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molecular electronic functionalities 
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ABSTRACT: Molecular wires with asymmetric anchors have garnered considerable interest in the field of 
molecular electronics. Numerous studies have focused on asymmetrically anchored molecules, both at the 
single molecule and self-assembled monolayer (SAM) scales. However, few studies have investigated how the 
binding preference of asymmetric anchors towards the substrate affects their quantum transport behaviour. 
In this study, Oligo (arylene ethynylene) derivatives with thiol acetate anchors at one terminal and pyridine 
anchors at the other terminal were used for self-assembly, gold and single-layered graphene (SLG) were 
employed as the bottom and top electrodes to form molecular junctions. XPS results indicated that, without 
deprotecting acetyl group on thiol acetate, the molecules tended to assemble on Au either with thiol anchor 
or pyridine anchor. However, with the deprotection procedure (which transformed the thiol acetate into thiol), 
almost all molecules tended to assemble on Au with thiol anchor. Further quantum transport measurements 
revealed that both the electron tunnelling efficiency and the energy difference between the electrode Fermi 
level and the molecular frontier orbital had also shifted due to this change in binding preference. For example, 
the field effect transistor behaviour of functional SAMs can be switched between ambipolar (where the 
molecule can be turned on by shifting the gate voltage in either the positive or negative direction, resembling 
an ambipolar MOS-FET) and unipolar (where the molecule can only be turned on by shifting the gate voltage 
in the negative direction, resembling an n-type MOS-FET). This study demonstrates that, in addition to 
molecular structure engineering, molecular electronic functionalities such as tunnelling efficiency and 
switching behaviour can also be tailored by regulating self-assembly through control of binding preference. 
These findings suggest a new approach for fabricating advanced quantum technology devices. 
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Introduction 
 Molecular electronics aim to utilize molecules as functional 
building blocks for designing electronic devices like logic 
gates1, 2, memory devices3, 4, 5, sensors6, 7, and thermoelectric 
harvesters8-11. To effectively incorporate functional molecules 
into circuits12-14, it is crucial to understand the relationship 
between the electronic properties of molecules and their 
structure, particularly the anchor groups that establish contact 
with external electrodes. Molecular backbones with 
asymmetric anchors at both terminals are of great interest due 
to their unique properties, like rectification and tunable 
thermoelectric behaviors15-21. This is because the presence of 
an asymmetric anchor/electrode interface not only leads to an 
asymmetric coupling strength between the molecule and the 
electrodes17, 18 but also influences the energy difference 
between the electrode Fermi level and the frontier molecular 
orbital19-21. The electron transport properties of asymmetrically 
anchored molecules have been extensively investigated at both 
the single-molecule17, 18, 22-24 and SAMs scale. In SAMs, due to 
the strong affinity of both terminals of asymmetrically 
anchored molecular wires to the substrate, the wires can attach 
to the substrate in either orientation. However, there have been 
limited studies focusing on how this mix in orientation affects 
the SAMs transport behaviour. Nevertheless, understanding its 
effect is crucial since the substrate-molecule interface 
significantly determines the mode of molecular electron 
tunnelling. 

 

Figure 1. Molecules (a), assembly of SAMs (b, c, SAM 1-
4), and device structure in this work (d). 

 In this study, we investigated two types of Oligo (arylene 
ethynylene) (OAEs) molecular wires, as shown in Fig. 1(a), 
that possess a thiol acetate group at one end and a pyridine 
group at the other end. These molecules were assembled onto 
our previously reported micro-well chip with a gold bottom 
electrode and graphene as the top electrode (the fabrication 
procedure is detailed in the supplementary information, Fig.s 
S1-S3) 25. Both pyridine and thiol acetate are known to exhibit 
strong binding affinity towards the bottom gold electrode26-30. 
Our quantum calculations revealed that the system's minimum 
energy, Δ(z), for thiol-Au was 0.69 eV, while for pyridine-Au 
was 0.42 eV, at the optimum distance (refer to the 
supplementary information for more details). Furthermore, 
pyridine and graphene exhibited a Δ(z) value of 0.14 eV, due 
to the nitrogen group of pyridine interacts with graphene 
through non-covalent van der Waals forces, as previously 
reported by other research groups31-33. By hydrolyzing the 
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acetyl protection group on the thiol, we achieved the tuning of 
the molecular anchor binding preference towards the gold 
substrate from a mixture of half thiol anchor and half pyridine 
anchor to almost 100% thiol-anchored (as shown in Fig. 1(b, 
c)). Additionally, we utilized an ionic liquid (DEME-TFSI) as 
the gate (as depicted in Fig. 1(d)) to establish a correlation 
between this binding preference and both the electron 
tunneling efficiency and the alignment of the electrode Fermi 
level25. The results demonstrate that, in addition to molecular 
structure engineering, regulating the molecular orientational 
preference by altering the assembly conditions while writing 
molecules into electric circuits can be another effective method 
for imparting novel functionalities. 

Results and Discussion 
 Molecular wires containing a thiol acetate anchor group 
have the ability to directly form self-assembled monolayers 
(SAMs) on gold substrates through the formation of an Au/S 
bond. During this process, the acetyl group is spontaneously 
released 29, 30, 34. However, it has been observed that the quality 
of these SAMs is relatively low30, 34-36. Further investigations 
have demonstrated that by introducing a base into the 
molecular solution, the acetyl group can be cleaved off, 
resulting in the transfer of the thiol acetate anchor to a thiol 
anchor. This modification facilitates the attachment of sulfur 
(S) to gold (Au), thereby enhancing the formation of high-
quality SAMs 35, 36. 
 

 
Figure 2. XPS result of S2p signal for SAMs 1-4 (a - d). 

 
 In this study, we grew asymmetrically anchored self-
assembled monolayers (SAMs) on a gold electrode, and 

characterized their growing status using X-ray photoelectron 
spectroscopy (XPS). Fig. 2 presents the results of the sulfur 2p 
orbital (S2p) signal obtained for the four types of SAMs shown 
in Fig. 1b. SAMs 1 and 2 were grown using molecules with 
thiol acetate anchors and nitrogen in pyridine anchors in the 
para position (Fig. 1a (1)). SAM 1 was produced by directly 
dipping the device into the molecular solution, while SAM 2 
was grown by dipping the device into a molecular solution with 
base deprotection (detailed procedure explained in SI, and Fig. 
S4 shows that deprotection did not introduce additional 
contaminants to the SAMs). SAMs 3 and 4 were similar but 
had the pyridine nitrogen and thiol acetate in the meta position 
(Fig. 1a (2)). 
 A typical S2p XPS signal consists of a doublet peak with a 
peak separation of 1.16 eV and an intensity ratio of 2:1, which 
arises from spin-orbit splitting (𝑆𝑆2𝑝𝑝1

2
 and 𝑆𝑆2𝑝𝑝3

2
) 37. The XPS 

analysis of SAM 1 (Fig. 1b) revealed two S2p signals. The first 
S2p signal with the 𝑆𝑆2𝑝𝑝3

2
 peak located at approximately 162 eV 

(blue curve), which is a characteristic feature of thiolate groups 
bonded with the Au substrate38, 39. This corresponds to the 
molecules standing on the Au substrate with their thiol anchor, 
and we refer to them as "foot-standing" molecules. The second 
S2p signal exhibited the 𝑆𝑆2𝑝𝑝3

2
 peak located at approximately 

164 eV (red curve), which is typical of thiolate groups not 
bonded with gold (free thiolates)38, 39. This corresponds to the 
molecules standing on the Au substrate with their pyridine 
anchor, resulting in free thiolates, and we refer to them as 
"hand-standing" molecules. The intensities of the Au-bonded 
thiols and free thiols were nearly equal. This indicates that for 
SAM 1, thiol acetate and pyridine have similar affinities for 
binding sites on gold, resulting in an even distribution of "foot-
standing" and "hand-standing" molecules. A similar analysis 
for SAM 2 showed that 85% of the molecules were "foot-
standing" while 15% were "hand-standing". This suggests that 
cleaving off the acetyl group increased the thiol group's 
competitiveness for gold binding sites, favouring the "foot-
standing" conformation over the "hand-standing" 
conformation. 
 SAM 3 was similar to SAM 1, but the pyridine nitrogen was 
in the meta position. Although these anchors were similar, 
changing the nitrogen position resulted in a decrease in the 
ratio of "hand-standing" molecules from 50% to 25%. This 
implies that meta-pyridine is less competitive than para-
pyridine or thiol acetate for binding to gold sites. When thiol 
acetate was replaced with thiol by adding a base (SAM 4), only 
a single S2p signal at approximately 162 eV was observed. 
This indicates that all the molecules adopted a "foot-standing" 
configuration because the thiol group demonstrated superior 
affinity compared to the meta-pyridine anchoring group for 
gold. 

c d
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 Finally, we investigated the S2p signal of a gold piece 
treated with all device fabrication procedures and immersed in 
DMF solvent without SAM molecules, and no signal was 
detected (Fig. S5). This confirms that no sulphur-containing 
contaminants were introduced during the device fabrication 
and SAM growth process, validating that the observed sulphur 
signal originated solely from the molecules. The S:C ratio 
obtained from XPS measurements also aligns with the 
expected values (Table S3). Together with the conclusion that 
all sulfur signals originate from the molecules, we can confirm 
that all carbon signals are also from the molecules. This 
indicates the absence of carbon contamination within our SAM 
system. 
 The quantum tunnelling behaviour of SAM 1-4 in micro-
chip device were investigated both via theoretical and 
experimental approach. For theoretical calculation, 4 types of 
junctions were modelled using a combination of density 
functional theory (DFT) and quantum transport theory 
(Structure and orbital information of molecules were shown in 
Fig. S10-S12). To simulate the electron transport 40-42 through 
SAMs, we modelled the three-terminal junction shown in the 
top panels of Figs. S19-S21 (with detailed explanation in SI, 
section 2.7). The optimal binding distances between the 
electrodes and the different anchor groups were obtained by 
calculating their binding energies as a function of distance 43, 

44, as shown in Figs. S13-S16. The data are summarized in 
Table S3. The resulting transmission coefficients were shown 
in Figs. S19-S21, and Table 1.  
 For experimental investigation, a piece of SLG was 
transferred onto SAMs as top electrode to form Au/SAM/SLG 
junction. Voltage sweep by source meter (VSD) was applied 
between Au and graphene to drive the tunnelling current, and 
an oscillating voltage with small range (±5 mV) was floated 
on VSD to obtain the corresponding differential conductance 
(G).  

Figure 3. Electric conductance of Au/SAM/SLG junction for 
SAM 1 – 4 (a, b). 
 Raman spectra of the transferred graphene on the device 
(Fig. S7a) showed a 2D/G peak ratio of approximately 2, 
confirming that the graphene was single-layered. The intensity 
of the D peak was very small, indicating the absence of 
significant structural defects on the graphene surface. Fig. S7b 
shows an AFM topography image of the graphene, revealing 
the presence of some PMMA residues. It is worth noting that 
these impurities are extremely difficult to completely remove. 
In Fig. S7c, we present our micro-well device without 
functional molecules in-between, and using ionic liquid as the 
gate. At zero source-drain bias, a conductance dip was 
observed at 0.5 V (Fig. S7d), suggesting that the impurities 
functioned as p-type dopants in the graphene. This is consistent 
with previously published results. The conductance of the 
Au/SLG junction ranged from 0.1 to 1 mS, which was 
approximately 100 times higher than the Au/SAM/SLG 
junctions measured in this study. This difference also served as 
a means to identify whether the Au/SAM/SLG junction was 
functioning correctly or if it was a short circuit. 
 For Au/SAM/SLG junction, at least 2 micro-well device 
fabricated independently with same recipe was used for electric 
measurement, and each device contain 16 junctions. The 
amount of open circuit junction, short circuit junction and 
survive junction were listed in Table S1. According to the 
result, SAM 3 shown highest short circuit probability for every 
device (56% and 31%). This was because meta-pyridine was 
not a good anchor for gold substrate (as discussed in XPS data 
analysis), and the SAM anchored with meta-pyridine (hand 
standing ones) have high possibility of forming defects, which 
allowed graphene to directly contact with gold and result in 
short circuit. For SAM 4 the short circuit probability decreased 
to 0% and 25%, more than 75% of junctions were surviving. 
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This was because hydrolysis of acetate group let all SAM 
molecules to anchor with thiol group and formed a uniform 
“foot standing” SAM instead of a mixed SAM with “foot” and 
“hand” standing. This significantly increased the SAM quality 
and enhanced the surviving rate. The surviving rates for both 
SAM 1 and SAM 2 excessed 69%, with later in average slightly 
higher than former (75% and 81% respectively). This was 
expected because it has been reported that treating SAc anchor 
with weak base can enhance SAM quality, thus decrease the 
risk of short circuit36. Finally, the surviving rate for SAM 1 
(ranging from 69% to 87%) was significantly higher than SAM 
3 (44% and 69%). This was expected to be the result from 
binding geometry. Since the lone pair for nitrogen was 
orthogonal to the π channel of molecular wire 45, “hand 
standing” molecules in SAM 1 will bind perpendicular to gold 
substrate. This will facilitate the intermolecular interaction 
(like π-π interaction) between the molecular wires and let it 
packing closely with its neighbors 46, thus decreased the 
possibility of defect formation as argued for SAM3. Our 
previous reported result showing averaged thickness of SAM 1 
was higher than SAM 3 further supports this argument 25.  
It is important to mention that SAM quality not only 
determines the survival rate of the devices, but also playing an 
important role in transport behaviour, particularly in large-
scale SAMs like the case demonstrated in this study. The 
presence of defects and impurities significantly affects key 
parameters like conductance 47, 48, tunnelling decay coefficient 
49, and rectification ratio 50, thereby exerting a significant 
influence on the overall transport performance of the junction. 
 
Table 1. Theoretical and measured electric conductance ratios 
for SAM 1-4 at near 0 VSD. (R=G/GGraphene, and theory 
simulations at EF-EF

DFT=+0.25 eV). 

SAM Foot : Hand RExp. G 
RTheo. G/Go 

Gfoot Ghand 
1 50:50 (5.3±1.6)E-3 

1.7E-2 1.1E-2 
2 85:15 (1.0±0.2)E-2 

3 75:25 (2.3±0.4) E-2 
2.2E-2 1.4E-2 

4 100:0 (1.2±0.4)E-2 
 
 Fig. 3 illustrates the differential conductance for SAMs 1-
4, with results compared to theoretical calculations presented 
in Table 1. It has been demonstrated that the flatness of the gold 
substrate significantly influences the quantum transport 
properties of the SAMs 51, 52. In this study, a thermally-
evaporated gold substrate with an average roughness of 
1.6±0.3 nm was employed as the bottom substrate (Fig. S3b 
and S3d). After transferring the graphene as the top electrode, 
the average roughness decreased to 0.4±0.1 nm (Fig. S3c and 
S3e). This indicates that the rigid structure of graphene does 

not conform perfectly to the topography of the bottom gold 
substrate. This will be leading to contact issues. Several studies 
have reported that for large-area junctions, the effective 
electric contact area is typically much smaller (102 to 105 times) 
than the geometric contact area 53, 54. This disparity makes the 
measured electrical results incomparable with calculated 
theoretical values. In Table 1, we use conductance ratio, R, 
instead of absolute conductance G for experiment and theory 
comparison. The conductance of Au/Graphene junction 
without SAM was assigned to be 1, and conductance of all 
junctions was relative to it (𝑅𝑅 =  𝐺𝐺𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑒𝑒𝑒𝑒𝑒𝑒
). The absolute 

values for SAM conductance were listed in Table S2. For 
molecule 1 (Fig. 1 (a)), the conductance of SAM obtained from 
direct growth in DMF (SAM 1) was about 2 times lower than 
the one with addition of base (SAM 2). This outcome was 
anticipated, as it aligns with both previous reports15, 55 and the 
theoretical calculation from this study (Table 1). It is proved 
that the interfacial electron tunneling efficiency for Au/S bonds 
is higher than that for Au/Pyridine bonds. This discrepancy 
arises from the fact that physiosorbed molecules exhibit lower 
conductivity compared to chemisorbed ones. Compare with 
SAM 1, SAM 2 has more molecule forming Au/S bond and 
less molecule forming Au/pyridine bond, this means its 
average interfacial tunnelling efficiency was higher and 
resulted in higher conductance. Interestingly, molecule 2 (Fig. 
1 (a)) behaves oppositely to molecule 1, where SAM without 
protection group cleavage (SAM 3, 75% “foot standing”) was 
about 2 times higher than the one with protection group 
cleavage by base (SAM 4, 100% “foot standing”). This 
disagreed with the theoretical approach, which predict the 
conductance of molecule with “foot standing” was higher than 
the one with “hand standing” (Table 1). This could due to SAM 
quality issue. Different from single molecular junction, the 
electron tunnelling behavior for SAMs was determined not 
only by molecular layer, but also by defects and pinholes. 
Especially for low quality SAMs at large junction area, defects 
might play an important role in electron transport process50. 
Since SAM 3 was low in quality as pre-argued, the defect 
might influence the electron transfer process and thus increased 
the measured conductance. For SAM 4, since all molecules 
were bind on gold with thiol and formed uniform SAMs, the 
effect from pinhole or defect was negligible, and the measured 
conductance was lower than SAM 3. While compare SAM 2 
and SAM 4, in both SAMs, almost all molecules were anchored 
on gold with thiol terminal, and the main difference between 
them was the graphene/molecule interface, SAM 2 molecule 
contact with graphene by pyridine in para position whereas 
SAM 3 contact with graphene by pyridine in meta position. 
Although different in top contact situation, the conductance of 
SAM 2 and SAM 4 was almost identical  (1.0±0.2 and 1.2±
0.4 in ratio), and also similar to our reported SAM with similar 
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junction structure, but molecule terminated with thiol acetate 
at one end and benzene at the other end (1.2±0.2 in ratio, 100% 
molecules anchored with thiol) 25. This means in this work, 
Au/molecule interface determines the electron tunnelling 
efficiency, and graphene/molecule interface have little impact 
on total conductance. One reason could be because 
molecule/Au coupling (chemical adsorption) in this work was 
much stronger than molecule/graphene coupling (physical 
contact), so it dominates the electron transport process. The 
conductance-area analysis was performed on our micro-
chip device after SAM growth. The micro-wells of our 
device were purposely designed to have varied well areas 
(Figure S10a). In a uniform SAM, the well area should be 
proportional to the number of molecules in the junction, 
thereby leading to a proportional relationship with the 
measured dI/dV due to the parallel alignment of molecular 
wires in the junction. Figures S10(b-d) demonstrate the 
near-linear relationship between the well area and the 
measured dI/dV for SAMs 1-4, confirming the relatively 
good quality of the SAMs. This linear trend indicates that 
pinholes and contaminant effects are unlikely, as they 
occurred randomly instead. 

 
Figure 4. Shift of SAM conductance, G, vs. source drain 
voltage (VSD) and gate voltage (VG) for SAM 1-4 (a-d). 

  
 An essential challenge for investigating electron tunnelling 
behavior of SAMs is to shift the energetic position of electrode 
Fermi level toward molecular frontier orbital. Our group 
successfully demonstrated a way of using single layered 
graphene as top electrode and ionic liquid as gate to achieve 
this goall25. Since graphene is ultra-thin, gate voltage can 
partially penetrate through it and tunned the molecular orbital 
alignment of SAM molecules beneath it 56-59.  Fig. 4 shown the 
conductance shift of SAM by sweeping the source drain 
voltage (VSD) and gate voltage (VG). The most interesting 
observation was the gating behavior different between SAM 1 

and 2. For SAM1 (molecule 1 growth without protection group 
cleavage), the G vs. VSD vs. VG shown ambipolar behavior (Fig. 
4(a)), with lowest conductance at VG ~ 0.2 V, and increased as 
gate voltage swept either toward positive or negative, which 
function as an ambipolar molecular metal-insulator-
semiconductor field effect transistor (ambipolar MMIS-FET). 
This indicated that the Fermi level of electrode is siting close 
to the dip of HOMO-LUMO gap, thus either Fermi level swept 
toward HOMO or LUMO resonance, the density of state (DOS) 
increased and thus molecular conductance increased as well 
(Fig. S8). However, for molecule 1 with protection group 
cleavage (SAM 2), its G vs. VSD vs. VG performance changed 
from ambipolar to unipolar (Fig. 4(b)) in same gate voltage 
sweeping range. The conductance increased as gate voltage 
swept from positive to negative, which function as a n-type 
MMIS-FET. This indicates for SAM 2, Fermi level located 
close to the HOMO resonance, so for positive gate voltage 
Fermi level shifted toward the HOMO-LUMO mid gap with 
lower DOS and for negative voltage, Fermi level shifted 
toward HOMO resonance with higher DOS (Fig. S9).  It has 
been reported that the relative position between Fermi level 
and molecular orbital was highly influenced by the anchor 
group of the molecule 15, 60, 61. For thiol anchored molecules, 
since the lone pair of sulphur are coplanar with the 𝜋𝜋 channel 
of the wire, the Au/S transport is usually π dominated 20, 45. By 
contrast, for pyridine anchored molecules, the lone pair of 
nitrogen is orthogonal to the 𝜋𝜋 channel of the wire and the π* 
orbital is more significant 62. This means in normal case, 
electron transport for molecules anchor on gold with thiol (foot 
standing molecules) was HOMO dominated and the ones 
anchor with pyridine (hand standing molecules) was LUMO 
dominated. For SAM 2, most molecules were “foot standing”, 
and the effect from the “hand standing” molecules were almost 
negligible, so it behaved as HOMO dominated junction. For 
SAM 1, “hand standing” molecules and “foot standing” 
molecules were in a ratio of 1:1, “hand standing” ones were no 
longer negligible, they introduce additional resonance close to 
the Fermi level in high energy direction and result in ambipolar 
behaviour.  For SAM 3 and 4, since most molecules were in 
“foot standing” form, they exhibit HOMO dominated 
behaviour (Fig. 4 (c) and (d)).  It is worth mentioning that there 
is a possibility of ions from the ionic liquid penetrating through 
the graphene layer and doping the self-assembled monolayer. 
To investigate this, we measured the IV characteristics of the 
device before adding the ionic liquid, after adding the ionic 
liquid, and after completing the gate voltage (GV) 
measurement. The resulting IV curves from these three stages 
exhibited similar behavior (Figure S6), confirming that the 
presence of the ionic doping did not significantly affect the 
outcomes of this study. Furthermore, the voltage between the 
source and gate also demonstrated minimal current leakage 
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within the range employed for the gate behavior measurement 
(Figure S5). 
 

Conclusions 
 In summary, we have successfully achieved control over 
the directional preference of asymmetrically anchored 
molecules self-assembled on a gold substrate by regulating 
their binding competitiveness. This control has allowed us to 
manipulate the electron tunneling efficiency and Fermi-level 
alignment of the investigated junctions. Our findings not only 
provide novel insights into precise self-assembly control but 
also offer valuable guidance for bottom-up fabrication in the 
advancement of next-generation molecular electronic devices. 
Additionally, this work highlights the significance of 
molecule-electrode coupling strength in optimizing junction 
performance, which aligning with previous reports 32, 63. 
Moving forward, we will place particular focus on studying 
this aspect in our future research. 
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