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We report an electrochemical gating approach with ~100% 

efficiency to tune the conductance of single-molecule 4,4'-

bipyridine junctions using scanning-tunnelling-microscopy  

break junction technique. Density functional theory 

calculation suggests that electrochemical gating aligns 

molecular frontier orbitals relative to the electrode Fermi-

level, switching the molecule from an off resonance state to 

“partial” resonance. 

The idea of using individual molecules as building blocks of 

electronic devices was first proposed by Aviram and Ranter.1 

Various experimental approaches have been employed to create 

single-molecule junctions between two metal electrodes.2 To realize 

the full potential of single-molecule electronic devices it is desirable 

to incorporate a third (gate) electrode, which can tune the energy 

levels of the molecule.3 Understanding and exploring efficient gating 

mechanisms is important for the development of future low-energy-

consumption single-molecule electronic devices. Reported gating 

efficiency is still limited to less than 40%,4 and therefore 

optimization of gating efficiency remains a major challenge.  

 The concept of “electrochemical gating” has been employed in 

the gating of single-molecule junctions to tune the molecular energy 

levels relative to the Fermi energy EF of the source and drain 

electrodes. A correlation exists between relative electrochemical 

potential with reference to standard hydrogen electrode (SHE) and 

absolute energy level E(abs) that E(abs)/V = E(SHE)/V + 4.44 for 

aqueous system,5 which suggests that the electrochemical gating 

provides 100% gating efficiency from applied electrochemical 

potential to energy level shift  of the electrodes in principle. This 

concept has been previously employed in electrochemical active 

molecular systems including viologens,3c, 3d oligoaniline,3b 

ferrocene,6 transition metal complexes,7 redox-active proteins,8 and 

quinone and anthraquinone.9 On the other hand, this approach is also 

promising for electrochemical inactive molecules for which redox 

processes can be excluded.4a In this respect, 44BPy is a good 

candidate molecule for electrochemical control, because of its well 

defined binding geometry.2a, 10 In recent works, the energy level 

alignment of 44BPy was probed via thermopower measurement11 

and electrochemical behavior of 44BPy was studied over a broad 

potential range without structure transition.12   

In this communication, we present charge transport studies of an 

electrochemically-inactive 44BPy molecule, contacted to source-

drain electrodes under electrochemical potential control using an 

STM-based break junction (STMBJ, Scheme 1).13 Remarkably we 

found that the applied electrochemical potential allows the tuning of 

molecular levels with respect to the Fermi energy EF of the 

electrodes with almost 100% efficiency without any molecular 

structure change of 44BPy. Density functional theory (DFT) 

calculations were employed to obtain the origin of these three 

conductance states and to provide quantitative understanding of our 

experimental investigation.  

 
Scheme 1. Electrochemical gate effect of applied potential. 

The STM break junction measurement of 44BPy was first carried 

out in KClO4 electrolyte containing 0.5 mM 44BPy on Au(111) 

surface  at applied potential 120 mV vs. Hg/Hg2SO4 (MSE). As 

shown in Figure 1A, after a sharp decrease in conductance related to 

breaking of the gold-gold contact, the molecule bridges the electrode 
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gap causing plateaus at conductances G ≤ 10-3G0, denoted H, M, and 

L, which are attributed to the formation of (single) molecular 

junctions. In figures 1B and 1C, three conductances (H, M, and L) 

with high-density data clouds are observed in the conductance range 

1.0×10-4.5 G0 ≤ G ≤ 1.0× 10-2.5 G0, centered on 10-2.9, 10-3.3, and 10-3.9 

G0. These are in good agreement with  previous studies10, 14 except 

for the first time, the H conductance feature was observed in aqueous 

electrolytes under potential control, because of unique interface 

properties of 44BPy in aqueous solution and on the surface of 

Au(111) electrode (see below). In previous studies, Zhou et al. 

reported two values for the 44BPy molecular junction conductance, 

4.7 × 10-3G0 and 0.59 × 10-3 G0.
15 Recently, Wang et al. reported a 

multiple series of the conductance values for Au|44BPy|Au, i.e., 

(1.34±0.17) × 10-4 G0, (5.38±0.64) × 10-4 G0 and (75.5±15.3) × 10-4 

G0, which were attributed to the different binding geometries 

between the pyridyl anchoring groups and the gold electrodes.14b It 

has been also shown by Quek et al. that 44BPy junction can be 

reversibly switched between two conductance states by changing the 

binding geometries.10 

 
Figure 1. STM-BJ-based conductance measurements of 44BPy in 

0.05 M KClO4 containing 0.5 mM 44BPy at applied potential 120 

mV vs. Hg/Hg2SO4 (MSE) as recorded with Vbias = 0.100 V and a 

stretching rate of 87 nm s-1. (A) Typical original conductance vs. 

distance traces. (B) 2D conductance histogram generated from 2000 

individual curves without any data selection and (C) 1D conductance 

histogram. The noise level is indicated by the asterix. The small 

spike at log (G/G0) ≈ -2.2 in panel C represents an artefact related to 

the switching of the amplifier.16 Hg/Hg2SO4 (MSE) and platinum 

wire were used as reference and counter electrode, respectively. 

Figure 2A shows the conductance histograms measured under 

several electrochemical potentials at pH∼5.8 and figure 2B 

demonstrates the evolution of three conductance features under 

different electrochemical potentials. The shape of the conductance 

histogram is quite similar to that we obtained without 

electrochemical gating except the peak position shifts. The 

electrochemical potentials were chosen within the entire range of 

ideally polarized electrode. For detailed information about interfacial 

phase properties of 44Bpy in electrolyte solution, we refer to work 

on this topic cited therein.17 At this pH, 44BPy molecules are 

assumed to be unprotonated. The potential dependences of all three 

conductance values are quite similar, which suggests that the level 

shift due to gating is independent of the binding geometries.  

 
Figure 2. (A) Conductance histograms measured under several 

electrochemical potentials (B) The most frequently measured 

conductance as a function of the applied electrode (STM substrate) 

potential and cyclic voltammogram of the related system at pH 5.8. 

The experiment was performed in 0.05 M KClO4 as electrolyte 

containing 0.5mM 44BPy. The bias potential for all the 

measurements was kept at 100 mV.  

According to cyclic voltammogram recorded for 44BPy adsorbed 

molecules on the surface of Au(111), several regions were defined 

by the two surface phase transition peaks marked as a and b, which 

indicated different surface behavior of 44BPy on the Au(111) 

charged surface. In potential region III of Figure 2B, since the 

44BPy molecules are in rhombohedral arrangement with surface 

coverage of 3.4×10-10mol cm-2,17 the H conductance peaks in the 

conductance histogram disappear at very negative potentials, 

because the surface coverage at negative potentials decreases by a 

factor of 2 and the decreased surface coverage will decrease the 

probability that two molecules bridge the electrode gap. As 

mentioned above, the L conductance is associated with elongated 

junctions containing vertically-aligned molecules attached to 

electrodes by Au-N bonds and with no π-Au overlap. Therefore the 

conductance of L is independent of the initial interface configuration 

of 44BPy on the surface and decreases monotonously with 

increasing the potential.  In region II, the molecular arrangement in 

the surface is proposed to be a high-order commensurate phase with 

surface coverage estimated to be 5.7×10-10 mol cm-2 and the H 

conductance peak appears, because of the higher probability of 
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trapping two molecules between the leads. Crossing to region I, the 

molecular arrangement is a close-packed structure with a surface 

coverage of 6.9×10-10mol cm-2 and the conductance decreases 

compared to the value in region II. In region I, experimental data and 

theoretical calculations suggest that as the potential sweeps to 

positive values, the LUMO levels of the molecules move farther 

away from the electrode Fermi level causing a decrease in 

conductance. Also, upon increasing to more positive values, the 

surface charge density on both electrodes increases, and leads to 

stronger chemical Au-N bonding18. A similar trend was also found 

by Li et. al. who found an increase of ~25% in the conductance of 

44BPy by varying the electrochemical potential towards more 

negative values.19 

We also studied the effect of varying the pH on the conductance. 

At pH 10.0, 44BPy showed an enhancement of the conductance, 

which was almost identical to that obtained by sweeping the 

potential to negative values (see figure S4A). At pH 4.07, one 

nitrogen atom of 44BPy is protonated and 44BPy is attached to the 

surface by the unprotonated terminal pyridine. The repulsive force 

between the positively charged heads of the molecules prevents the 

formation of a closely-packed structure on the surface and no clear 

transition peak between regions I and II was observed (see figure 

S4B). Although the nitrogen atoms of 44BPy are hydrophilic and 

can be protonated in acidic solution, the protonation has no effect on 

the junction conductance, indicating a de-protonation process upon 

forming the molecule-metal contacts. At pH 1.0, there is no 

transition peak because at this pH, both of the nitrogen atoms are 

protonated and the molecules tend to attach to the surface via their π 

system and block the surface completely (see Figure S4C).  

By comparing with theory (see Figure 3), we attribute the 

enhancement of junction conductance driven by an electrochemical 

potential to the alignment of the molecular frontier level with the 

metal Fermi level. Upon sweeping the electrode potential to the 

negative values, the molecular levels tend to shift downwards and 

the LUMO level of 44BPy aligns more closely with EF. Due to the 

relatively small HOMO-LUMO gap of π-conjugated 44BPy 

(compared with the “inert” molecules such as saturated 

alkanedithiols), the level alignment changes from off-resonance 

between molecular frontier level (LUMO) and EF to “partial” 

resonance, causing a pronounced increase in the transmission 

through the 44BPy single-molecule junctions.  

Figure 3 shows that for all three sets of conductance groups H, M 

and L, the increasing trend of the measured conductance with 

increasing negative gate potential (Eg) aligned well with the tail of 

LUMO resonance of the transmission coefficient functions. This 

agreement between the theoretical transmission coefficient curves 

(evaluated at energy E-EF=Eg) and the observed increasing 

conductance trend is consistent with the perfectly efficient gating 

through electrochemical control5. (Further details are presented in 

the SI.) As shown in Figure S6, it is found that the conductance 

changing rates versus gating voltage for both M and L conductance 

(10.8 × 10-4 G0/V and 4.2 × 10-4 G0/V, respectively) are a factor of 5 

higher than the results presented in a recently reported study of the 

same molecule in organic solvent (1.7× 10-4 G0/V and 0.8× 10-4 

G0/V, respectively, see Figure S6) with ~20% gating efficiency 

assumed.4a This comparison suggested optimal ~100% gating 

efficiency from the applied potential to the Fermi level shift, which 

may benefit from the electrochemical highly transparent aqueous 

electrolyte system used in this work.  

We noticed that the present enhancement is different from the 

“conventional” amplification associated with redox molecules13. In 

the Au|redox|Au system, the modifications of molecular junction 

conductance are due to electronic structure changes of the redox unit 

(“inner sphere reorganization energy”), in which redox molecules 

are usually reduced/oxidized by accepting/removing the electrons. 

This is not the case for the 44BPy molecules, which keep their 

neutral state. Therefore, the observed enhancement of the 

conductance in the present study is expected to be universal for 

redox-inactive organic molecules with the relative small HOMO-

LUMO gap. A more significant gate effect (the stronger resonance) 

could be expected in the systems with the smaller energetic 

difference between molecular frontier orbitals and electrode Fermi 

level or a wider adjustable potential window using other electrolytes 

instead of aqueous electrolyte. 

 
Figure 3. Top: DFT optimized model junction geometries for H, M 

and L conductance ranges. Bottom: LUMO corrected transmission 

coefficient functions T(E) for H, M and L model geometries (with 

bottom and right axes) aligned with the conductance values for 

various gate potentials (with top and left axes. The data is same as in 

Figure 2.) LUMO level of the molecule (two molecules for H) is 

corrected with scissor correction with a range of +1.0…+1.5eV 

energy shifts. The correspondence between the conductance and the 

transmission coefficient is G/G0=A*T, where the scaling factor 

A=0.5  yields the optimal agreement between theory and experiment. 

In conclusion, we have studied charge transport through 4,4'-

bipyridine (44BPy) single-molecule junctions by employing an 

STM-based break junction (STM-BJ) technique under 

electrochemical control and through ab initio simulations based on 

density functional theory. Qualitative and quantitative agreement 

between theory and experiment has been demonstrated. We observed 

three conductance signatures (L, M, and H), which are universal for 

a variety of environments and electrode potentials. We ascribe the L 

conductance to the junction configuration in which one 44BPy 

molecule bonds with the apex gold atoms of the enclosing electrode. 

The H and M conductances correspond to the junction configuration 

in which two and one 44BPy molecules bond with the side of 

highly-coordinated clusters of sites on the electrodes, respectively. 

More importantly, this work demonstrates that electrochemical 

gating in aqueous electrolyte provides a viable platform for tuning 

the charge transport through single-molecule junctions with almost 

100% gating efficiency between the electrochemical potential and 

the alignment of frontier molecular levels. 
This work was supported by the Swiss National Science 

Foundation (Grant No. 200020-144471), EPSRC grants 
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