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Introduction

Since Aviram and Ratner originally proposed the imaginative concept of using single molecule as a molecular rectifier in 1974, 1 there have been huge significant developments in molecular electronics. These have included advances in understanding charge transport mechanisms in molecular junctions (MJs), 2 demonstration of how current across single molecules can be switched using electrochemistry or light, 3,4 comprehension of the effects of environment and inter-molecular interactions on molecular conductance 5 and exploitation of quantum interferences in molecular junctions. 6 A recent exciting development has been a commercialization of large area molecular junctions, which have been deployed as the central component in audio distortion circuits for guitar pedals. 7 These, any many other advances continue to play an important role in determining the future development of the field of molecular electronics.

A key factor for integrating molecules into large scale devices is achieving reliable and reproducible electrode-molecule-electrode junctions. Indeed, these so-called molecular junctions (MJs) are a cornerstone in molecular electronics. [8][9] Molecular junctions have also been downsized to the single-molecule level which represents the ultimate miniaturization limit for molecular devices. The majority of recent studies of single-molecule junctions have featured a "symmetrical" configuration. Such symmetrical configurations use the same electrode contact (Au, Cu, Ag, and Pt etc.) on each side of the molecular bridge, alongside a symmetrical molecular core and the same anchoring groups (thiol, amine, carboxylic acid, methyl sulfide etc.) at each end of the junction. [10][11][12][13][14] These studies have formed the classical testbed for understanding electron transport through molecular nano-junctions. However, breaking the symmetry of electrodes, molecular wire or anchoring groups can shift the orbital energies, change the distribution of the electronic states, and consequently generate new transport properties of MJs including rectification, molecular switching or negative differential resistance (NDR). It is pertinent to note here that the seminal publication of the molecular rectifier concept innovated by Aviram and Ratner feature such a non-symmetrical contact.

A number of studies have shown that breaking the symmetry of molecular junctions can impact the electrical response. Tamaki and co-worker 15 have reviewed and summarized various junction devices featuring a series of non-symmetric molecular structures and their underlying mechanism of rectification, NDR and switching. Recently charge transport was studied in highly non-symmetric molecules containing a 9'9-spirobifluorene tripodal platform. 16 The results showed that by making several contacts between the molecule and the electrode, the number of possible molecular junction configurations was reduced and the most apparent charge transport pathway was better defined. MJs containing non-symmetric dipyrimidinyl-diphenyl diblock molecules bridged between two gold electrodes were reported to achieve pronounced rectification behavior. These non-symmetric molecules featured larger currents than their symmetrical counterpart, and their studies highlighted the importance of the molecule-electrode coupling on achieving rectification. 17 A systematic study has been undertaken with the configuration A-bridge-A, A-bridge-B and B-bridge-B (A = thiol terminus and B = COOH). This study found that when symmetry is broken by using such non-identical anchoring groups (A-bridge-B) the single molecule conductance is smaller when compared with symmetrical molecules. 18 Kim and co-workers introduced a hybrid device structure with the amine-terminated oligophenyls sandwiched between a gold tip and a graphite substrate. Rectification behaviour was observed in these junctions and is directly explained by an asymmetry in the electronic coupling to the two contacting electrodes. 19 The use of non-identical contacting groups at each end of a molecular bridge clearly introduces electronic coupling differences at each contact which has been discussed in previous literature for sandwich type junctions featuring self-assembled monolayers. 20 Influential factors here include the contact resistance at the molecule-electrode interface, the barrier height for the electron transfer, the alignment at the interfaces of the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) and the Fermi levels (EF) of the contacting electrodes. 21 To date, less concrete data exist in the literature regarding non-symmetric molecule-electrode contacting, where the length dependence is addressed in terms of type of chemical bonding at the contacts (i.e. physisorbed versus chemisorbed). In our earlier studies, we have shown for nonsymmetric hybrid Au-molecule-graphene junctions that the tunneling decay constant (𝜷 𝒏 ) is lower than the corresponding goldmolecule-gold junctions which are by contrast symmetric. For these studies, symmetry breaking was achieved with the contacting (Au/graphene electrode) and different anchoring groups were employed at each ends of the molecular bridge (dithiol, 22,23 diamine, 24 and dicarboxylic acid 25 ).

The present report extends our study to Pt/alkanedithiol/graphene non-symmetric junctions and highlights the attractive features of this pronounced symmetry breaking achieved through a physisorbed contact at the graphene interface and a chemisorbed contact (Pt-S) at the platinum side. The MJs formed by Pt electrodes have shown higher conductance compared to the equivalent junctions with Au electrodes. For example, Kiguchi et al. made the direct binding of benzene molecules to two Pt electrodes and the relevant junctions revealed 1 order larger conductance than the equivalent junctions featuring Au-Au electrode pairs. 26 Ko et al. compared the electronic coupling of thiolate on Au, Pd and Pt electrodes. Their results showed that junctions with Pt electrodes exhibit about 3.5 fold greater conductance than those of Au electrodes. 27 In line with these findings our junctions with non-symmetric Pt/graphene contacting also yields a higher conductance at longer lengths and features low decay constants, when compared to similar MJs with Au/Au and Pt/Pt electrodes. We attribute these findings to the pronounced coupling differences to the non-equivalent electrodes at either end of the molecular bridge. These conclusions are supported by detailed density functional theory (DFT) calculations.

Experimental methods

Materials. All chemicals were reagent grade and were used as received. All solutions were prepared in mesitylene (99%, Aladdin). Ethanedithiol (C2), butanedithiol (C4), hexanedithiol (C6), octanedithiol (C8), decanedithiol (C10) were purchased from Alfa Aesar. 0.25 mm platinum wire (99.99%) was purchased from Tianjing Lucheng Metal. A ready-to-use fewlayer graphene (10 mm ×10 mm) on top of a nickel layer was purchased from the Graphene Supermarket, US. Tip preparation. Pt tips were prepared using electrochemistry etching previously reported. 28 Briefly, the procedure was divided into two steps. In the first step, the Pt wire was ultrasonically cleaned in acetone for 10 mins. Then a piece of ~15 mm long Pt wire was cut and immersed into a calcium chloride electrolyte with a concentration of 30 wt. %. The amount of wire immersed into the solution was approximately 2-3 mm. An AC voltage of 35 V was applied between the platinum and graphite counter electrode. After 90 s, for the second stage the voltage was then reduced to 18 V for fine etching in order to sharpen the tips. The etching reaction stopped automatically when the platinum wire section immersed the electrolyte broke off.

Conductance measurement.

The compounds under study were prepared at 1 mM concentrations in mesitylene solutions and 1-2 drops of the solution was placed in a STM fluid cell. The graphene substrate was fixed onto the sample plate with silver gel and dried overnight to facilitate good electrical contact plate. The conductance of single molecular junctions was measured using the scanning tunnelling microscopy (STM) I(s) method (I = current, s = vertical distance), following the method described by Haiss et al. with appropriate modifications to our Bruker STM instrumentation. 29 Figure 1 shows the schematic diagram of the experimental setup. In the I(s) method the STM tip suffers no direct contact with the substrate, and hence damage to either the tip or the graphene substrate is obviated. The Pt tip was approached to be within electron tunnelling distance of the substrate. During this approach, when the separation was sufficiently close the preset threshold of the setpoint current was attained, and the feedback loop was then disconnected. The STM tip was then rapidly retracted vertically to the initial distance by around 4 nm. This process of extending and retracting the STM tip was repeated many times to find the characteristic plateaus in the recorded current-distance curves, which indicate the successful formation of MJs. The STM-I(s) Please do not adjust margins Please do not adjust margins measurements were made at a current setpoint of 1 nA and the ramp rate of 1.03 Hz. The tip bias for all the experiments was set at Vbias= + 0.3 V and typically over 10000 I(s) curves were gathered. More than 500 curves showing well-defined plateaus and low noise were selected for the statistical analysis. According to the position of the plateaus, the selected curves were segmented into 8 bins equally based on the current set point. The curves from bins with the largest and the second largest numbers were then converted into conductance values to obtain a one-dimensional (1D) electrical conductance histogram. A Gaussian fit was applied to the most dominant peak and the representative conductance value was obtained. Theoretical calculation. Density Functional Theory (DFT) has been used to model the molecular junctions and to determine the electronic transport properties. We have used the DFT code Fireball, which has very efficient localized-orbitals basis sets. 30 Basis sets of sp 3 d 5 numerical orbitals for Pt, sp 3 for C and S, and s for H have been used to determine the atomic configuration and the electronic properties of the junctions. The corresponding cut-off radii (in atomic units) are s = 4.6, p = 5.8, d = 4.2 (Pt), 31 s = 4.5, p = 4.5 (C), s = 3.1, p = 3.9 (S), and s = 4.1 (H). 32 Following the procedure developed for the study of gold tips, 22 we have used a Pt tip of 35 atoms, and a 5×5 graphene supercell in the XY plane. Fireball was then used to optimize all the configurations until the forces went under 0.05 eV/Å. Also, we have employed a Keldysh-Green formalism to compute the conductance of the molecular junctions at 0 K and zero bias. 22,

Results and discussion

To study the influence of the tip materials to the hybrid graphene molecular junctions, simple alkanedithiols with their saturated carbon atom chains (polymethylene bridge) have been used as model compounds. Polymethylene chains are amongst the most popular choices of model molecular bridges for investigating the molecule-electrode coupling and junction conductance. 18,22,23 Pertinent features include their stable chemical properties, alongside the large gap (several electron volts) between the HOMO and LUMO. In this work, the conductance measurements were performed for ethanedithiol (C2), butanedithiol (C4), hexanedithiol (C6), octanedithiol (C8), and decanedithiol (C10) molecular junctions. Figure 2 shows typical I(s) curves measured for all the molecular junctions in a liquid cell filled with pure mesitylene solvent. The formation of the molecular junction is readily identified in each curve by a characteristic plateau, followed by a sudden decay. In the absence of a molecule between the two electrodes, the conductance curve simply decays exponentially with no visible step observed (not shown here). In Figure 2, it is clear that for the junctions studied here, the conductance values are strongly dependent on the length of the molecular backbone. As such, for bridges with smaller numbers of methylene groups, the conductance is higher. For example, the conductance of the longer Pt/C6/Graphene junctions is located around 25-40 nS, while, by contrast, the conductance of the Pt/C2/Graphene junctions which are shorter falls around 85-100 nS. Notice that the plateau height shows some variation for the same molecular junction, indicating the stochastic nature of the junction formation and breaking events. To better illustrate the predominant molecular junction configuration, a large number of molecular junctions are repeatedly generated and a statistical analysis from at least 500 I(s) curves is applied to all the tested molecules. The plotted 1D histograms are shown in Figure 3 and a progression of conductance of 1,n-alkanedithiol (n=2, 4, 6, 8, 10) with molecular length is observed. Only a pronounced main peak was found for each histogram. After a Gaussian fit, the resulting conductance values of C2 (black), C4 (purple), C6 (red), C8 (green) and C10 (blue) are 99, 45, 29, 18, and 7.5 nS, respectively. The conductance values decrease with increasing molecular length, as is expected. Interestingly, the conductance values have a certain spread especially for shorter molecules, and this distribution is generally proportional to the magnitude of the experimental value. Shorter junctions present higher conductance values, so their relative distribution of conductance values is normally greater than their longer homologues. For example, Pt/C8/graphene junctions located between 40 nS to 70 nS, while Pt/C10/graphene junctions located between 5 nS to 10 nS. The conductance of alkanedithiol bound between graphene and Pt contacts is consistent with our previous report, 22 where we used graphene and Au electrodes, which established the reliability of the approach and the reproducible results obtained when using graphene as a bottom electrode. Figure 4 shows a comparative analysis of the length dependence of the electrical conductance of Pt/S-(CH2)n-SH/graphene (yellow) and Au/S-(CH2)n-SH/graphene (blue) junctions, respectively. Here the natural logarithm of the molecular conductance is plotted as a function of the molecular length expressed in the number of methylene groups. The corresponding theoretical results are also presented for Pt/S-(CH2)n-SH/graphene (red, theory) and Au/S-(CH2)n-SH/graphene (green, theory) junctions respectively. The theoretical conductance of the Pt molecular junctions at the Fermi level is extracted from the electronic transmission plot shown in Figure 5, where 𝑮 = 𝑻(𝑬 𝑭 ). One can clearly notice the proximity of the HOMO level to the Fermi level of the Pt electrodes. Consequently, as in the case of the Augraphene electrodes, the charge transport in the junction is dominated by the HOMO level. 
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As expected, the measured conductance decreases with the molecular length for both Pt and Au tips when forming nonsymmetric molecular junctions with graphene as the other contact. The conductance values measured for the two junctions types (Pt/S-(CH2)n-SH/graphene and Au/S-(CH2)n-SH/graphene) are similar. Although the individual theoretical conductance value is slightly overestimated (well-known overestimation of DFT calculations [34][35][36] ), the overall simulation results are in good agreement with the experimental conductance values. A linear fit to the conductance points and the slope of the plot of ln (G) versus the number of -CH2 units gives the value of the attenuation factor 𝜷 𝒏 , since the conductance can be expressed as

𝑮 = 𝑨𝐞𝐱𝐩(-𝜷 𝒏 𝑵) (1) 
where G is the conductance, N is the number of methylene groups in the alkane chain and A is a constant inversely proportional to the contact resistance between the molecular bridge and the contacting electrode. Noted from this expression, a low value of 𝜷 𝒏 indicates a slow conductance decay, leading to a more effective electronic transport at longer lengths. In agreement with our previous results [22][23][24][25] , molecular junctions with Pt/graphene electrodes result in a low decay constant when compared to the analogous MJs with Pt/Pt contacting electrodes. These leads to a higher conductance for MJs with N > 6 with Pt/graphene contacts, than those achieved for either Au/Au or Pt/Pt contacting. 27 This significantly smaller value of 𝜷 𝒏 for Pt/graphene junctions is similar to the Au/S-(CH2)n-SH/graphene junctions (0.41) and both also are in good agreement with the theoretical computations of the 𝜷 𝒏 values. This smaller value is attributed to the symmetry breaking induced when using graphene as the second electrode. Indeed, the electrostatics of the molecular junction is unbalanced between the strong dipole at the Pt-S interface and the weak dipole at the graphene-SH interface. 22 Indeed, the alkanedithiol is physisorbed on graphene, leading to no orbital hybridization between the SH anchoring group and graphene, in contrast to the Au-S interface. This is confirmed through DFT calculations and contact resistance measurements. This results in a shift of the HOMO level toward the Fermi level, with respect to a standard Pt-Pt junction, which reduces the electronic barrier at the interface and consequently the attenuation factor. This is exactly the same mechanism as for the Augraphene electrodes. 22 Hence, this behaviour is not dependent on the metal used for the electrodes, but more on the coupling difference, strong at the metal/S interface and weak at the graphene/SH interface. For further comparison, the findings from our earlier study on carbon fibre/S-(CH2)n-SH/graphene junctions are discussed next. 37 As discussed previously carbon fibre "behaves like a gold tip" for such junctions, leading to a similar attenuation factor (0.38), but also a slightly reduced conductance. Again, the conductance depends dramatically on the symmetry breaking and the weak coupling between the molecule and the carbon fiber electrode. Overall, we find no significant difference for the value of 𝜷 𝒏 for all graphene hybrid molecular junctions using Pt, Au or carbon fiber tips. In the same manner, Engelkes et al 38 obtained no notable differences in 𝜷 𝒏 for 18 different symmetric junction types employing three metals (Pt, Au, or Ag) for the substrate and tip, with alkanethiols and alkanedithiols as bridging molecules. The previously reported study 39 involving a series of amine-terminated oligophenyls and polymethylene (alkane) bridges also shows a higher conductance with gold electrodes than with silver. In that study 𝜷 𝒏 is generally independent of whether the contacts are Au or Ag.

The fits in Figure 4 can be extended to zero length, with the resulting intercept of those plots giving the contact resistances (R0). For Pt/S-(CH2)n-SH/graphene junctions, the contact resistance is 5.8 MΩ, which is slightly larger than that obtained for Au/S-(CH2)n-SH/graphene junctions (3.9 MΩ) in our previous study 22 and much higher than that obtained for Au/Au symmetric contacts processing two Au-S-alkane contacts (27 kΩ). This difference points to the electronic coupling between molecular bridge and electrodes being significantly weaker at the graphene-molecule interface. At the other electrode there is a large bond dipole associated with the metal-S contact resulting from the electron donation from the sulfur to Pt. A study reported by Kim et al 19 also found that the R0 is three orders of magnitude higher for Au/molecule/graphite junctions than that of Au/molecule/Au junctions. They proposed a weak electronic coupling at molecule-graphite contact. Also, in agreement with previous results, the bond dipole is profoundly dependent on the metal type for alkanedithiols, 40 Please do not adjust margins Please do not adjust margins eV for Au, which self-consistently explains the behaviour in terms of the junction transport characteristics.

Conclusions

We have experimentally determined the electrical conductance and tunnelling decay constant in Pt/S-(CH2)n-SH/graphene molecular junctions using the STM I(s) method. The conductance of Pt/graphene molecular junctions decreases exponentially with the increase of the molecular length and is higher than equivalent Pt/Pt junctions for longer junctions. Importantly, the tunnelling decay constant of about 0.30 is much lower than that of symmetric metal electrode. configurations. This is in good agreement with previous studies for polymethylene molecular bridges terminated with either thiol, amine or carboxylic acids, where replacement of a metal bottom electrode with graphene considerably reduces the length attenuation factor of the electrical conductance. These results are confirmed by DFT calculations, which show that the HOMO orbital (which is closer to the Fermi level than the LUMO for these systems) mediates the charge transfer. As a consequence, this study confirms the role of the coupling asymmetry between Pt, Au or even carbon fibre on one side of the molecular bridge and the graphene electrode on the other side. This coupling asymmetry leads to the reduction of the length attenuation factor of the molecular junction current.

  Figure 1. Schematic illustration of forming a Pt/alkanedithiol/graphene hybrid molecular junction.

Figure 2 .

 2 Figure 2. Typical I(s) curves of Pt/S-(CH2)n-SH/graphene molecular junctions, with different alkanedithiol length. These are n = 2 (black solid line), 4 (purple lines), 6 (red lines), 8 (light green lines) and 10 (light blue lines).

Figure 3 .

 3 Figure 3. 1D histograms for the conductance of Pt/S-(CH2)n-SH/graphene molecular junctions with different alkanedithiol length: n = 2 (filled solid black area), 4 (purple area), 6 (red area), 8 (light green area) and 10 (light blue area). The coloring is consistent with that used in figure 2.

Figure 4 .

 4 Figure 4. Plots of the natural logarithm of the conductance as a function of junction length for the following systems: Pt/S-(CH2)n-S/graphene (experiment, yellow), Pt/S-(CH2)n-S/graphene (theory, red), Au/S-(CH2)n-S/graphene (experiment, blue) and Pt/S-(CH2)n-S/graphene (theory, green). The length is expressed as the number of methylene groups in the alkanedithiol molecular bridge.

Figure 5 .

 5 Figure 5. a) Atomic configurations of the different molecular junctions used for DFT calculations and b) corresponding calculated transmissions for Pt/S-(CH2)n-SH/graphene molecular junctions (n=2, 4, 6, 8, 10).

  namely the bond dipole increases with the work function. The work function for Pt is 5.65 eV and 5.20 This journal is © The Royal Society of Chemistry 20xx

Table 1

 1 collects together the conductance and 𝜷 𝒏 values of the

	MJs (SH-(CH2)n-SH) with Pt/graphene electrodes, Au/graphene
	electrodes, and Au/Au electrodes. This summary shows that the
	decay constant (0.30) of Pt/S-(CH2)n-SH/graphene junctions is
	less than that of the Au/S-(CH2)n-SH/Au junctions (1.08) and also
	less than Pt/S-(CH2)n-S/Pt junctions (1.05).

Table 1 .

 1 Experimental and theoretical conductance values for the following molecular junction systems: Pt/S-(CH2)n-S/graphene, Au/S-(CH2)n-S/graphene and Au/S-(CH2)n-S/Au molecular junctions. Tunneling decay constant (𝜷 𝒏 ) are tabulated on the right-hand side.

	Molecular	Number	Conductance (nS)	Decay constant (𝛽 𝑛 )
	junctions	of CH2				
			Experiment Theory Experiment Theory
	Pt/S-(CH2)n-	2	99	148		
	S/graphene	4	45	75		
		6	29	31	0.30	0.34
		8	18	21		
		10	7.5	9.5		
	Au/S-	2	98	152		
	(CH2)n-	4	53	46		
	S/graphene	6	24	25	0.41	0.37
	22	8	9	18		
		10	4	6		
	Au/S-	6	28.2		1.08	
	(CH2)n-S/Au	8	3.9			
	35	10	0.2			
	Pt/S-(CH2)n-	6	30.2	341.0	1.05	
	S/Pt 27	8	6.6	65.8		
		10	0.6	11.7		
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