al. and a similar conductance value was
reported. **>8 The conductance values of 2a and 3a are found at around 65 nS and 13 nS, respectively, which is in
a good agreement with the result reported by Hong et al. ***° To illustrate the non-symmetric contacting effect
on the MJs, the molecular conductance of amine terminated OPEs was measured using an Au and a graphene
electrode. These measurements were made under the same condition as those with Au electrodes at both sides.
Typical conductance traces and 1D conductance histogram of 1a-3a with the Au/graphene electrodes are shown
in Figure 2(e-h). As shown in Figure 2(f), 1a with the “non-symmetric” Au/graphene electrode contacting is found
to have a similar conductance value as reported by Tao et al. (56 nS). ? Hence, the molecular junction formed by
1a has a significantly lower conductance when replacing the Au bottom electrode by graphene electrode. The
conductance value of 2a with Au/graphene electrodes is found to be around 26 nS. Similar to the results with 1a,
the introduction of graphene electrode to form Au/2a/Au is associated with a reduction of the junction
conductance due to a higher contact resistance. Finally, the molecular conductance value of 3a with Au/graphene
contacting is found to be very similar to its Au/Au counterpart. However, both conductance values for these

longest OPE compounds in the series are small and same, namely 13 nS.
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Figure 2. Typical conductance traces of amine terminated OPE molecules (a) with Au/Au electrode; (e) with
Au/graphene electrode system. 1D conductance histograms of amine terminated OPE molecules (b-d) with Au/Au

electrode; (f-h) with Au/graphene electrode system. The black lines represent the Gaussian distribution peak

fitting curves of each MJs.

Figure 3. DFT optimized atomic configurations of a) symmetric gold-gold and b) asymmetric gold-graphene

amine terminated OPE molecular junctions

These MJs have been studied theoretically using density functional theory. The corresponding optimized
geometries for the model MlJs are represented in Figure 3. From these configurations, we have determined the
corresponding electronic transmission, which is represented in Figure 4(a) for the gold-gold junctions and in Figure

4(b) for the gold-graphene junctions, respectively.
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Figure 4. Calculated electronic transmission curves of a) symmetric gold-gold and b) non-symmetric gold-

graphene amine terminated OPE molecular junctions

The respective transmission curves for Au/Au compared with Au/graphene junctions display notably different
behaviors. Both sets of curves feature peaks in the electronic transmissions associated to the HOMO (at negative
E-Er energy values) and LUMO (at positive E-E¢) frontier orbital. However, it is notable that for Au/Au junctions the
transmission values are unity (T(E)=1), while for the Au/graphene junctions all resonances sit at T(E)<1. This arises
from a larger coupling to the Au electrodes compared to the graphene contacts. For the gold-graphene junctions
the graphene contacting preserves the “molecular spectrum” due to the weak coupling through van der Waals

interactions. This can be further understood following the general expression of the electronic transmission:
T(Er)=4I'T'r/[(ELomo—Er)?+(I'1+1'r)?]

where E;umois the energy of the LUMO (closest level to the Fermi level through which the transport is mediated),
and I'L/r represents the left (right) coupling to the electrodes. In the case of gold-gold junction, when ELumo is
very close to the Fermi level, the term (Ezumo—EF) becomes negligible and T(E) goes to 1, since I'L = I'r. In the
gold-graphene junction however, the situation is a bit more complex, due to different couplings at the gold and
graphene interfaces. Also, in that case, the Fermi level lies in the mid-gap and the previous formula should be
modified to take into account potential resonances with both HOMO and LUMO. As a result, the electronic

transmission will be always lower than 1.

In addition for the Au/Au junctions an important electronic response is clearly observed in the HOMO-LUMO gap,
due to this key coupling with the gold electrodes (see Figure 4(a)). Indeed, an important coupling at the molecule-
electrode interface is responsible for a widening of the electronic levels, leading to a more important density in

the gap. This pronounced bump in the HOMO-LUMO gap of the transmission curve is particular clear for the
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shorter molecular bridges (Au/1a/Au and Au/2a/Au), as seen in the black and red curves of Figure 4(a). In addition,
an important shift of the HOMO level toward the Fermi energy, between the symmetric (gold-gold) and
asymmetric (gold-graphene) configurations is also clear. For example, the HOMO resonance for Au/3a/Au is at
about -2.2 eV, while it is much closer to the Fermi level for Au/3a/graphene junctions (-1.4 eV). This aspect is very

| % and alkanediamine %> MJs between

similar to what we have observed in our previous works on alkanedithio
gold-gold or gold-graphene electrodes. In both cases, the HOMO level has been shifted significantly closer to the
Fermi level due to a symmetry breaking induced by the introduction of the graphene electrode. The key point here
lies in the difference of couplings at each interface, namely a covalent coupling at the gold-molecule interface and
a van der Waals coupling at the graphene-molecule interface. This is what then leads to the reduction of the
attenuation factor. Indeed, within a simple barrier tunneling model, as used in the Simmons model ., the
attenuation factor varies as the square root of the barrier-height at the molecule-electrode interface. Here this
barrier may in a simple model be characterized by the energy difference between the Fermi and the HOMO level.
As a result, the HOMO shift towards the Fermi level induces a reduction of the attenuation factor. It is interesting
to compare with our previous work on phenyl chains, ** where electronic density was fully localized on the
aromatic rings of the molecular bridge, leading to a full electronic decoupling of the molecule from the electrodes.
By contrast in our present work with OPE bridges, the presence of triple carbon bonds leads to a delocalization of
the electronic density, which couples strongly to the gold electrodes. This result confirms a general trend
previously noted that molecular wires featuring aromatic rings linked by acetylene groups (i.e. OPEs) present a

better coupling to the electrode, due a more significant electronic delocalization, than oligo-phenyl molecular

wires where the electronic density is more localized on the molecular rings ©2.
Conductance of methyl sulfide terminated OPE molecules

In order to further confirm the effect of non-symmetric electrode contacting on the length dependence of OPE
based molecules, we replaced the amine termination with the methyl sulfide group and measured the
conductance of each MJs. The typical conductance traces and the 1D conductance histograms of 1b-3b with Au
electrodes are shown in Figure 5(a-d), respectively. The broad Gaussian distribution peak in Figure 5(b) represents
the most probable conductance value of 480 nS for Au/1b/Au. Our results agree well with the studies reported by
Yoo et al. and Zhao et al. *®* Comparing to the conductance of 1a with Au electrodes, the molecular junction
formed by 1b with Au electrodes system gives a slightly higher conductance, however within the uncertainty
window of measurement the values are comparable. Here it can be noted that these two anchoring groups also
have similar binding strengths to gold electrodes, with Venkataraman et al. using an AFM to measure the binding
forces of amine and methyl sulfide group with gold to be 0.5 nN and 0.7 nN, respectively. 2% As shown in Figure

10



5 (c-d), the most probable conductance values of Au/2b/Au and Au/3b/Au MJs are found as 53 nS and 8.2 nS,
respectively. The conductance values of MJs formed by methyl sulfide terminated OPE molecules between Au
and graphene electrodes were also measured under the same condition. The typical conductance traces and the
1D conductance histograms are shown in Figure 5(e-h). The conductance values of 1b-3b with Au and graphene
electrodes are found to be 41 nS, 20 nS and 8.2 nS, respectively. The MJs formed by 1b-2b with Au electrodes
show higher conductance values than that formed by 1b-2b with Au and graphene electrodes. However, the

conductance values of the Au/3b/graphene junction and Au/3b/Au junction are essentially identical.
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Figure 5. Typical conductance traces of methyl sulfide terminated OPE molecules (a) with Au/Au electrode; (e)
with Au/graphene electrode system. 1D conductance histograms of methyl sulfide terminated OPE molecules (b-
d); with Au/Au electrode (f-h) with Au/graphene electrode contacting. The black lines represent the Gaussian

distribution peak fitting curves of each molecular junctions.

Again, we have studied these MlJs theoretically using density functional theory. The corresponding optimized
geometries for the model MlJs are represented in Figure 6. From these configurations, we have determined the
corresponding electronic transmission, which is represented in Figure 7(a) for the gold-gold junctions and in Figure

7(b) for the gold-graphene junctions, respectively.
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Figure 6. DFT optimized atomic configurations of a) symmetric gold-gold and b) asymmetric gold-graphene

methyl sulfide terminated OPE molecular junctions
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Figure 7. Calculated electronic transmissions of a) symmetric gold-gold and b) non-symmetric gold-graphene

methyl sulfide terminated OPE molecular junctions

From these electronic transmissions, we can draw the same general conclusions as for the of amine terminated
MlJs. As is often the case in molecular electronics, the general electronic behavior is broadly similar in symmetric
junctions, independently of the anchoring groups, as can be observed here. For non-symmetric junction contacting,
the electronic transport properties are modified but in the same way for different anchoring groups, but the
modification is attributed predominantly to the change of electrode type. Note that when comparing the amine
(Figure 4(a)) with the methyl sulfide (Figure 7(a)) anchored gold-molecule-gold junctions, the transmission curves
are shifted further toward negative energies for the methyl sulfide anchored junctions. For the methyl sulfide
anchored junctions this yields a non-resonant tunneling regime which is then dominated by the LUMO orbital

(Figure 7(a)), i.e. the transport of electrons. With the symmetry breaking induced by the graphene electrode, the
12



whole transmission spectrum shifts to the right (Figure 7(b)) leading to the Fermi level being placed rather centrally

between the HOMO and LUMO levels.
Break-off distances of the junctions

Figure 8 (a) shows a 2D distance-conductance histogram of Au/3a/Au junctions. The possible conductance range
of the Au/3a/Au junction (8.2 nS- 17 nS) is marked in the upper red area of the histogram by the green dotted
boundary lines. The lower red area, at conductance values < 5 nS, corresponds to the break-off decay after the
molecular junction breaks. The break-off distance (Sereak-off) Of €ach MlJs is calculated by using a modified published
method. ® For a molecular junction measured by using STM-I(s) technique, Sbreak-off i the sum of the initial set
point distance (So) of the Au STM tip plus the distance at which the junction breaks upon piezo retraction obtained
from experiments (Sw). Sbreak-off then quantifies the most probable stretching length of the molecular junction when
it breaks upon piezo retraction. The initial set point distance (So) can be varied by adjusting the set point current
(/o). The value of Sp is usually estimated by measuring the current decay in the empty tunneling gap and then using
a calculation which involves the conductance which would correspond to point contact between the tip and
substrate. This procedure is detailed in the literature. Briefly, when no molecular junction is formed, the
conductance value of tip-substrate gap is known to decrease approximately exponentially with increasing gap
distance. Therefore, the natural logarithm of the current (In/) varies linearly with the tip-substrate gap
distance.This slope (dIn//ds) is obtained by linear regression and then Sy can be estimated by extrapolating the
current from the set point to the tip-substrate point contact. Sy is obtained by statistically analyzing the distance
displaced by the STM tip from the set point current starting distance to the molecular junction breaking distance.
Figure 8(b) shows the 1D stretching distance histogram of the distance (Sw) measured in the experiments with
Au/3a/Au junctions. The value of S, is found as 0.75+0.26 nm by Gaussian distribution peak fitting of this 1D
distance histogram. Table 1 summarizes the molecular lengths and Spreak-off Of all the molecules studied in this work.
Details of calculation for Spreak-off can be found in supporting information. In most cases, the molecule is not fully
stretched when the MJs were broken. This is reflected by the break-off distance of the molecular junction being
smaller than the length of the molecule itself. For short molecules, the break-off distance is comparable to the

molecular length within uncertainty limits.
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Table 1. The molecular length and break-off distance of each molecule

Molecular Break-off distance (nm)

Molecule length
Au-Au Au-graphene

(nm)
1a 0.53 0.52+0.12 0.51+0.11
2a 1.19 0.90+0.08 0.93%0.06
3a 1.86 1.64+0.26 1.02+0.11
1b 0.64 0.70+0.08 0.70+0.13
2b 1.30 1.02£0.09 1.03+0.15
3b 1.94 1.74+0.33 1.75%+0.27

Attenuation factor of OPE based molecular junctions

From our measurements and calculations, we have determined the attenuation factors of amine and methyl
sulfide terminated OPE molecules. The natural logarithm of the conductance vs. molecular length of each
molecular junction has been plotted, with the attenuation factors being determined through linear fitting, as
shown in Figure 9. Table 2 summarizes the conductance and attenuation factors of the studied molecules with
different electrode systems. The S values of the MJs formed by amine and methyl sulfide terminated OPE
molecules with Au electrodes are determined as 2.7 nm™ and 3.1 nm, respectively, while smaller values of 1.1
nm and 1.3 nm? are found for hybrid Au/graphene electrodes. For both amine and methyl sulfide terminated
OPE molecules, the introduction of graphene electrode leads a noticeable decrease of attenuation factors. As
indicated in the Conductance of amine terminated OPE molecules section, through the analysis of the molecular

levels and the use of the Simmons' model, this reduction can be attributed to the shift of the molecular levels with
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the introduction of the graphene electrode, similarly to what occurs for alkanedithiol ® and alkanediamine ** MJs
under the same conditions. Consequently, we can deduce that the combination of aromatic phenyl rings with
interconnecting acetylene linkers in the OPE chain results in the electronic density being delocalized effectively
along the while MJs. This behavior is very similar to that for alkane chains and opposite to the behavior of phenyl
chains. This feature is very interesting since alkane chains present a o-like electronic conduction*” while phenyl
and OPE chains present a mi-like electronic conduction?. In this respect, the attenuation factor can be reduced by
using a graphene electrode, leading to a higher conductance than would otherwise be the case for longer

molecular chains.

This work also reveals that there is not much difference in the electrical properties of amine and methyl sulfide
terminated MJs. Both the attenuation factor, as expected, but also more surprisingly on the conductance have
similar values. This latter observation is corroborated by the determination of contact resistance of the MlJs, which
is the pre-factor of the exponential in the conductance evolution. By extending the fit of experimental data of
Figure 9 to zero length, the contact resistance is estimated as 0.53 MQ and 10 MQ for amine terminated Au/Au
and Au/graphene MJs, while for methyl sulfide terminated Au/Au and Au/graphene MlJs values of 0.30 MQ and
10 MQ are respectively obtained. The observed higher contact resistance for Au/graphene electrodes with respect
to Au electrodes is consistent with our previous studies.*” Zhang and co-workers reported that introducing
graphene electrode can change the contact resistance to 3.9 MQ for Au/n-alkanedithiol/graphene junctions, which

is significantly higher than for Au symmetric contacts (27 kQ).
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Figure 9. Natural logarithmic plots of the conductance as a function of the molecular length for a) amine and b)

methyl sulfide terminated MJs. The lines represent the linear fitting for each molecular junction.
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Table 2. Conductance and attenuation factors of 1a-3a and 1b-3b with Au/Au and Au/graphene electrode

system

Attenuation factors Contact resistance (MQ)
Conductance (nS)
Molecule (nm™)

Experiment Theory Experiment Theory Experiment Theory

Au/la/Au 460 430

Au/2a/Au 65 64 2.7 2.8 0.53 0.54
Au/3a/Au 13 10

Au/1b/Au 480 460

Au/2b/Au 53 68 3.1 2.6 0.30 0.44
Au/3b/Au 8.2 16

Au/la/graphene 56 43

Au/2a/graphene 26 30 1.1 1.3 10 9.8
Au/3a/graphene 13 7.5

Au/1b/graphene 41 75

Au/2b/graphene 20 12 1.3 2.3 10 3.4
Au/3b/graphene 8.2 3.9

Conclusions

In summary, we have systematically studied the effect of anti-symmetric (or asymmetric) connecting on the
conductance and length dependence of OPE based MJs using Au/Au or Au/graphene electrodes. The conductance
and attenuation factor of amine and methyl sulfide terminated OPE molecules have been determined
experimentally and theoretically. Both amine and methyl sulfide terminated MlJs present similar conductance
values and attenuation factors. For Au/graphene MJs, both systems present lower attenuation factor than that of
analogous Au contact pairs. This is attributed to a shift of the molecular levels closer to the Fermi level, which
reduces the electronic potential barrier at the interface and consequently the attenuation factor. Also, a lower
conductance is observed for OPE based molecular junction with Au and graphene electrodes, which is associated
to the relatively weak coupling at the molecule-graphene electrode interface. In that respect, the OPE based MlJs
present an electronic behavior similar to that of alkane based molecular chains. In the OPE MlJs the acetylene

groups linking adjacent phenyl groups promote a good electronic conjugation across the molecular bridge, which
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is in contrast to oligo-phenyl MJs where the electronic density is localized, which causes the influence of electrodes
or anchoring groups to be reduced. Finally, this work confirms that for the delocalized electronic system, the
symmetry breaking induced by the graphene electrode helps in enhancing the electronic transport properties of

the molecular junctions.
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