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SUMMARY

The manipulation of molecule-electrode interaction is essential for the fabrication of molecular de-

vices and determines the connectivity from electrodes to molecular components. Although the con-

nectivity of molecular devices could be controlled by molecular design to place anchor groups in

different positions of molecule backbones, the reversible switching of such connectivities remains

challenging. Here, we develop an electric-field-induced strategy to switch the connectivity of sin-

gle-molecule junctions reversibly, leading to the manipulation of different connectivities in the

same molecular backbone. Our results offer a new concept of single-molecule manipulation and pro-

vide a feasible strategy to regulate molecule-electrode interaction.

INTRODUCTION

The interaction between molecular components and electrodes is of fundamental importance to fabricate

molecular devices (Hines et al., 2013; Moth-Poulsen and Bjørnholm, 2009; Ratner, 2013; Su et al., 2016;

Xiang et al., 2016a). Pre-setting anchor groups (such as pyridine and thiol) in molecular backbones is

one of the most typical strategies to manipulate the molecule-electrode interaction, which links the

molecules to electrodes in designed connectivity (Leary et al., 2015). The connectivity of molecular devices

determines not only the pathways of charge transport through molecule backbones but also the electronic

properties of the molecule devices (Lambert, 2015; Liu et al., 2019). Such as the benzene inmeta- and para-

connectivity shows different types of quantum interference, which leads to significantly different conduc-

tance (Agraı̈t et al., 2003; Aradhya et al., 2012b; Arroyo et al., 2013; Bai et al., 2019; Ballmann et al.,

2012; Carlotti et al., 2018; Darwish et al., 2012; Frisenda et al., 2016; Garner et al., 2018; Guedon et al.,

2012; Li et al., 2017, 2019; Liu et al., 2019; Mayor et al., 2003; Solomon et al., 2010; Su et al., 2016; Tang

et al., 2019; Thompson and Nijhuis, 2016; Xiang et al., 2016a; Yoshizawa et al., 2008). The connectivity of

single-molecule junctions can also determine the coupling site from the electrode to the molecule compo-

nent, which has been utilized to construct a molecular switch by mechanical control (Aradhya et al., 2012a;

Meisner et al., 2012; Quek et al., 2009). Moreover, such connectivity can regulate the coupling between

electrodes and functional units of molecular components, which is essential for the design of molecular

devices (Chen et al., 2017; Mayor et al., 2003; Xiang et al., 2016b). Because of the importance of connectivity

in molecule devices, intensive efforts have been paid to construct stable and specific connectivity, whereas

the manipulation of such connectivity in the same molecule backbone remained technically challenging.

However, the efforts to reversibly tune the connectivity in the same molecular backbone would arouse

new strategy to regulate the molecule-electrode interaction and lead to molecular devices with unique

performances.

Recently, external electric field (EEF) has been proved to be a powerful tool to alter charge state (Koren

et al., 2016), rupture chemical bonds (Zhang et al., 2018), vary molecule conformations (Bi et al., 2018; Ger-

hard et al., 2017; Lörtscher et al., 2006; Meded et al., 2009; Meng et al., 2019; Olavarria-Contreras et al.,

2018), and even catalyze chemical reactions at the single-molecule scale (Aragonès et al., 2016; Ciampi

et al., 2018; Huang et al., 2019; Shaik et al., 2016, 2018; Wang et al., 2018). The interaction between molec-

ular components and EEF is based on the dipole-dipole interaction. Thus the tuning of such interaction

provides the opportunity to regulate the favorable connectivity of single-molecule junctions in a neat

and reversible way. To achieve such a goal, we choose pyridine as the functional building block. Pyridine

can be protonated with significantly enhanced dipole moments (Figure 1B), which would prefer to reorient

itself to counteract EEF, with the increasing trend to form an antiparallel arrangement when the strength of

EEF increased (Figure 1C) (Brooke et al., 2018; Fujii et al., 2015; Li et al., 2016; Vergeer et al., 2006). Mean-

while, pyridine also has the binary interaction with electrodes by the ring coupling or the lone pair
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Figure 1. A Single-Molecule Device Based on Connectivity Switching

(A) Schematics of single-molecule switch modulated by connectivity switching. The meta-connectivity is associated to a

longer transmission pathway with low conductance, whereas the para-connectivity is associated to a shorter transmission

pathway with high conductance.

(B) The protonation of pyridine leads to a significantly enhanced dipole moment in pyridinium.

(C) Schematics of electric-field-induced connectivity switching between meta- and para-connectivity. The para-

connectivity is expected to be favorable when large EEF applied, owing to the counteracting of dipole moments with EEF.

See also Figures S11, S25, and S27.
coordination (Aradhya et al., 2012a; Quek et al., 2009), providing a potential anchor to form the in-back-

bone connectivity (Miguel et al., 2015). Thus, the introduction of EEF into pyridine-basedmolecular devices

provides a promising platform toward the regulating of two possible connectivities in the same molecular

skeletons.

In this work, we find that the ring of pyridinium could interact with the gold electrode, so we place pyridine

in the middle of the molecular skeletons to set the two possible connectivities: the end-to-end meta-

connectivity and the in-backbone para-connectivity (Figures 1A and 1C). We find that the formation of

the two connectivities is controlled by protonation and the applied bias between two electrodes, suggest-

ing that the interaction between dipole moments and the electric field is essential to tune the connectivities

of single-molecule junctions. Moreover, the switching between meta- and para-connectivity is associated

with the changing of transport distances from longer to shorter transmission pathways, which enlarge the

conductance difference in two connectivities. Utilizing this strategy, we reversibly switch the connectivities

in the same molecular skeleton and provide a new concept to efficiently manipulate single-molecule

junctions.

RESULTS

Single-Molecule Conductance Measurement

Protonated pyridinium M1-H was formed in-situ by adding trifluoroacetic acid (TFA) to the solution of M1

(Figure 2A), which is the neutral state of M1-H. The single-molecule conductances are characterized by

mechanically controllable break junction (MCBJ) technique (Hong et al., 2012; Li et al., 2017) in the solvent

mixture of 1,2,4-trichlorobenzene (TCB)/dichloromethane (DCM). As shown in the inset of Figure 2B, the

conductances of single-molecule junctions were recorded during repeated connecting and breaking of

two gold electrodes, leading to the individual traces of conductance (on the logarithmic scale) versus

stretching distance (Dz). The one-dimensional (1D) conductance histograms of M1 (blue) and M1-H (red)

are constructed from �2000 of such traces. As shown in Figure 2B, the sharp peaks at G0 represents the

formation of gold atomic point contact (Yanson et al., 1998), and the broader peaks are associated to

the conductance of corresponding single-molecule junctions, whereas the control experiments in the blank
2 iScience 23, 100770, January 24, 2020



Figure 2. Single-Molecule Conductance Measurement

(A) Molecular structures ofM1-H andM1L-H, which are formed by the protonation of the neutral stateM1 andM1L by TFA. The calculated junction lengths

for the meta- and para-connectivity are shown beside.

(B–E) (B) All data-point one-dimensional conductance histograms constructed from 2,000 MCBJ traces of M1 andM1-H. The typical individual traces ofM1

and M1-H are shown in the inset. The high- and low-conductance junctions are labeled by ‘‘H’’ and ‘‘L’’ in the blue and red region, respectively. Two-

dimensional conductance histograms ofM1 (C) andM1-H (E) with stretching distance Dz distributions shown inset. The blue and gray histograms represent

the stretching distances of high- and low-conductance junctions of M1-H, respectively. (D) All data-point one-dimensional conductance histograms

constructed from about 1,000 MCBJ traces of M1L andM1L-H, respectively. The above measurements were performed in the solvent mixture of TCB/DCM

(v/v, 4/1) at room temperature with 0.10 V bias applied.

See also Figures S1–17, S22, and S23.
solvent did not show such signal (Supplemental Information, Figure S12). We find that M1 shows a mono

conductance peak, with the most probable conductance at 10�5.8 G0 (Figure 2B), which is consistent with

the previous result with the presence of destructive quantum interference (Liu et al., 2017). Differently,

M1-H shows two distinct conductance peaks (10�3.5 and 10�5.4 G0), suggesting the formation of two types

of junction geometries, with about two orders of magnitude conductance difference.

The two-dimensional (2D) conductance-displacement histogram of M1-H (Figure 2E) demonstrates that

the high-conductance junctions have about 0.35 nm stretching distance, which is significantly shorter

than the low-conductance junctions ofM1 with a 1.04 nm stretching distance around 10�6.0 G0 (Figure 2C).

The significantly shorter stretching distance for the high-conductance junction ofM1-H is associated to the

junction geometry formed between one of the –SAc groups and the middle pyridinium ring (Figure 1B),

which was confirmed by a series of reference experiments (Supplemental Information, Section 3, Figures

S16 and S17). Although pyridine is not a good candidate to form the in-backbone connectivity (Liu et al.,

2017; Miguel et al., 2015), the in-situ formed pyridinium is feasible to form the in-backbone connectivity.

We think such feasibility is associated with the significantly enhanced dipole moments in pyridiniums (Fig-

ure S25A), which would have a stronger interaction with the electric field applied by the two electrodes,

playing an essential role in favoring the formation of the high-conductance junctions in M1-H. Meanwhile,

the features of single-molecule conductance between M1 and M1-H could be reversibly emerged when

acid or base added (Figure S20).

The strategy to tune the connectivity of single-molecule junctions offers the chance to further enhance the

conductance difference between the low- and high-conductance junctions, by enlarging the difference of

charge transport distances in between (Cheng et al., 2011; Choi et al., 2008; Dell et al., 2015). Toward this

goal, we designed molecules M1L-H formed by the protonation of M1L, leading to a 1.3 nm difference

between two possible connectivities (Figure 2A), which is almost two-fold than that in M1-H (Figure S23).

As shown in Figure 2D, M1L shows a mono conductance peak at 10�7.1 G0, attributing to the end-to-end
iScience 23, 100770, January 24, 2020 3



Figure 3. Bias-Dependent Junction Formation Probability

(A) One-dimensional conductance histograms of M1-H with a different bias applied, in the solvent TCB/DCM mixture

(v/v, 4/1).

(B) The junction formation probability of M1-H for the corresponding low- and high-conductance junctions, respectively

are labeled by the blue and red dashed lines plotted by the linear fitting.

(C) The junction formation probability for the low- and high-conductance junctions of M1-H with 0.10 and 0.40 V bias

applied alternately.

(D) One-dimensional conductance histograms of M1-H with a different bias applied, in the solvent of propylene

carbonate (PC). The above measurements were performed at room temperature.

See also Figures S17–S19, S21, S24, and S26.
meta-connectivity (Figure S22). The conductance peak for the protonated M1L-H locates at 10�4.5 G0,

attributing to the high-conductance junctions, whereas the low-conductance junctions of M1L-H have

the conductance below detecting limit, suggesting that the conductance difference between the two con-

nectivities inM1L-H is increasing to�400 times. The results suggest that the manipulation of the difference

of charge transport distances would lead to larger conductance difference in the two connectivities. More

importantly, the conductance difference can be fine-tuned and further increased by this strategy, but the

quantitative investigation of a molecular system with even more substantial conductance difference is

restricted by the detecting limit of single-molecule conductance measurement.

Revealing the Role of the Electric Field

To understand the interaction between the molecular component and the electric field, we varied the bias

voltages applied to themolecular junctions in the single-molecule conductance measurement. On account

of the detecting limit, we focused the investigation on M1-H. Firstly, by increasing the bias from 0.05 to

0.40 V for the MCBJ measurement of M1-H in a nonpolar solvent (TCB/DCM), as shown in Figure 3A, we

find that the formation of low-conductance junctions in M1-H is gradually suppressed and almost

completely suppressed in the bias of 0.40 V. Meanwhile, the formation of high-conductance junctions in

M1-H becomes more and more favorable with the increasing of bias. We quantitatively characterize the

junction formation probability for both the low- and high-conductance junctions of M1-H in different

bias (Figure S18); as shown in Figure 3B, we find that the low-conductance junctions are dominant in

0.05 V bias, whereas the high-conductance junctions become dominant when the bias is higher than

0.20 V. From the overall trend, the junction formation probability for the high-conductance junctions of

M1-H has a positive correlation to the bias, which has a negative correlation to the low-conductance junc-

tions ofM1-H. Moreover, when the bias is switched between 0.10 and 0.40 V, as shown in Figure 3C, we find

the high- and low-conductance junctions of M1-H become dominated alternately in a reversible way

(Figure S19).

To further reveal the role of the electric field, we use a polar solvent, propylene carbonate (PC), to charac-

terize the single-molecule conductance ofM1-H. As shown in Figure 3D, the high-conductance junctions of

M1-H are significantly suppressed even in higher bias. We also find that such bias-dependent junction
4 iScience 23, 100770, January 24, 2020



Figure 4. Theoretical Calculation

(A) The strength and direction of dipole moments for M1 and M1-H were shown by the red and blue arrows nearby; the

angle betweenmolecule orientation (dash line) and applied electric field Fz was defined as q. Symbol D represents Debye,

the unit of dipole moments.

(B) Plots of total energy difference DE (EFz - EFz = 0) versus the applied electric field when q = 0.

(C) Plots of total energy difference DE (Eq - Eq = 0) versus q, with electric field Fz = + 0.002 a.u. applied.

(D) The orbital isosurfaces of LUMOs of M1 and the cation of M1-H.

(E) The Au-S covalent bonds formation energy of M1 and M1-H.

See also Figures S21 and S24.
formation probability of M1-H observed in nonpolar solvent also vanished in the polar solvent. In consid-

eration of the changing of the equilibrium betweenM1 andM1-Hwhen we use PC, a polar solvent showing

weak basicity, we also characterized the response of the methylated pyridinium ofM1 to electric field (Fig-

ure S17). We also find that the bias-dependent suppression of the low conductance junctions in non-polar

solvent (Figure S17D) also vanish in polar solvent (Figure S17E), suggesting the importance of the dielectric

constant in tuning such electric-field-induced connectivity switching. Because the polar solvent results in

the attenuation of the electric field (Bermudez et al., 2000), the absence of high-conductance junctions

in M1-H suggests the importance of the electric field to regulate the connectivities of single-molecule

junctions.

Theoretical Calculations

To investigate the connectivity switching mechanism in M1-H, we carried density functional theory (DFT)

calculation to study the different binding geometries between M1 and M1-H. We find that the dipole

moment of M1-H is eight times larger than M1 (Figure 4A), attributing to the net positive charge in

M1-H (Figure S25). The models with one of the sulfur binding to the gold electrode are used for analyzing.

The effect of EEF was evaluated by the total energy changing versus the strength of EEF and the relative

orientation between EEF and molecules (Figure 4A dash line). As shown in Figure 4B, fixing the EEF

paralleled to the dashed line (q = 0), with the strength of EEF changing from �0.006 to 0.006 a.u. (�3.1

to 3.1 V/nm), the total energy of M1-H varies about 120 kcal mol�1, whereas such an effect for M1 is negli-

gible. Upon changing q from �90� to 90� with fixed EEF strength (+0.002 a.u.), as shown in Figure 4C, the

most favorable molecular orientation forM1-H is the in-backbone connectivity (q = 0) with a parallel orien-

tation to EEF, whereasM1 does not show explicit dependency to q. The calculation result is consistent with

the bias-dependent junction formation probability, in which the in-backbone connectivity of M1-H

becomes more and more dominant in higher bias (Figure 3A). Besides the difference of dipole moments

between M1 and M1-H, the electrostatic potential distributions of M1-H shows significantly high positive

charge distribution around the pyridinium ring (Figure S25B), so that the electrostatic attraction between
iScience 23, 100770, January 24, 2020 5



the electrode and the pyridinium ring ofM1-Hwould be another factor in facilitating the formation of high-

conductance junctions in M1-H.

We also find that the formation of pyridinium has a distinct effect on their frontier orbitals. As shown in Fig-

ure 4D, the LUMO of M1-H is localized at the pyridinium ring, which is distinct to M1 with its LUMO delo-

calized around the molecular skeleton. The localized LUMO of M1-H weakens the back-donating bonding

from gold to sulfur, leading to weaker Au-S bond, which is confirmed by DFT calculation (Figure 4E) and

surface-enhanced Raman spectra that the vibration mode of Au-S was red-shifted from 249 cm�1 in M1

to 234 cm�1 in M1-H (Figure S21) (Kocharova et al., 2007). The weaker Au-S bond in M1-H reduces the

competition to form the end-to-end connectivity between two sulfurs and makes the formation of the in-

backbone connectivity more favorable. Thus, we think both the electric field and the weakened Au-S bonds

contribute to the formation of high-conductance junctions in M1-H.
DISCUSSION

In conclusion, we have developed an electric-field-induced strategy for reversible switching the connectiv-

ities of single-molecule junctions. Through the switching from longer meta-connectivity to shorter para-

connectivity, we manipulate the charge-transport distances, which significantly enhance the conductance

difference between two connectivities. The mechanism of the switching is further investigated by experi-

ments and DFT calculation, revealing that the protonation-enhanced dipole moments have significant

interaction with the electric field, which favors the formation of in-backbone para-connectivity. Our studies

suggest that the interplay between the dipole moment of molecules and EEF will lead to a reversible con-

nectivity switching strategy, which would provide a new concept to manipulate the molecule-electrode

interaction and be promising for constructing new conceptual molecular devices.
Limitations of the Study

The switching from the end-to-end connection to the in-backbone connection ofM1-Hmay also lead to the

switching of quantum interference in the charge transport through the single-molecule junctions. For

instance, the changes frommeta-connection to para-connection may switch the patterns of quantum inter-

ference from destructive to constructive states and also offer a new opportunity for interference-based

molecular devices. However, the understanding of quantum interference patterns needs further investiga-

tions, which are challenging to be accomplished at the current stage.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.100770.
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Figure S1. 1H NMR (CDCl3, 500 MHz) spectrum of compound M1-H in comparison with M1. Related to Figure 2. 

 

Figure S2. 13C NMR (CDCl3, 125 MHz) spectrum of compound M1-H. Related to Figure 2. 
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Figure S3. 1H NMR (CDCl3, 500 MHz) spectrum of compound 2. Related to Figure 2. 

 

Figure S4. 13C NMR (CDCl3, 125 MHz) spectrum of compound 2. Related to Figure 2. 
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Figure S5. 1H NMR (CDCl3, 500 MHz) spectrum of compound 3. Related to Figure 2. 

 

Figure S6. 13C NMR (CDCl3, 125 MHz) spectrum of compound 3. Related to Figure 2. 
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Figure S7. 1H NMR (CD2Cl2, 500 MHz) spectrum of compound M1L. Related to Figure 2. 
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Figure S8. 1H NMR (CD2Cl2, 500 MHz) spectrum of compound M1-Me. Related to Figure 2. 



 

 

 

Figure S9. 13C NMR (CD2Cl2, 125 MHz) spectrum of compound M1-Me. Related to Figure 2. 

 

 

Figure S10. (A) UV-Vis spectra of methylated pyridiniums M1-H and M1-Me and their pyridine parent M1 with 0.1 mM concentration in the 
solvent of DCM.  The solution of M1-H is formed with 0.1 mM M1 and 100 eq. TFA. (B) UV-Vis spectra of 1 mM M1 in solvent mixture of 
DCM/TCB (1/4) with different equivalent of TFA added. Related to Figure 2. 
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Figure S11. (A) Side view of the MCBJ setup. (B) Overview of the MCBJ setup with a suspension to damp vibration. Related to Figure 2. 

 

 

Figure S12. All data-point one-dimensional (A) and two-dimensional(B) conductance histograms constructed from two thousand MCBJ 
traces for the solvent DCM/TCB (v/v,1/4). The above measurements were perform at room temperature with 0.10 V bias applied. Related 
to Figure 2. 

 

 

Figure S13. The one-dimensional conductance histograms by varying the concentrations between M1 and TFA (with the ratio of 1/100). 
Related to Figure 2. 

  



 

 

Figure S14. Two-dimensional histogram of normalized flicker noise power versus average conductance for the high-conductance junctions 
of M1-H normalized by G1.0 (A), and normalized by G1.8 (B). Related to Figure 2. 

 

 
Figure S15. (A) The two-dimensional I/V histogram for M1-H constructed from about 2000 traces. The I/V histogram is fitted by Gaussian 
distribution shown by the black solid line. (B) The linear histogram for the fitted I/V character with the rectification ratio shown inset. Related 
to Figure 2. 

 

  



 

 

Figure S16. (A) Molecular structures of reference molecules. (B) All data-point one-dimensional conductance histograms constructed from 
about two thousand conductance traces. (C-E) Two-dimensional conductance histograms of R1-H (C), R2-H (D) and R3-H (E) with 
stretching distance z distributions shown inset. Related to Figure 2. 

  



 

 

Figure S17. (A) Molecular structures of M1-Me. (B) All data-point one-dimensional conductance histograms constructed from about two 
thousand conductance traces. (C) Two-dimensional conductance histograms of M1-Me with stretching distance z distributions shown 
inset. (D) One-dimensional conductance histograms of M1-Me with a different bias applied, in the solvent TCB/DCM mixture (v/v, 4/1). (E) 
One-dimensional conductance histograms of M1-Me with a different bias applied, in the solvent of propylene carbonate (PC). Related to 
Figure 2 and Figure 3. 

  



 

 

Figure S18. 2D conductance histogram of M1-H in the bias of 0.05 (a), 0.10 (b), 0.20 (c), 0.30 (d), and 0.40 V (e) respectively. Junction 
formation probability analyzing for the low conductance regions are shown in the middle panels, while that for the low conductance regions 
are shown in the right panels. Related to Figure 3A. 

 

  



 

 

Figure S19. 2D conductance histogram (left panel) of M1-H. Junction formation probability analyzing for the low- and high-conductance 
regions are shown in the middle and right panels. Related to Figure 3D. 

  



 

 

Figure S20. (A) The structures of M1-H and M1, which show reversible switching with base or acid added. (B) Reversible switching of 
molecular conductance between M1-H and M1 with acid or base treatment successively. The MCBJ experiments were performed under a 
solvent mixture (DCM/TCB = 1/4) with 0.10 V bias applied. The reversibility between M1 and M1-H was accomplished as mentioned above. 
(C) UV-Vis spectra of the layer of solvent mixture (DCM/TCB = 1/4) in each cycle step. Related to Figure 2. 

 

Figure S21. Surface enhance Raman spectra. M1/ M1-H (A) and R1/ R1-H (B) on gold nanoparticles. Related to Figure 4E. 

 

Figure S22 Two-dimensional conductance histograms of M1L (A) and M1L-H (B) with stretching distance z distributions shown inset. It 
is worth noting that the most probable conductance for the low-conductance junctions of M1L is lower than 10–7.1 G0, which is below the 
detecting limit of our devices. Only 15% single traces of M1L show molecular platitudes, leading to the molecular peak centered at 10–7.1 
G0, which is the distribution of the high value area. We also tried to measure the low-conductance junction of M1L-H, but the background 
noise (10–7.0 G0) is alway higher that the measurement in neutral state M1L, thus we think the low-conductance junctions of M1L-H should 
below 10–7.0 G0. We found that the molecules similar to M1L with para-connectivity has a conductance centered at 10–7.0 G0, which means 
the most probable conductance for corresponding molecules in meta-connectivity should below 10–8.0 G0. We actually underestimate the 
conductance difference between the two connectivities of M1L-H, which should have far more conductance difference than 400 times. 
Related to Figure 2. 
 

  



 

 

Figure S23. The end-to-end connectivity for M1 (top), and the in-backbone connectivity for M1-H (bottom), with theoretical lengths 1.73 
and 1.00 nm respectively. Related to Figure 2. 

 

 

Figure S24. The Au←SH coordination bond formation energy of M1 and M1-H. Related to Figure 4E. 

 

 

Figure S25. (A) The electrostatic potential distributions of M1 and M1-H, with their dipole moments shown by the arrows. (B) The atomic 
charge distribution of M1 and M1-H. Related to Figure 4. 

  



 

 

Figure S26. The upper panel is the LUMO of M1L and the bottom panel is the LUMO of M1L-H. Related to Figure 4. 

 

 

Figure S27. The strength and direction of the dipole moments of the protonated pyridiniums with nitrogen in different positions. Related to 
Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Transparent Methods 

Section 1. Synthesis and Characterization 

General Information.  

Commercially available reagents and solvents obtained from chemical suppliers were used without further 

purification unless otherwise noted. Nuclear magnetic resonance (NMR) spectroscopic experiments were 

performed on Bruker AV–500 spectrometers (400 MHz). 1H NMR spectra were recorded at 400 MHz and 

chemical shifts are reported in ppm using residual deuterated solvent peak as reference (CDCl3: δ 7.26, CD2Cl2: 

δ 5.30). The following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q 

= quartet, m = multiplet, br = broad. 13C NMR spectra were recorded at 100 MHz using broadband proton 

decoupling and chemical shifts are reported in ppm relative to residual deuterated solvent peak (CDCl3: δ 77.00). 

High-resolution mass spectra (HRMS) experiments were recorded on a Bruker En Apex Ultra 7.0T Fourier 

Transform Mass Spectrometer. 

Preparation and characterization 

Compound M1, R1, R2, and R3 were synthesized according to the previous results(Liu et al., 2017b). 

Compound M1L was synthesized with similar protocol.  

To characterized the NMR of M1-H and reduce the interference of TFA, we added 5 eq. TFA to the solution 

(CDCl3) of M1, leading to the formation of M1-H in-situ. 

Characterization of compound M1-H: 1H NMR (400 MHz, CDCl3):  = 8.82 (br, 2H), 8.39 (s, 1H), 7.52 (t, J = 

8.52 Hz, 4H), 7.37 (t, J = 8.50 Hz, 4H), and 2.37 (s, 6H). 13C NMR (100 MHz, CD2Cl2):  = 194.05, 159.61, 

147.56, 142.97, 134.45, 132.66, 130.70, 121.60, 97.87, 82.57 and 30.38. HRMS (ESI): m/z calcd for 

[C25H18NO2S2]+, 428.0773 ; found, 428.0735. 

 

Figure S28. The synthetic route of M1L. 

3,5-bis((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)pyridine (Compound 2): To a solution of 3,5-

diethynylpyridine (200 mg, 1.57 mmol, 1 equiv.), ((4-iodophenyl)ethynyl)trimethylsilane (992 mg, 3.30 mmol, 

2.1 equiv.) and 10 mL degassed Et3N in 20.0 mL of anhydrous THF were added Pd(PPh3)2Cl2 (56 mg, 0.08 

mmol, 0.05 equiv.) and CuI (30 mg, 0.16 mmol, 0.1 equiv.) under an N2 atmosphere. The reaction mixture was 

refluxed for 8 hours and then cooled to room temperature. Saturated ammonium chloride (10mL) was added, 

the resulting mixture was extracted with Et2O (2 x 20 mL). The combined organic solution was washed with 

brine (20 mL), dried over anhydrous MgSO4, filtered and concentrated under reduced pressure. The residue 

was purified by flash column chromatography to give compound 2 in 60% yield.  

Characterization of compound 2: Pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.672 (d, J = 1.9 Hz, 2H), 

7.914 (t, J = 1.9 Hz, 1H), 7.469 (s, 8H), 0.262 (s, 18H); 13C NMR (125 MHz, CDCl3) δ 150.9, 140.5, 132.0, 131.5, 

123.8, 122.2, 119.9, 104.4, 96.9, 92.9, 86.9, –0.12. IR (neat, cm–1 ): 3368, 3294, 2923, 2852, 1655, 1261, 1017, 

836, 801, 750, 698, 670, 660, 428. HRMS (ESI): m/z calcd for [C31H29NSi2+H]+, 472.1911; found, 472.1935. 

3,5-bis((4-ethynylphenyl)ethynyl)pyridine (compound 3): The solution of compound 2 (200 g, 0.42 mmol) in 

THF (50mL) was added tetrabutylammonium fluoride (0.42 mmol, 1 M in THF) at 0 oC. The mixture was stirred 

for 15 min and saturated ammonium chloride (10mL) was added. The resulting mixture was extracted with Et2O 

(2 x 20 mL). The combined organic solution was washed with brine (20 mL), dried over anhydrous MgSO4, 



 

filtered and concentrated under reduced pressure. The residue was chromatographed to give compound 3 in 

85% yield. 

Characterization of compound 3: Brown solid. 1H NMR (500 MHz, CDCl3) δ 8.685 (s, 2H), 7.934 (s, 1H), 7.496 

(s, 8H), 3.202 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 151.0, 140.6, 132.2, 131.6, 122.8, 122.7, 119.9, 92.7, 87.0, 

83.0, 79.3. IR (neat, cm–1 ): 3358, 3206, 3029, 2957, 2922, 2851, 2155, 1633, 1259, 1134, 1087, 865, 836, 801, 

698, 636, 485, 449. HRMS (ESI): m/z calcd for [C25H13N+H]+, 328.1121; found, 328.1128. 

S,S'-((((pyridine-3,5-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))bis(ethyne-2,1-diyl))bis(4,1-phenylene)) 

(compound M1L): To a solution of compound 3 (100 mg, 0.30 mmol, 1 equiv.), S-(4-iodophenyl) ethanethioate 

(175 mg, 0.63 mmol, 2.1 equiv.) and 5 mL degassed Et3N in 10.0 mL of anhydrous THF were added 

Pd(PPh3)2Cl2 (9 mg, 0.015 mmol, 0.05 equiv.) and CuI (5 mg, 0.16 mmol, 0.1 equiv.) under an N2 atmosphere. 

The reaction mixture was refluxed for 24 hours and then cooled to room temperature. Saturated ammonium 

chloride (10mL) was added, the resulting mixture was extracted with Et2O (2 x 20 mL). The combined organic 

solution was washed with brine (20 mL), dried over anhydrous MgSO4, filtered and concentrated under reduced 

pressure. The residue was purified by flash column chromatography to give compound M1L in 24% yield.  

Characterization of compound M1L: Pale yellow solid. 1H NMR (500 MHz, CD2Cl2) δ 8.676 (s, 2H), 7.953 (s, 

1H), 7.53–7.58 (m, 12H), 7.412 (d, J = 8.0, 4H), 2.409 (s, 6H); owing to poor solubility of M1L, its 13C NMR is 

difficult to be characterized. IR (neat, cm–1 ): 3367, 2960, 2922, 2852, 1655, 1262, 1084, 1015, 837, 827, 796, 

729, 696, 670, 636, 599, 554, 424. HRMS (ESI): m/z calcd for [C41H25NO2S2+H]+, 628.1399; found, 628.1419 

 

3,5-bis((4-(acetylthio)phenyl)ethynyl)-1-methylpyridin-1-ium trifluoromethanesulfonate (compound M1-

Me): A mixture of compound M1 (50 mg, 0.12 mmol) and methyl trifluoromethanesulfonate (30 mg, 0.18 mmol) 

in 10 mL diethyl ether was stirred at RT for 15 min to give a yellow precipitate, and then the precipitate was 

isolated by filtration. Further recrystallizing from the mixed solvent (DCM/Et2O, 10/1) and evaporating under 

vacuum to give a pale yellow solid. Yield, 55 mg, 79%. 

Characterization of compound M1-Me: Pale yellow solid, 79% yield. 1H NMR (400 MHz, CDCl3):  = 8.86 (s, 

2H), 8.49 (s, 1H), 7.63 (d, J = 8.29 Hz, 4H), 7.47 (d, J = 8.29 Hz, 4H), 4.43 (s, 3H) and 2.45 (s, 6H). 13C NMR 

(100 MHz, CD2Cl2):  = 193.10, 147.55, 145.51, 134.48, 132.66, 131.49, 125.03, 121.38, 98.12, 82.57, 49.19 

and 30.25. IR (neat, cm–1 ): 3369, 2923, 2853, 2218, 1658, 1632, 1467, 1412, 1350, 1265, 1084, 1031, 946, 

897, 736, 700, 511. HRMS (ESI): m/z calcd for [C26H20NO2S2]+, 442.0930; found, 442.0931. 

Section 2. MCBJ Experimental Methods 

Home-made MCBJ setup 

As shown in Figure S11, our home-made MCBJ setup was used to measure the molecular conductance 

between two gold electrodes. During the MCBJ measurement, a sheet of steel was taken as substrate and fixed 

by two supports on both ends. The notched gold wire and liquid cell were fixed upon the substrate. The pushing 

rod below the substrate was used to bend and release the substrate repeatedly, resulting in the repeating 

breaking and re-connecting of gold wire. To have precise control, a piezo actuator was used as the pushing 

rod. During the repeating breaking and re-connecting operation, the real-time conductance was recorded by 

the home-built I-V converter.  

Single-molecule conductance measurement 

Conductance measurements were performed in solution at room temperature with our home-built MCBJ setup 

(Li et al., 2017). We used two kinds of solutions: a mixture of dichloromethane (DCM) / trichlorobenzene (TCB) 

(v/v: 1 / 4); pure propylene carbonate (PC). Protonated pyridiniums M1-H, R1-H, R2-H, R3-H, and M1L-H were 

in-situ formed according to published protocol (Boyle et al., 2017). The methylated pyridinium M1-Me are 

directly dissolved in corresponding solutions. In both solutions, we dissolved 1 mM of target molecules for the 

following characterizations. During the MCBJ measurement, a spring steel sheet was taken as substrate and 

fixed by two supports on both ends. The notched gold wire and liquid cell were fixed upon the substrate. The 

real-time conductance was recorded by the home-built I-V converter with a sampling rate of 20 kHz. For each 

experiment, more than one thousand conductance traces were recorded for statistical analysis. 

 



 

Data analysis 

In the measurement of single-molecule conductance, since the variation of molecular junction configuration 

results the variation of conductance, in each experiment, we record thousands of individual single traces, and 

apply a statistical approach to determine the most probable conductance and the stretching distance. 

The conductance traces without forming molecular junctions were excluded for analysis as reported in our 

previous paper (Hong et al., 2012, Huang et al., 2015, Liu et al., 2017a). One-dimensional conductance 

histograms were constructed by collecting all individual traces with a bin size of 1100 for log(G/G0) from –10 to 

+1, and 1000 forz from –0.5 to 3 nm. The conductance distribution was extracted by calculating the data 

density in each bin. The peak shift in a conductance histogram was determined by Gaussian fitting, which 

represents the most probable molecular conductance.  

2D conductance-displacement histograms were plotted by overlapping each individual trace with a bin size of 

1100 for log(G/G0) from –10 to +1, and 1000 for z from –0.5 to 3 nm. All traces are aligned with a relative zero 

point (z = 0) at G = 0.5 G0. Then the 2D conductance distribution versus the relative distance was constructed 

by the data counts in each bin. 

To construct the displacement distribution histograms, firstly the relative stretching distance, z, was 

determined from the position where the conductance is 0.5 G0 (after the rupture of the gold-gold atomic break 

at G0), to the molecular conductance region, just before the end of the molecular plateau. The peak represents 

the most probable plateau length. To find the absolute displacement, z*, which is related to the most probable 

length of the molecular junction, the relative displacements were corrected by adding the snap-back distance, 

zcorr, to the relative displacement z, namely, z* = z + zcorr. Referring to the previous result3, zcorr was 

determined experimentally to be 0.5 ± 0.1 nm. 

Evaluation of the concentration effect 

When we change both the concentration of M1 and TFA in MCBJ measurements (Figure S13), we find that the 

concentration chaning leads to the variation of junction formation probability for both connectivities. So that in 

our experiments, we use a relatively higher concentration (1.0 mM) to ensure high junction formation probability 

for both two connectivities. 

Section 3. Junction Geometry Analyzing 

Flicker noise analysing for the high-conductance junctions of M1-H 

To probe the junction geometry, we performed flicker noise analysis on the high-conductance junction of M1-

H. According to previous reports, the flicker noise of the single-molecule junctions reflects the coupling between 

electrodes and molecules (Adak et al., 2015, Garner et al., 2018). The noise power of through-space coupling 

scales as G2.0, where G is the mean conductance. It is in contrast to the through-bond coupling, where the noise 

power scales as G1.0. We paused the junction elongation process at the high-conductance region of M1-H for 

150 ms, during which time the conductance signals were extracted out for noise analysis. As shown in Figure 

S14A, when the noise power is normalized by G1.0, we find a positive correlation between the noise power and 

average conductance, and such correlation is minimized when the noise power normalized by G1.8 (Figure 

S14B). Such correlation suggests a junction geometry of through-space coupling, which is consistent with the 

ring coupling of pyridinium to the gold electrode. 

I/V characterization for the high-conductance junctions of M1-H 

The I/V characterization was performed as the following: once a molecule junction was formed during the 

stretching process, we suspended the stretching process and applied a voltage ramp between -1 and 1 V. The 

ring coupling of M1-H would lead to an asymmetric junction geometry, which was verified by the I/V 

characterization, showing a moderately asymmetric character with a rectification ratio of ~1.5 (Figure S15).  

Evaluating the bonding energy of Au-S through Surface enhance Raman spectra 

The 0.1mM solution of target molecules in THF were dropped on the gold substrate to form molecule assembly 

and the gold nanoparticles dispersed in water were dropped and dried under vacuum by the water pump to 

form a ‘coffee ring’ pattern. The SERS spectra were collected at IDSpec Arctic system under 50X-long working 



 

distance objective lens. The protonation was performed by adding 100 eq. TFA into the THF solution of target 

molecules, which were used for SERS characterization as mentioned above. 

 

Characterization of reference molecules with one –SAc anchor 

We characterized the single-molecule conductance of other pyridiniums R1-H (Figure S16A) with only –SAc 

group. We observe the formation of molecule junctions in the 1-D conductance histogram of R1-H (Figure S16B). 

The molecular conductance peak of R1-H centers at 10–3.2 G0, which is distinct to the neutral state of R1-H with 

a conductance peak centers at 10–3.9 (Liu et al., 2017b). Meanwhile, R1-H shows a similar stretching pattern 

(Figure S16C) to M1-H with about 0.31 nm stretching distance. By characterizing another two reference 

molecules similar to R1-H with nitrogen set in different positions (Supplementary Figure S16), we also observe 

similar conductance and stretching patterns. 

M1-Me (Figure S17A) is also able to form molecular junctions, with a molecular conductance of 10–3.6 G0 (Figure 

S17B) and 0.35 nm junction stretching distance (Figure S17C), both of which is similar to M1-H.  

Section 4. Reversible Switching 

Calculating the junction formation probability of M1-H in different bias 

By increasing the bias from 0.05 to 0.40 V gradually, we recorded about 2000 conductance traces of M1-H 

without data selection. As shown in Figure S18, we applied double peaks Gaussian fitting to both the high- and 

low-conductance junction, the corresponding junction formation probability are shown beside. 

Reversible changing the junction formation of M1-H by switching the bias between 0.10 and 0.40 V 

By varying the bias between 0.10 and 0.40 V alternatively, we recorded about 1000 conductance traces of M1-

H without data selection. As shown in Figure S19, we applied double peaks Gaussian fitting to both the high- 

and low-conductance junction, the corresponding junction formation probability are shown beside.  

The acid-base pair of M1 and M1-H with reversible conductance transformation 

The MCBJ conductance measurement was firstly performed on the 1 mM solution (DCM/TCB = 1/4) of M1. 

After collecting more than one thousand conductance traces, the solution in the MCBJ setup was took out. Then 

100 eq. TFA was added into the 0.1 mM solution of M1, and 50L of the mixed solution was put in the same 

MCBJ setup and the conductance traces were also collected for more than one thousand. The neutral pyridine 

was reproduced by the treatment of Na2CO3 aqueous solution (2.0 M) to the equal volume solution of M1-H 

(the mixed solution just formed), after mixing the solutions and stewing for stratification, the organic layer was 

taken out for conductance measurements. Circularly, this organic solution is treated again with TFA and Na2CO3 

sequentially and all the single-molecule conductance measurements in each repetitive process are 

characterized with at least one thousand traces. 

Section 5. Theoretical Calculation 

Geometry optimizing for calculating junction lengths 

It's worth noting that in the above experiment, especially in the acid condition, the thioacetates would be easily 

deprotonated at the gold surface (Lau et al., 2006), we used actually the deprotected analogies of M1, M1-H, 

M1L and M1L-H for the following calculations. All the calculations were performed with the Gaussian 09 

software package(Frisch et al., 2013). The B3LYP/6-311++G(d,p)(Becke, 1993, Ernzerhof and Scuseria, 1999) 

level of density functional theory was used to optimize all of the structures for M1 and M1L and the cation of 

M1-H and M1L-H. The theoretical junction lengths were calculated by the distance between two thiol groups or 

between one of the thiol and the middle point of pyridine rings. 



 

 

Evaluating the bonding energy of Au-S 

To evaluate bonding energy, the models were optimized by PBE0(Hay and Wadt, 1985a, b) method including 

dispersion correction (DFT-D3) (Grimme et al., 2010). Standard basic set 6-311G(d,p) was used to describe C, 

N, H and S atoms, and the effective core potentials. Lanl2TZ(f) was used to describe the effective core potential 

of Au(Hay and Wadt, 1985a, b, Wadt and Hay, 1985). 

There are three effects to weaken the Au-S bond. Firstly, the Au-S covalent bond and Au←SH coordination 

bond will both be possible existing in the gold surface (Inkpen et al., 2019). And the M1-H is formed in situ from 

the acidic environment, which will inhibit the deprotonation of –SH, and facilitate the formation of Au←SH 

coordination bonds, with significantly weaker bonding energy (Figure S24). Secondly, according to hard/soft 

acid/base principles, gold is soft acid, which will have a stronger interaction with more polarizable atom. From 

the atomic charge distribution (Figure S26), the negative charge of sulfur atoms in M1-H is obviously smaller 

than that in M1, so that the sulfur atoms in M1 is more polarizable than that in M1-H, which will lead to different 

bonding energy between them. Thirdly, the LUMO of M1-H is localized in the pyridinium ring, and thiol atoms 

show almost none distribution at the thiol atoms in the LUMO M1-H. While the LUMO of M1 shows a delocalized 

pattern, the non-hybridized p orbital of the thiol atoms can conjugate with the  system, which will facilitate the 

back donation from the d orbital of golds to the p orbitals of thiols. The enhanced back donation will also lead 

to stronger Au-S bonding energy in M1 than that in M1-H. 

The effect of EEF on total electronic energy 

To evaluate the effect of EEF, the models used to evaluate Au-S formation energy (Figure S24) were used to 

study their total electronic energy changes by altering the strength and orientation of EEF. The applied EEF 

was along the z-axis with the strength changing from –0.006 to +0.006 a.u., and the strength was fixed at 

+0.006 a.u with molecule orientation changed from -90o to 90o. Then all the models were optimized by PBE0 

method including dispersion correction (DFT-D3) (Grimme et al., 2010). Standard basic set 6–311G(d,p) was 

used to describe C, N, H and S atoms, and the effective core potentials. Lanl2TZ(f) was used to describe the 

effective core potential of Au(Hay and Wadt, 1985a, b, Wadt and Hay, 1985). 
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