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Abstract:



In this article, we have investigated the influence of the nitro side-group on the single molecular conductance of pyridine-based molecules by scanning tunneling microscopy break junction. Single molecular conductance of 4,4′-bipyridine (BPY), 3-nitro-4-(pyridin-4-yl)pyridine (BPY-N), and 3-nitro-4-(3-nitropyridin-4-yl)pyridine (BPY-2N) were measured by contact with Au electrodes. For the BPY molecular junction, two sets of conductance were found with values around 10−3.1 G0 (high G) and 10−3.7 G0 (low G). The addition of nitro side-group(s) onto the pyridine ring resulted in lower conductance of 10−3.8 G0 for BPY-N and 10−3.9 G0 for BPY-2N, respectively, which can be attributed to the twist angle of two pyridine rings. Moreover, the steric hindrance of nitro group(s) also affects the contacting configuration of electrode-molecule-electrode. As a consequence, only one set of conductance value was observed for BPY-N and BPY-2N. Our work clearly shows the important role of side-groups on the electron transport of single-molecule junctions.
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1. Introduction


Single-molecular junctions have received much attention in recent decades, as they can allow for learning the properties of single molecules, especially the electron transport through single molecules [1,2,3,4]. Typically, single-molecular junctions are constructed with electrode, molecule, and electrode through scanning tunneling microscopy break junction (STM-BJ) [5,6,7] or mechanical controlled break junction (MCBJ) [8,9]. In electrode-molecule-electrode junctions, molecular structures, electrode materials, anchoring groups, contacting configurations, and environments play important roles in electron transport of single molecular junctions [2,10,11,12,13]. Numerous studies have been reported on the influence of molecular structure on conductance. For example, conjugated molecules are usually more conductive than those molecules with non-conjugated structure [7,14]; the addition of side group(s) would change the single molecule conductance and, typically, electron-donating substituents raise the energy level of frontier molecular orbitals, while electron-withdrawing substituents reduce the energy level of frontier molecular orbitals [15,16,17]. Moreover, the configuration of the molecular backbone can be changed when the substituent is added on the adjacent two pyridine rings, as a consequence, the single molecular conductance will be changed [6,18,19]. Despite several studies having been reported, there is still much room for better understanding of the role of side groups on single-molecular conductance.



Herein, we reported the effect of nitro side-group(s) on the conductance of single-molecular junctions formed with Au electrodes by using the scanning tunneling microscope break junction (STM-BJ) technique. Pyridine-based molecules (Figure 1) were chose to form single-molecular junctions owing to their excellent ability in the form of molecular junctions [5]. Detailed studies reveal that the electron-withdrawing nature of nitro groups, the twist angle of the two pyridine rings, as well as the steric hindrance of nitro group(s) contribute to the electron transport of single-molecule junctions.


Figure 1. Molecular structures of 4,4′-bipyridine (BPY), 3-nitro-4-(pyridin-4-yl)pyridine (BPY-N), and 3-nitro-4-(3-nitropyridin-4-yl)pyridine (BPY-2N).
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2. Materials and Methods


4,4′-Bipyridine (BPY) was bought from Alfa Aesar (Ward Hill, MA, USA), while 3-nitro-4-(pyridin-4-yl)pyridine (BPY-N) and 3-nitro-4-(3-nitropyridin-4-yl)pyridine (BPY-2N) were synthesized according to a reported procedure with slight modification [20] (detail of the synthesis can be found in the Supplementary Materials).



Conductance measurement was performed on a Nanoscope IIIa STM (Veeco, Plainview, NY, USA), which was modified to perform the scanning tunneling microscope break junction (STM-BJ) [11,21]. Au(111) and Au wire were used as the substrate and tip, respectively. Prior to each experiment, the substrate was annealed by butane flame. The STM tip was prepared by cutting a 0.25 mm gold wire. The Au(111) was immersed into tetrahydrofuran solution containing 0.1 mM target molecule for 10 min, then washed by tetrahydrofuran solvent. The STM-BJ method is based on the mechanical crash process between tip and substrate. Firstly, the tip was approached to the substrate forming Au atomic contact, then the tip was pulled out from the substrate at withdrawal speed 20 nm/s. During the process, the atomic contact would break, leading to the formation of molecular junctions. The molecular junctions also break during depart of the tip and substrate. Meanwhile, the current of the tip was recorded at a sampling rate of 20 kHz. Thousands of tip current curves were recorded to construct the conductance histogram without data selection. The conductance measurement was carried out at a bias voltage of 100 mV and normalized by the number of used curves.



The twist angle was obtained through theoretical calculation. All compounds were fully optimized by the DFT calculations at the M06 level [22,23,24]. The 6-31G(d,p) basis set [25,26] was used for the C, H, O, and N atoms. Frequency analyses have been carried out to validate the stationary points as minima. All calculations were implemented via the Gaussian09 software package [27].




3. Results


Firstly, the single-molecular conductance of 4,4′-bipyridine was measured with Au as the electrode. The conductance curves show stepwise decay around 10−3.1 G0 (Figure 2a). Meanwhile, conductance histogram constructed from more than 1500 curves shows the pronounced peak at 10−3.1 G0 (high G) in Figure 2b. This value is comparable with previously reported results [7,28]. A small shoulder peak (around 10−3.6 G0, low G) was observed in the histogram, which can be attributed to the varied contacting configurations between molecule and electrode [28,29]. It has been proposed that the low conductance value corresponds to the fully-extended BPY molecule between the two electrodes. The high conductance is a result of the BPY binding to the electrode with an angle [29,30].


Figure 2. (a) Conductance curves and (b) conductance histogram of BPY measured at a bias of 100 mV.
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Then, we measured the conductance value of BPY-N, consisting of one nitro (-NO2) group on BPY. The nitro side-group was demonstrated to influence the electron transport of molecular junctions [15,31,32,33]. As shown in Figure 3a, only one conductance value of 10−3.8 G0 was found for BPY-N, which is smaller than that of BPY (10−3.1 or 10−3.6 G0). It has been reported that the nitro group could lower the frontier molecular orbital due to its strong electron-withdrawing effect [16,34,35]. For pyridine-based molecule, LUMO dominated electron transport is demonstrated by many works [36]. Thus, the nitro group can increase the single-molecule conductance of BPY-N, which is opposite to our result (GBPY-N < GBPY).


Figure 3. Conductance histograms of (a) BPY-N (10−3.8 G0) and (b) BPY-2N (10−3.9 G0).
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Finally, the single-molecular conductance of BPY-2N, bearing two nitro side groups on BPY, was measured. Again, the histogram only shows one kind of conductance in the low G region with a value around 10−3.9 G0 (Figure 3b). This value is even smaller than that of BPY-N (10−3.8 G0). These results are opposite to the rule of influence of side groups [16]. Thus, we believed that there must be other factors, which can also contribute to the single-molecule conductance.



The two-dimension (2D) conductance histograms (Figure 4) show similar conductance values as those in one-dimension conductance histograms. Those results show the single conductance values are around 10−3.1 G0 (with a shoulder peak around 10−3.6 G0), 10−3.8 G0, and 10−3.9 G0 for BPY, BPY-N, and BPY-2N, respectively.


Figure 4. 2D conductance histograms of (a) BPY, (b) BPY-N, and (c) BPY-2N. The counts were normalized by the number of used curves for those histograms, and the maximum counts are the same.
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To gain more information about the single-molecular junctions, we have analyzed the rupture distance of those molecular junctions obtained from conductance values from 10−5.0 G0 to 10−0.3 G0 (0.5 G0) in every conductance curve. As shown in Figure 5, the rupture distance around 0.35 nm was found for all molecules, indicating that those molecular junctions break at a similar length. By considering the snapback distance (0.50 nm) of the Au electrode upon the breaking of the Au contacts [37], the absolute distance is 0.85 nm, which is comparable with the molecule length (about 0.71 nm) of BPY, as calculated between the center of two N atoms for all molecules. Moreover, the very similar rupture distance values also demonstrate that the BPY molecule, as well as the nitro-group(s) functionalized BPY molecules were mainly connected to the Au electrode by the pyridine-Au configuration, rather than the nitro-Au configuration.


Figure 5. Rupture distance obtained from conductance value of 10−5.0 G0 to10−0.3 G0 (0.5 G0) in every conductance curve (a) BPY, (b) BPY-N, and (c) BPY-2N.
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4. Discussion


Now we focus on the different sets of conductance values. As stated previously, only the conductance value at low G area was observed for BPY-N and BPY-2N, instead of two sets of conductance values (high G and low G) as shown for BPY. The absence of high G value for BPY-N and BPY-2N might be caused by the steric hindrance of the nitro groups, which prevent the pyridine ring from directly binding to the Au electrode at an angle in the electrode-molecule interface. A similar phenomenon has been reported recently by Ismael and co-workers, they found that the BPY decorated with bulky alkyl side-groups reduces the molecule-electrode coupling strength in the high-conductance geometry, thus preventing the formation of high conductance geometry [38].



Our results give out the conductance values following the order of GBPY-2N < GBPY-N < GBPY, the conductance values are decreasing with the increasing of number of nitro groups. Generally, the strong electron-withdrawing nature of nitro substituent lowers the frontier molecular orbitals. As a result, the HOMO-dominated electron transport will be suppressed upon adding nitro groups, leading to decreased single molecular conductance; in contrast, the LUMO-dominated electron transport will be enhanced, resulting in increased single molecular conductance. This effect has been well demonstrated by Xiao et al. [15]. They found that the addition of nitro groups to the oligo(phenylene ethynylene)s (OPE)-based single molecular junctions (anchored with dithiolates to the Au electrodes) significantly decreases the single molecular conductance due to the HOMO-dominated electron transport in the electrochemical surrounding. In contrast, single-molecular junctions formed with pyridine-based molecules are typically LUMO-dominated electron transport; therefore, increased single molecule conductance (upon adding side-group of nitro group) is expected. However, we did not observe this trend in our experiments, suggesting that the influence of nitro side-groups on single-molecule conductance is much more complicated than expected. Recently, Rodriguez-Gonzalez et al. found that the electron-withdrawing groups, such as fluorine side-groups and nitro side-groups, change the orbital of the isolated dithiolated oligophenylene ethynylene molecule (S-OPE) [39], but hardly change the energy gap between Fermi level and the HOMO level of molecule in the junction due to pinning effects [40,41]. They ascribed that the variety of the conductance value caused by the side group might arise from the molecule-electrode interfacial coupling in S-OPE system rather than the electron-withdrawing nature of side groups [39,41]. We believed that, apart from the electron withdrawing effect of the nitro group, the addition of the nitro side-group might also alter the interfacial coupling of pyridine and Au electrodes, thereby causing the unexpected change of single-molecule conductance.



The twist angle between two pyridine rings may be changed upon adding side group. The twist angle has been found extremely important for the single molecular conductance [6,19]. Typically, with the increasing of twist angle between the two rings, the degree of π-conjugation in the molecule decreased, as a consequence, the single molecular conductance decrease. The twist angle was estimated by theoretical calculation as described in the Materials and Methods section. The twist angle for BPY is determined to be 35°, while 52° and 77° are found for BPY-N and BPY-2N, respectively, as listed in Table 1. Following this trend, the single molecular conductance can be GBPY-2N < GBPY-N < GBPY, which is consistent with our experimental results. It was reported that the single-molecular conductance is linear with cos2θ, where θ is the twist angle between two conjugated rings [6,18,19]. However, if the low conductance value of BPY was used to plot the conductance vs. cos2θ, good linear fit is seen in Figure S3. This may further demonstrate that the high-conductance configuration is prevented due to the steric hindrance of the nitro side-group. Furthermore, Mao et al. reported that the molecular structure can influence the contact interaction between anchoring group and electrode [21], such an effect may also exist in the current studied molecules caused by the added nitro group on the pyridine ring. The current work shows the important role of side-groups on the electron transport of single-molecule junctions.


Table 1. The twist angle and conductance value of molecular junctions of BPY, BPY-N, and BPY-2N.





	Molecule
	Twist Angle
	Conductance





	BPY
	35°
	10−3.1 G0, 10−3.6 G0



	BPY-N
	52°
	10−3.8 G0



	BPY-2N
	77°
	10−3.9 G0










5. Conclusions


We have measured the single molecular conductance of pyridine-based molecules bearing nitro-side group(s) using scanning tunneling microscopy. Upon varying the number of nitro side-groups, the values of single molecular conductance follow the order of GBPY-2N < GBPY-N < GBPY. The plot between single molecular conductance and cos2θ shows a good linear fitting, demonstrating that rather than the electron-withdrawing nature of nitro side group, the twist angle between the two pyridine rings is responsible for this unexpected order. Moreover, the steric hindrance of nitro group(s) also affects the contacting configuration of electrode-molecule-electrode. As a consequence, only one set of conductance value was observed for BPY-N and BPY-2N. Our work clearly shows the important role of side-groups on electron transport of single-molecule junctions.
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