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ABSTRACT
The unique structural and electronic characteristics of graphene make it an attractive contact for fundamental single molecule electrical studies. With this in mind, we have probed here the electrical conductance of a molecular junction based on α,ω-diaminoalkane chains sandwiched between a gold and a graphene electrode. Using an STM based I(s) method combined with Density Functional Theory based transport calculations, we demonstrate that the resulting attenuation factor turns out to be much lower when compared to the standard molecular junction between two gold electrodes. This effect is attributed to the asymmetric coupling of the molecule through strong chemisorption at the gold electrode and weaker van der Waals contact at graphene. Moreover, this asymmetric coupling induces a higher conductance than in the same hybrid metal-graphene molecular junction using standard thiol anchoring groups. 
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Single molecule junctions (MJs) constitute elementary units in molecular electronics and understanding their electrical transport properties continues to be a leading issue in molecular electronics.1 The transport properties of molecular junctions are related to many factors such as molecular length, contact binding properties and electronic level alignment between molecules and electrodes.2,3 The concerted development of techniques like mechanically controlled break junctions (MCBJ),4 scanning tunneling microscopy break junctions (STM-BJ),5 conductive probe atomic force microscopy (CP-AFM)6 and the I(s) technique based on STM,7 has given much impetus to the field of molecular electronics. A plethora of studies have been performed to examine the specific role of electrode materials and anchoring groups of molecular wires.8 To date, thiol has been the most widely studied anchoring group due to its strong covalent bond with gold contacts,9,10 although many other groups forming weaker chemisorption bonds such as pyridyl and amine have also been effective.5,11 In our previous works,12,13 we investigated the possibility of using a graphene electrode to form hybrid metal-molecule-graphene junctions. In these previous studies, we have used in particular thiol anchoring groups. We observed a reduction of the length attenuation factor of the tunneling current (the so called β-factor) of the molecular junction (by a factor of almost 2) with respect to standard gold-alkanedithiol-gold junctions.13  In this case, there is a stronger electronic dipole at the S-Au interface than at the SH-graphene interface which leads to an important shift of the HOMO level toward the Fermi level of the system. The lower attenuation can then be attributed among other effects to the strong molecular level alignment at the gold interface, which results in a better conductance for hybrid molecular junctions above ~1 nm molecular length, with respect to standard symmetric junctions with two gold contacts. This result offers promising perspectives for graphene contacts for molecular junctions. 
Here, we investigate further these hybrid junctions by considering a different anchoring group. So far, many anchoring groups have been studied for molecular junctions employing metallic electrodes like amine (-NH2),14 carboxylic acid (-COOH),15 isocyanide (-NC),16 dimethyl phosphine (-PMe2),17 methyl sulphide (-SMe)18 and selenol (-SeH)19 groups. Comparisons between these different anchoring groups have also been made. In particular, Chen et al studied the effect of thiol, amine and carboxylic acid anchoring groups on single molecule conductance.20 The contact resistance to gold of these anchoring groups varies in the order of thiolate (-SH), amine (-NH2) and carboxylate (-COOH), attributed to different electronic coupling efficiencies between the molecule and electrodes. It can also be noted that the bonding patterns of these 3 anchoring groups are different: thiolate form a strong covalent bond with gold, while the binding for gold and amine-terminated alkane is significantly weaker, and carboxylic acid groups are likely to deprotonate to the carboxylate in order to coordinate to gold electrodes. Also, the symmetry of the bonding orbitals at the interface and on the molecular backbone plays an important role in the conductance properties. For example, it has been shown recently that orbital symmetry mismatching can reduce drastically the molecular conductance or even filter the spin of the current through the junction.21,22
Here we show in a combined experimental and theoretical study, that the electronic conductance in a hybrid gold-graphene diamine alkane molecular junction presents a much smaller attenuation factor with respect to the standard gold-gold junction. The system has been investigated using STM-based I(s) technique and theoretical calculations based on Density Functional Theory (DFT) and a Keldysh-Green formalism. These computations reveal that the symmetry breaking induced by the graphene electrode is responsible for the low attenuation.
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Figure 1. (a) Schematic diagram of the STM-based I(s) technique. (b) Typical I(s) curves of bare graphene (gray), gold-1,2-ethanediamine-graphene junctions (red), gold-1,4-butanediamine-graphene junctions (green), and gold-1,6-hexanediamine-graphene junctions (blue). (c) The 1D histogram of single-molecule conductance of gold−ethanediamine−graphene hybrid junctions with the Gaussian fit. (d) Corresponding 2D histogram with a sensitivity indicator of the conductance counts.
Typical conductance curves for 1,n-alkanediamine (n=2, 4, 6) are shown in Figure 1 (b). The gray curves indicate the fast exponential decay of conductance as a function of the distance between the tip and the graphene when no molecular junctions is formed. For the red (n=2), green (n=4) and blue (n=6) curves, the conductances decrease in a stepwise fashion, providing evidence for molecular junctions formation. For example, the conductance of gold-1,2-ethanediamine-graphene hybrid junctions is located at around 120-160 nS. 
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Figure 2. (a) Conductance histograms for gold−n-alkanediamine−graphene nonsymmetric junctions in which n = 2 (red), 4 (green), 6 (blue), 8 (yellow), and 10 (magenta) (b) Natural logarithmic plot of the conductance as a function of the number of CH2 groups. The green (black) lines represent the theoretical (experimental) decay values of gold-diamine-terminated alkanes-graphene junctions. The red line is the experimental gold-dithiol-terminated alkanes-graphene junction. The blue line with a higher decay constant stands for gold-diamine-terminated alkanes-gold symmetric junction.20
In Figure 1(c), a clear peak is observed in the 1D histogram for gold-1,2-ethanediamine-graphene non-symmetric junctions. Using a Gaussian fit of this peak, a conductance value of 137 nS is obtained. The corresponding 2D histogram shown in Figure 1(d) represents the data distribution of conductance values and the length of the molecular junction. A red region (high data point count) located around 120 nS to 160 nS is clearly observed in the 2D histogram which is consistent with the peak in Figure 1(c) and the plateaus shown in Figure 1(b).
To better illustrate the progression of conductance with molecular length, we plotted stacked 1D histogram of 1,n-alkanediamine (n= 2, 4, 6, 8, 10) with the same conductance and counts scale (Figure 2a). For each conductance histogram, only one single peak dominates. Detailed 1D, 2D histograms of 1,n-alkanediamine (n= 4, 6, 8, 10) are presented in supporting information (SI). The description of the experimental details including the preparation of molecular solution (diamine-terminated alkanes−methanol, 1:20, v/v) and substrate can be also found in SI. As expected, the conductance values decrease with the molecular length for each series of molecules. Table 1 summarizes the experimental and theoretical conductance values as well as the decay constant of diamine-terminated compared to dithiol-terminated-alkanes analogues for nonsymmetric gold-molecule-graphene junctions.13 We also list the literature conductance values (lower conductance group) of gold-gold symmetric junctions for comparison.20
Table 1. Conductance values and tunneling decay value (β value) for Au-Molecule-Graphene nonsymmetric junctions and Au-molecule-Au symmetric junctions. The molecules involved are n-alkanediamine and n-alkanedithiol (n=2, 4, 6, 8, 10)
	Molecular junctions
	Conductance(nS)
	Tunneling decay value (βn)

	
	n=2
	n=4
	n=6
	n=8
	n=10
	

	Gold-n-alkanediamine-Graphene
	137
	65
	42
	15
	7
	0.37

	Gold-n-alkanediamine-Graphene (theory)
	147
	51
	40
	18
	11
	0.31

	Gold-n-alkanediamine-Gold (Literature)
	42
	7.3
	1.2
	-
	-
	0.88(LC)20

	Gold-n-alkanedithiol-Graphene
	98
	53
	24
	9
	4
	0.40

	Gold-n-alkanedithiol-Graphene (theory)
	152
	46
	25
	18
	6
	0.32

	Gold-n-alkanedithiol-Gold (Literature)
	-
	-
	28.2
	3.9
	0.2
	1.08(LC)20,23



For short molecular junctions, the general conductance behavior is now well described as non-resonant tunneling. This regime predicts an exponential decrease of the conductance with the molecular length, while a weaker length dependence for longer molecular lengths24 is generally attributed to hopping type mechanisms. Hence, the conductance follow , where G is the conductance; A is related to the nature of molecule−electrode interaction, reflecting the contact resistance; βn is the decay constant, which describes the efficiency of electron transport through the molecules; N is the number of methylene groups.25
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Figure 3. (a) HOMO molecular orbitals for dithiol and diamine alkane chains. Isosurfaces of positive (negative) isovalues (the same for both molecules) are shown in red (blue). (b) DFT-optimized model junctions used for the conductance calculations. (c) Calculated electronic transmissions T(E) of the molecular junctions for different lengths. (d) Comparison of the DOS of the n=10 alkane chain in a gold-gold or a gold-graphene molecular junction.
From the natural logarithmic plot of the conductance versus the number of (-CH2) units in Figure 2(b), we found βn = 0.37 for diamine-terminated alkane chains. This value is very similar to the one obtained in our previous work on alkanedithiol chains,13 and again much smaller than the one obtained in the case of a symmetric gold-gold molecular junction.11 To understand the mechanism at the origin of this strong attenuation factor reduction, we have performed Density Functional Theory (DFT) calculations to model the system. The same procedure as the one for alkane-dithiol chains has been applied here. Figure 3(b) represents the DFT-optimized molecular junctions. Using a Keldysh-Green formalism, we have calculated the electronic transmissions represented in Figure 3(c). More details on the theoretical procedure can be found in Ref.13 Here the HOMO lies much closer to EF implying that HOMO mediated hole tunneling would be the predicted mechanism. However, this HOMO position is markedly different for the alkane diamine compared with our previous work with on alkanedithiols. In the alkane diamine case Figure 3(b), the transmission shows that the HOMO level is much farther from the Fermi level, at -3.5 eV, than in the dithiol alkane case, where it was located at -0.4 eV. Consequently, the use of a simple barrier tunneling model here, where  ,26 is not sufficient to explain the low attenuation of the molecular junction. Hence, the attenuation factor is not only determined by the interface properties, but also by the electronic properties of the isolated molecule. In this respect, we present in Figure 3(a) the HOMO wave functions for the dithiol chain (top) compared to the diamine (bottom).
From Figure 3a it is clear that the (doubly degenerate) HOMO orbitals present a strong dependence on the anchoring groups. However, while for dithiol case the HOMO orbital is strongly localized on sulfur atoms, it spreads significantly into the backbone chain for the diamine case. This striking difference in HOMO spatial localizations stems from their different symmetries with respect to a mirror plane passing horizontally through the molecule. Namely, the HOMO is an odd (even) function for dithiol (diamine) chains (Figure 3(a)). Also, the lowest-decay states in a gap of alkane chains are the σ-like states of even symmetry27 (originated mainly from carbon pz orbitals, z being the molecular axis). These states correspond to the evanescent wavefunctions through the gap of the “free” alkane chain (without anchoring groups or connection to an electrode, i.e. the molecular backbone), and support the electronic transport through the molecular junction27. In an electronic transport process, the electrons are injected into those states through the HOMO or LUMO orbitals associated to the anchoring groups of the molecular junction. That would result in a perfect symmetry matching between those states and the diamine HOMO orbital, leading to a long penetration into the molecule. The odd HOMO orbital of dithiol chain must be matched with odd evanescent states of the alkane chain which have much stronger decay rate in the gap region. Therefore, we can deduce that the conductance along the chain is much more favored in the case of the diamine molecule compared to the dithiol case. This feature has been illustrated theoretically in a recent work on methyl sulfide terminated alkane chains.28 Notice that a similar reasoning can be performed on the same molecule connected to the gold and graphene electrodes. This feature is represented in Figure S2, where we have considered the isoelectronic density of states at the Fermi level. Indeed, the HOMO level strongly hybridized with the electrodes (in particular at the gold-molecule interface) makes the symmetry interpretation more complicated. Moreover, due to this strong hybridization and the resulting induced DOS in the gap, the current has to be considered at the Fermi energy. The delocalization still remains more important for the diamine case (Fig. S2), as predicted by the symmetry analysis in the isolated molecule.
Additionally, molecular conductance is often attributed to the frontier orbitals in the molecule, which corresponds to the electronic states of the “free” alkane chain, or molecular backbone. However, we have noticed in our calculations that the frontier orbitals of the molecular backbone are not modified by the anchoring groups or the electrode nature. Therefore, we can state that the current attenuation is ruled by the HOMO level of the full molecular junction (combining molecular backbone and anchoring groups), strongly dependent of the anchoring groups and its delocalization through the molecule. This has been also demonstrated through molecular complex bandstructure calculations by Sankey et al 29where there is no difference observed with the anchoring groups.
From those symmetry arguments and since dithiol and diamine molecular junctions present the same attenuation factor when connected to two gold electrodes, we can expect an interplay between a higher tunneling barrier at the interface and a better molecular conductance in the diamine case. However, a theoretical determination of the tunnel barrier in this molecular junctions explaining formally the relationship between the attenuation factor, the interface barrier and the conductivity in the molecular backbone is more complicated to establish and is beyond the scope of the present work.
Now we represent in Figure 3(d) a comparison between the DOS of a diamine molecular junctions based on gold/gold or gold/graphene electrodes. The gold-alkane diamine-gold junction presents a HOMO level at around -5.5 eV from the gold Fermi level (EF), which is much further from EF than values found in literature for the dithiol case under the same conditions (around -2 eV). Consequently, the similar attenuation factor obtained for the dithiol and diamine junctions in the gold/gold configuration is indeed explained by the interplay between an interface barrier related to the HOMO level (which is smaller in the dithiol case) and the conductivity along the molecular chain, which is related to the HOMO level propagation along the molecule (which is larger in the diamine case). Considering the DOS of the gold/graphene junction in Figure 3(d), we can observe that the HOMO peak appears much closer (by about 2 eV closer than for Au/Au junctions) to the Fermi level, at about -3.5 eV, as indicated by a green arrow. This is a consequence of a very asymmetric coupling of the molecule to two different electrodes. On the gold side, the bonding is covalent, whereas on the graphene side, the bonding is much weaker due to van der Waals interactions. This asymmetry is at the origin of a sharp HOMO resonance (spatially distributed around the graphene-side N atom) appearing for the gold/graphene diamine chain. This significant HOMO shift presents important consequences for the molecular junction conductance. The new tunnel barrier is reduced from -5.5 to -3.5 eV which is similar to the reduction found previously for the dithiol case, from around -2 eV to -0.4 eV.22 Since the attenuation factor is the same between the two types of molecular junctions in the gold/gold case, a similar shift induced by asymmetric connection will result in much smaller attenuation factor for both molecules in the gold/graphene geometry.
Both experimental and theoretical results produce an unexpected behavior of the alkane diamine junctions compared to alkane dithiol ones. Results in literature20,23,30 show higher conductance for alkane-dithiol with respect to alkane-diamine molecular junctions using gold electrodes, while we find here an opposite behavior when one gold contact is substituted for a graphene one. Indeed, a systematically higher conductance for diamine chains is obtained. Moreover, the effective contact resistance can be estimated for both chains by extending the linear fits to zero methylene groups.  This results in a contact resistance for the thiol compounds of 3900 kΩ, which is slightly higher than the one for diamine analogues (3700 kΩ). This small difference can be interpreted in terms of coupling to the electrode. These couplings are expected to be modified, since the gap between the gold Fermi level and the HOMO is reduced by about 2 eV in both cases, as a result of the HOMO resonance shift, while there is no change in the LUMO level energy. These couplings vary as the inverse of the gap through self-energy calculations, and are therefore increased by the gap reduction. Consequently, the conductance of the junction is strongly enhanced, which explains the slightly higher conductance of the gold | alkanediamine | graphene junction with respect to the gold | alkanedithiol | graphene junction where the gap remains unchanged with respect to the gold/gold case.
In summary, we have studied the conductance of alkanediamine molecular junctions, using an STM-based technique, with a gold electrode at one end of the junction and a graphene electrode at the other. We have obtained a similar attenuation factor to what was obtained previously in the case of alkanedithiol junctions, due to the asymmetric coupling of the diamine alkane molecular chain between gold and graphene. The weak coupling at the graphene interface is responsible for a significant HOMO molecular level shift toward the Fermi energy. This shift reduces the tunneling barrier at the interface in the same way as for the dithiol case, which provides justification for the similarity in the attenuation factors. A slightly higher conductance of the diamine hybrid junction with respect to the dithiol hybrid junction is also found. These experimental results are supported by theoretical computation and symmetry considerations for the molecular junctions. These findings lead us to expect a general reduction of the attenuation factor for hybrid gold-graphene molecular junctions with different anchoring groups, with respect to standard gold-gold junctions. This work highlights the attractive features of graphene contacts in molecular electronics which might inspire their future deployment in new device prototypes.
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