
1 
 

Dynamic Au-C anchors in molecular junctions under oriented external electric 

fields 

 

Rajarshi Samajdar1,2†, Hao Yang2,3†, Seungjoo Yi2,3†, Chun-I Wang4^, Michael A. 

Pence2,4^, Moeen Meigooni2,5, Seth Putnam4, Xiaolin Liu4, Jitong Ren1,2, Jeffrey S. 

Moore2,3,4, Emad Tajkhorshid2,4,5,6,7, Joaquín Rodríguez-López2,4,8, Nicholas E. 

Jackson2,4, Charles M. Schroeder1,2,3,4,5,7,8* 

 
1Department of Chemical and Biomolecular Engineering, University of Illinois Urbana-

Champaign, Urbana, Illinois, 61801 
2Beckman Institute for Advanced Science and Technology, University of Illinois Urbana-

Champaign, Urbana, Illinois, 61801 
3Department of Materials Science and Engineering, University of Illinois Urbana-

Champaign, Urbana, Illinois, 61801 
4Department of Chemistry, University of Illinois Urbana-Champaign, Urbana, Illinois, 

61801 
5Center for Biophysics and Quantitative Biology, University of Illinois Urbana-Champaign, 

Urbana, IL 61801 
6Department of Biochemistry, University of Illinois at Urbana-Champaign, Urbana, Illinois, 

61801, United States 
7Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, 

Illinois, 61801, United States 
8Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, 

Illinois, 61801, United States 

 
†Contributed equally, co-first author 

^Contributed equally, co-second author 

*Corresponding author  

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-g4q8t ORCID: https://orcid.org/0000-0001-7656-8696 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-g4q8t
https://orcid.org/0000-0001-7656-8696
https://creativecommons.org/licenses/by/4.0/


2 
 

 

Abstract 

Terminal anchor groups play a key role in controlling the stability and electronic properties 

of molecular junctions. Single molecule junctions typically consist of two terminal anchors 

linking organic molecules to metal electrodes. Here, we show that p-terphenyl derivatives 

containing only a single terminal anchor exhibit conductance features similar to junctions 

with two terminal anchors, which arises due to dynamic Au-C bond formation under 

oriented external electric fields (OEEFs). A set of p-terphenyl derivatives with one terminal 

anchor was prepared and characterized using automated chemical synthesis, single 

molecule electronics experiments, molecular dynamics (MD) simulations, and non-

equilibrium Green’s function-density functional theory (NEGF-DFT) calculations. Our 

results show that 4-amino-p-terphenyl (PPP) exhibits a distinct and well-defined high 

conductance state that is greatly diminished or absent in other p-terphenyl derivatives 

with single terminal anchors, whereas a low conductance state is observed in all amino-

p-terphenyl derivatives due to non-covalent dimeric interactions. The electronic properties 

of PPP are characterized using a combination of cyclic voltammetry, electrolysis, and 

electron spin resonance, revealing that the high conductance state in PPP arises due to 

robust Au-C bond formation facilitated by a radical-based rigid resonating structure under 

OEEFs. A series of control experiments on junctions with different anchor groups reveals 

the role of primary amines in forming dynamic linkages under OEEFs. Overall, these 

results suggest that OEEFs can trigger Au-C bond formation leading to high conductance 

pathways in organic molecules containing only one terminal anchor. Insights from this 

work can be leveraged in the design of molecular electronic devices, particularly in 

understanding the mechanisms of molecular binding and junction formation.  
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Introduction  

Molecular junctions generally consist of three main components: a molecular bridge1 

metal electrodes2, and terminal anchor groups that electronically couple the bridge to the 

electrodes3–6. Terminal anchors3–5 play a key role in controlling the electronic properties 

of single molecule junctions via molecular binding, electronic coupling, and junction 

stability. One class of robust terminal anchors is characterized by dative bonding 

interactions with metal electrodes, including amine6,7, thiol8, pyridine9, and methyl thiol10 

groups. However, molecular junctions generally require two terminal anchor groups to 

form a closed circuit, which poses synthetic challenges that tend to restrict the chemical 

space in molecular junction design. From this view, new binding modalities that avoid the 

requirement of two terminal anchors could expand the chemical scope of the toolbox 

available for molecular electronics.  

 

In addition to dative anchor groups, covalent anchors have been reported to yield stable 

and highly conductive molecular junctions11. However, direct formation of Au-C covalent 

bonds in molecular junctions is challenging and typically requires cleavage or reaction of 

functional groups such as iodine12, alkyne13,14, or diazonium15,16 to generate Au-C bonds 

through in situ reactions. Recently, oriented external electric fields17,18 (OEEFs) have 

gained increasing attention for their ability to reorganize the electron distribution of 

molecules, stabilize charge-separated resonant forms, and trigger electrochemical 

reactions. This strategy can be used to facilitate the formation of direct Au-C covalent 

linkages, without the need for cleavage of functional groups, as a new binding mechanism 

for single molecule electronics. Nevertheless, the structural and electronic properties that 

promote the formation of Au-C contacts under OEEFs is not yet fully understood.  

 

Singly anchored molecules lack a second terminal anchor group to complete a closed 

electronic circuit. Prior work has reported that electron transport in singly anchored 

molecules occurs by non-covalent interactions such as π−π stacking19,20 and Au-π 

interactions21.  However, the unanchored terminus is exposed to strong electric fields due 

to the close proximity to the electrode surface in the junction, which could induce a 

dynamic second anchor via the formation of an Au-C bond18. In addition, understanding 

the electron transport behavior in π-conjugated molecules with one terminal anchor group 

could provide additional insights into non-covalent intermolecular interactions. 

Intermolecular charge transport22 in π-stacked aromatic groups is critical to organic 

electronics23. The efficiency of electron transport in π-stacked systems depends on the 

electronic coupling and the distance and orientation between neighboring π-stacked 

molecules24–26. Although recent work has examined electron transport in singly anchored 

organic molecules20,27,28, we lack a complete understanding of the potential for triggered 

or dynamic anchor formation for singly anchored molecules under OEEFs. 

 

In this work, we investigate the electron transport behavior of singly anchored p-terphenyl 

derivatives using a combination of automated chemical synthesis, single molecule 

electronics experiments, molecular dynamics (MD) simulations, and non-equilibrium 
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Green’s function-density functional theory (NEGF-DFT) calculations. Synthesis of p-

terphenyl derivatives was performed using a rapid Suzuki-Miyaura cross coupling 

(SMCC) method with reduced reaction time and temperature29. Following synthesis, the 

electronic properties of these molecules were characterized using the scanning tunneling 

microscope-break junction (STM-BJ) technique30,31. Our results show that 4-amino-p-

terphenyl (PPP) has a surprisingly well-defined high conductance feature despite the 

presence of only one terminal anchor, but this high conductance feature is greatly 

diminished or absent in all other terphenyl derivatives studied in this work. Our results 

further reveal a low conductance feature for all singly anchored amino-p-terphenyl 

derivatives studied in this work, which arises due to non-covalent intermolecular 

interactions. Flicker noise analysis and machine learning methods such as correlation 2D 

analysis and Gaussian mixture modeling (GMM) are used to understand the conductance 

behavior. In addition, cyclic voltammetry (CV), bulk-scale electrolysis, and electron spin 

resonance (ESR) were used to understand the origin of the high conductance state, which 

arises due to Au-C bond formation under OEEFs within the nanogap of molecular 

junctions32.  

 

 
Results and Discussion  
 
Chemical synthesis and characterization  
Synthesis of organic molecules for electronics experiments was carried out using Suzuki-

Miyaura cross coupling (SMCC) by leveraging recent advances in iterative automated 

synthesis29. Prior SMCC conditions for automated synthesis require more than twelve 

hours to prepare one molecule33. Manual synthesis requires even longer time scales to 

synthesize a library of small molecules34,35. In this work, we used automated iterative 

coupling 33,36 based on a new rapid SMCC method (Supporting Information Section 

S1-S3) that significantly decreases the reaction time to ten minutes with high yield29.  

 

An automated small molecule synthesizer (Figure 1a) capable of parallel runs of 

deprotections, couplings, and purifications was used, as previously reported33. The 

building blocks and protecting groups used in the reaction are shown in Figure 1b. The 

synthesis of 4''-methyl-[1,1':4',1''-terphenyl]-4-amine (MPP), 3-fluoro-[1,1':4',1''-

terphenyl]-4-amine (PPF), N-methyl-[1,1':4',1''-terphenyl]-4-amine (PPS), and 4-([1,1’-

biphenyl]-4-yl) pyridine (PPN) was carried out using one step slow release SMCC 

chemistry (Figure 1c). 2'-methyl-[1,1':4',1''-terphenyl]-4-amine (PMP) and 3-methyl-

[1,1':4',1''-terphenyl]-4-amine (PPM) were synthesized using a two-step synthesis 

process: rapid SMCC followed by slow release SMCC (Figure 1d). Synthesized 

molecules were characterized using mass spectrometry and 1H and 13C nuclear magnetic 

resonance (NMR) spectrometry (Supplementary Figures 1-12). [1,1':4',1''-terphenyl]-4-

amine (PPP) and 1,1’,4’,1’’-terphenyl-4-thiol (PPT) were purchased from Sigma Aldrich.  
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In this work, the chemical space (Figure 2a) focuses on p-terphenyl molecules for 

molecular electronics due to their rigidity and extended π-conjugation, which results in 

low tunneling barriers37–40. We designed a series of singly anchored p-terphenyl 

molecules based on the parent molecule PPP by including additional substituents on the 

three benzene rings. PPM, PMP, and MPP each contain a methyl group on one of the 

aromatic rings, which changes preferred resonance structures, alters ring torsional 

 

 

Figure 1: Overview of automated chemical synthesis method. (a) Picture of automated 

synthesis instrument in our lab for organic molecule synthesis based on Suzuki-

Miyaura cross coupling (SMCC). (b) Summary of molecular building blocks and 

boronate protecting groups. (c) One-step slow release SMCC synthesis. (d) Two-step 

synthesis, consisting of rapid SMCC followed by slow release SMCC.  
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angles, or introduces steric hindrance during the formation of molecular junctions. 

Molecule PPF was incorporated to investigate the effect of electron withdrawing groups 

in contrast to the electron donating nature of the methyl substituted terphenyls. Three 

additional control molecules, PPN, PPS, and PPT, are characterized to understand the 

role of chemical anchor groups.  

 

Single molecule conductance measurements  

The electronic properties of p-terphenyl derivatives were characterized at the single 

molecule level using the scanning tunneling microscope-break junction (STM-BJ) 

technique30,31. The STM-BJ setup consists of a gold tip electrode that is repeatedly moved 

into and out of contact with a gold substrate electrode in a solution containing molecules, 

resulting in the continual formation and breakage of single molecule junctions 

(Supporting Information Section S1). The STM-BJ instrument is automated, and 

experiments are repeated over an ensemble of >5000 molecules for each experiment. 

Single molecule conductance data are then analyzed using one- and two-dimensional 

(1D and 2D) conductance histograms without data selection. The timescale of a single 

STM-BJ pulling trajectory is in the order of milliseconds41, which allows for sampling a 

range of molecular conformations42 during a conductance measurement. Prior to 

understanding the electron transport behavior of singly anchored terphenyl derivatives, 

we characterized the molecular conductance behavior of the molecular analog with two 

terminal anchor groups (4,4’-diamino-p-terphenyl), and our results reveal a bimodal 

conductance distribution, with a prominent high conductance feature and weak low 

conductance feature, consistent with prior literature6 (Supplementary Figure 13).  

 
Single molecule conductance traces for PPP unexpectedly show two distinct populations, 

as demonstrated by characteristic single molecule conductance traces for high and low 

conductance features (Figure 2b). Singly anchored molecules are generally thought to 

form active junctions through intermolecular stacking interactions19,20, where two different 

molecules, each anchored to a different electrode, form non-covalent dimeric interactions 

to complete the circuit. We hypothesized that the low-conductance feature in singly 

anchored p-terphenyl derivatives arises due to intermolecular stacked junctions (Figure 

2c). However, in the STM-BJ setup, the applied bias between the two electrodes results 

in relatively high electric field gradients in the nanoscale junction, thereby giving rise to 

an OEEF17,18. We posited that OEEFs can induce a dynamic anchor in molecular 

junctions involving the formation of a new second anchor (Figure 2d) without requiring 

the cleavage or chemical reaction of additional functional groups. We aimed to 

understand if OEEFs could give rise to dynamic covalent anchors resulting in well-

defined43 conductance pathways in singly anchored organic molecules.  
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We began by characterizing the electron transport properties of amino-p-terphenyl 

derivatives in non-polar solvents (1,2,4-trichlorobenzene, TCB) using the STM-BJ 

method. Our results show that amino-p-terphenyl derivatives exhibit a characteristic low 

conductance feature (Figure 3a and Supplementary Figure 14). Surprisingly, PPP 

shows an additional high conductance feature occurring in a significant molecular sub-

population over a large ensemble of molecules (Figure 3b). Unsupervised machine 

learning (Supporting Information Section S1), 2D correlation analysis, and Gaussian 

mixture modeling (GMM), were used to interpret the two-state conductance behavior 

observed for PPP. 2D correlation analysis and GMM indicates that the two conductance 

 

 

Figure 2: Molecular library and electron transport mechanisms for singly anchored 

terphenyl derivatives. (a) Structures of singly anchored organic molecules studied in 

this work. (b) Characteristic single molecule conductance traces observed in STM-BJ 

experiments for PPP. HC denotes the high conductance state, whereas LC denotes 

the low conductance state. (c) Molecular junction schematic with non-covalent dimeric 

interactions for PPP. (d) Molecular junction schematic featuring an Au-C bond for PPP.  
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states are negatively correlated and therefore occur independently in distinct trajectories 

during the STM-BJ experiments (Figures 3c, d). These results suggest that the two 

conductance populations arise from two different junction configurations.  

 

Flicker noise analysis44 was performed to differentiate between through-bond and 

through-space electron transport for the high and the low conductance states 

(Supporting Information Section S1). Prior work has shown that the conductance 

fluctuations (conductance noise power) exhibit a power law dependence on the mean 

conductance G values depending on through-space and through-bond transport 

characteristics6,45. Conductance noise is quantified by numerically integrating the 

conductance noise power spectral density (PSD) between frequencies of 100 and 1000 

Hz22,46. The correlation is quantified by the scaling exponent n of the normalized noise 

power (noise power/Gn) versus the average normalized conductance G/G0, where G0 is 

the conductance quantum. A scaling exponent n ≈ 2 suggests through-space transmission 

whereas an exponent n ≈ 1 corresponds to through-bond transport. These results show 

 

Figure 3: Scanning tunneling microscope-break junction (STM-BJ) measurements of 

amino-p-terphenyl derivatives in 1,2,4-trichlorobenzene (TCB) at 250 mV applied bias. 

(a) 1D conductance histograms for PPP, PPM, PMP, and MPP. (b) 2D conductance 

histogram for PPP. (c), (d) Gaussian mixture modeling and 2D correlation analysis on 

PPP revealing anti-correlated high and low conductance states. (e) Flicker noise 

analysis of molecular sub-populations corresponding to the high and low conductance 

feature for PPP, which suggests through-bond and through-space characteristics for 

the high and low conductance features (scaling exponents of n  1.3 and n  2, 

respectively).  
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that the low conductance state in PPP occurs by through-space electron transport, 

whereas the high conductance state shows dominant through-bond electron transport 

characteristics (Figure 3e). Flicker noise analysis for MPP (Supplementary Figure 15) 

is also consistent with through-space electron transport for the low conductance state.  

Based on these results, we posit that the low conductance state observed for all amino-

p-terphenyl derivatives in this work arises due to non-covalent dimeric interactions. We 

posit that the high conductance state in PPP arises due to the formation of a dynamic 

covalent anchor binding to the metal electrode, which is consistent with through-bond 

transport for the high conductance state. Based on the structure of PPP, we hypothesize 

that the second anchor involves the formation of an Au-C bond under the influence of 

OEEFs. To explore this hypothesis further, we pursued a series of additional experiments 

and simulations.    

 

2D conductance histograms for amino-p-terphenyl derivatives indicate stark differences 

in electron transport pathways for different molecular composition. Notably, the high 

conductance state observed in PPP is significantly diminished or absent in all other singly 

anchored p-terphenyl molecules studied in this work (Figure 3a and Supplementary 

Figure 14), suggesting that molecular substituents disrupt the high conductance pathway 

in PPP. Although PPM and PMP show a weak high conductance feature, it is completely 

absent in MPP, implying that the presence of a methyl group at the para position on the 

aromatic ring completely abolishes the high conductance pathway. OEEFs are known to 

stabilize charge resonance structures and catalyze chemical reactions17,18. It is possible 

that the quinoidal resonant form of the axisymmetric molecule PPP is relevant for electron 

transport, with electron density redistributing towards the para position on the phenyl ring 

farthest from the amine anchor.  

 

We hypothesize that the carbon atom at the terminal para position in amino-p-terphenyl 

derivatives PPP, PPM, and PMP forms a direct Au-C covalent linkage, creating a single 

molecule bridge that completes the circuit and leads to the high conductance pathway 

(Figure 2d). The absence of the high conductance feature in MPP is consistent with the 

hypothesis that the methyl group at the terminal para position inhibits the interaction 

between the molecule and the gold electrode, preventing the formation of the Au-C 

covalent linkage. However, the para position remains available for binding in PPM and 

PMP, but the substituent groups on these molecules disrupt their symmetry, which 

disfavors the formation of the quinoidal resonant form. PMP contains a methyl substituent 

on the central ring, which alters the torsional angles and hinders the formation of the 

planar quinoidal resonant form, resulting in a weak high conductance feature compared 

to PPP.  

 

We further characterized the electronic properties of PPF, which contains an electron 

withdrawing group as opposed to the electron donating group in the methyl substituted 

terphenyl molecules. PPF exhibits similar electron transport characteristics to PPM 

(Supplementary Figure 16), suggesting that the nature of substituent does not 
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significantly affect the high conductance state. These results indicate that disruption of 

symmetry in the amino-p-terphenyl derivatives can inhibit the high conductance state. In 

addition, we also characterized the electronic properties of PPN, PPT, and PPS, which 

contain thiol, pyridine, and N-methylamino as terminal anchor groups, respectively. The 

electron transport behavior of PPN, PPT, and PPS (Supplementary Figure 17) indicates 

the absence of a high conductance state in these molecules. PPN exhibits a low 

conductance state, which is absent or significantly diminished in PPT and PPS, and likely 

arises due to non-covalent dimeric interactions.  

 

We conducted a series of additional single molecule experiments by varying temperature, 

concentration, and applied bias to further understand the high- and low-conductance 

populations observed for PPP. Temperature-dependent STM-BJ measurements were 

carried out at three different temperatures: 20 0C, 30 0C and 40 0C. Increased temperature 

leads to enhanced molecular vibrations, reducing the likelihood of forming intermolecular 

junctions during the STM-BJ experiments47. Our results indicate that as the temperature 

is increased, the low conductance state is significantly diminished (Figure 4a). These 

results are consistent with our hypothesis that the low conductance state arises due to 

non-covalent dimeric interactions. On the other hand, the high conductance state is 

largely unaffected by the 20ºC temperature increase, suggesting the high conductance 

state arises due to a stronger binding mechanism. Concentration-dependent STM-BJ 

experiments were also performed for PPP in the range on 0.1-10 mM (Figure 4b). These 

results indicate that the low conductance state of PPP exhibits strong concentration 

dependence, whereas the high conductance state is concentration independent. These 

results are consistent with our hypothesis that the low conductance state arises due to 

non-covalent dimeric interactions whereas the high conductance state arises due to 

through-bond transport.  

 

Bias dependent STM-BJ experiments (Figure 4c) reveal that at low applied bias (50-150 

mV), only the high conductance state is observed. These results indicate that even at 

relatively low applied biases, OEEFs are sufficient to induce Au-C linkages. As the applied 

bias is increased, the low conductance state emerges, consistent with prior work reporting 

that increased bias regulates dimeric interactions in molecular junctions28. The two-state 

conductance characteristic of PPP is also observed in a polar solvent such as propylene 

carbonate (PC), but with lower counts for each conductance population as the higher 

dielectric strength of polar solvents likely reduces the effect of OEEFs18 (Figure 4d). We 

also characterized the molecular conductance of PPP in PC in the presence of a reducing 

agent (sodium borohydride, NaBH4), which results in the disappearance of the high 

conductance state (Supplementary Figure 18). Based on these results, we posit that a 

charge separated quinoidal resonant form of PPP is involved for the high conductance 

state. Overall, results from STM-BJ experiments indicate that the high conductance in 

PPP state involves monomeric through-bond electron transport.  
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Figure 4: Effect of temperature, concentration, and applied bias on the molecular 

conductance of PPP. (a) Temperature-dependent conductance measurements are 

consistent with non-covalent dimeric interactions for low conductance state, whereas 

the high conductance state is robust to temperature variations. (b) Concentration-

dependent measurements for PPP. (c) Bias-dependent STM-BJ experiments 

indicating that the high conductance state is observed at low bias, whereas the high 

conductance state has bias dependence. (d) Solvent dependent STM-BJ 

measurements indicating that the bimodal conductance distribution is observed in non-

polar (1,2,4-trichlorobenzene, TCB) and polar (propylene carbonate, PC) solvents. 
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Bulk electrochemistry and spectroscopy  

Integrating single molecule measurements with bulk experiments offers a powerful 

approach to understand electron transport48,49. We performed a series of bulk 

electrochemical and spectroscopy experiments to understand the electronic properties of 

PPP, focusing on the origin of the high conductance state. Results from cyclic voltammetry 

(CV) experiments show a distinct oxidation wave on the forward scan at approximately 

0.65 V vs. Ag/AgCl, with only a small reduction peak at 0.15 V on the return scan (Figure 

5a). The absence of a prominent return peak in the CV indicates that a distinct chemical 

process occurs after oxidative electron transfer. A second distinct electron transfer event 

was observed when the positive limit of the potential window was expanded from 0.8 V 

to 1.0 V, however this second electron transfer event leads to the formation of a surface-

bound species (Supplementary Figure 19). Bulk electrolysis was performed to identify 

the nature of the products generated upon electrochemical oxidation of PPP. The potential 

was maintained at 0.8 V during electrolysis to isolate the first electron transfer event and 

avoid possible film formation on the electrode surface. The solution in the working 

electrode compartment exhibited dramatic changes in color, changing from colorless to 

purple upon oxidation (Figure 5b). All electrochemical experiments were performed in 

triplicates, and the integrated charge was used to determine the total number of electrons 

transferred during the electrochemical oxidation. Our results (Figure 5c) indicate that one 

electron was transferred, which suggests that the electrochemical oxidation of PPP forms 

a radical cation species.  

 

Electron spin resonance (ESR) spectroscopy experiments were performed on PPP before 

electrolysis, after electrolysis, and after preconcentration of the electrolysis product, as 

shown in Figure 5d. The signals at ~3480 G and ~3650 G indicate the presence of a 

radical species in the electrolyzed solutions that is not present in the pre-electrolyzed 

sample. Based on these results, we posit that the high conductance state of PPP arises 

due to a radical species (Supplementary Figure 20), which leads to the formation of a 

dynamic anchor based on a covalent Au-C linkage (Figure 2d). Computational modeling 

including MD simulations and NEGF-DFT calculations was further pursued to 

complement experimental results.  

 

Molecular dynamics (MD) simulations  

MD simulations have been used to characterize complex molecular geometries or 

conformations adapted by molecular junctions42, enabling comparison between 

experimental and theoretical results. Here, we used MD simulations to characterize the 

non-covalent dimeric interactions that resemble the low conductance state observed in 

the single molecule experiments.  

 

A series of MD simulations was performed to elucidate the dimeric interactions between 

methyl substituted amino-p-terphenyl derivatives. For each terphenyl derivative, a pair of 

molecules was simulated in TCB and PC solvents, and the separation distance between 
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their center-of-mass (COM) positions was systematically varied to provide molecular 

insights from both energetic and conformational perspectives (Supporting Information 

Section S1). The potential mean force (PMF) as a function of the separation distance 

between the COM of terphenyl pairs in solution was assessed using umbrella sampling 

and the Weighted Histogram Analysis Method (WHAM)50.  

 

Figure 5. Bulk electrochemistry and spectroscopy experiments on PPP. (a) Cyclic 
voltammetry of 1 mM PPP in an electrolyte solution of 0.1 M TBAPF6 in PC. The 
potential was swept from 0 V vs. Ag/AgCl to 0.8 V vs. Ag/AgCl in forward and reverse 
scans at rates ranging from 25 mV/s up to 1 V/s. (b) Images of a bulk electrolysis 
cell before and after electrolysis, showing the dramatic color change in the working 
electrode compartment (right) upon oxidation. (c) Bulk electrolysis of 1 mM PPP in 
an electrolyte solution of 0.1 M TBAPF6 in PC, at an applied potential of 0.8 V, taken 
in triplicate (N = 3). The black trace indicates the mean, and the red error bar 
represents 1 standard deviation from the mean. The average number of electrons 
transferred was 1.1 ± 0.1. (d) ESR spectra of the 1 mM PPP with no electrolysis, 
directly after electrolysis, and after electrolysis with a preconcentration step. 
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The PMFs of PPP, MPP, and PPM in TCB solution exhibit similar profiles, with the global 

minima located at a separation distance of 5.1 Å (Figure 6a). The corresponding binding 

energies (Supplementary Table 1) between two terphenyl molecules is 0.63 ± 0.04 kBT 

for PPP, 0.68 ± 0.05 kBT for MPP, and 0.79 ± 0.04 kBT for PPM, where T is the absolute 

temperature at 300 K. On the other hand, the global minimum of PMP is situated at a 

separation distance of 5.9 Å with a binding energy of 0.19 ± 0.05 kBT due to the non-

 

Figure 6. Molecular dynamics (MD) simulations and non-equilibrium Green’s function-

density functional theory (NEGF-DFT) calculations. (a) Potential mean force (PMF) 

profiles for dimers. (b) Distribution of the angle between the long axes of terphenyl 

molecules in 1,2,4-tricholorobenzene (TCB). Arrows in the inset represent the long-

axis vector. (c) Experimental and computational transmission values at the Fermi 

energy level for the stacked molecular conformations for several amino-p-terphenyl 

derivatives. (d) Transmission plots for the high and low conductance state of PPP.  

 

https://doi.org/10.26434/chemrxiv-2024-g4q8t ORCID: https://orcid.org/0000-0001-7656-8696 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-g4q8t
https://orcid.org/0000-0001-7656-8696
https://creativecommons.org/licenses/by/4.0/


15 
 

planar intramolecular conformation and steric hinderance caused by its methyl group at 

the middle phenyl ring (Supplementary Figure 21). The observed binding energies for 

the terphenyl derivatives are below 1 kBT, which is consistent with results from the 

temperature-dependent STM-BJ experiments.  

 

We further characterized the structural features of the terphenyl molecules based on the 

MD trajectories of the PMF global minimum. Figure 6b shows the angle distribution 

between the long axes of terphenyl molecules in TCB solvent, which quantifies the 

intermolecular structure between terphenyl dimers. An angle close to 1800 indicates that 

the terphenyl molecules are aligned in the same parallel direction, increasing the 

likelihood of π-π stacking and providing an efficient conductance pathway. For MPP, a 

bimodal distribution is observed which could arise due to the methyl group leading to an 

offset in stacking for the dimeric structure. The symmetric geometry of PPP in TCB 

promotes a more parallel pair structure, ensuring an effective stacked dimeric structure. 

A similar trend in PMFs and conformational features was observed for peptides in PC 

solution (Supplementary Figure 22). Molecular conformations generated by MD can be 

used in computationally efficient quantum mechanics (QM) calculations to aid in 

comparison between theory and experimental results. 

 

Electron transport calculations 

Electron transport calculations provide a powerful tool to validate experimentally observed 

conductance behavior42,43. NEGF-DFT simulations were performed for methyl substituted 

amino-p-terphenyl derivatives in a stacked dimer geometry, corresponding to the low 

conductance state characterized by non-covalent intermolecular interactions 

(Supporting Information Section S1). For PPP, NEGF-DFT calculations were further 

carried out for the proposed high conductance state involving Au-C covalent linkages. 

Transmission plots for the stacked dimeric structures for PPP, PPM, and PMP show 

qualitatively similar behavior (Supplementary Figure 23). Comparing the transmission 

values at the Fermi energy level (Figure 6c) shows that MPP exhibits lower conductance 

compared to the other derivatives, in both experiments and NEGF-DFT calculations. 

These results suggest that the presence of a methyl group at the terminal para position 

on the phenyl ring opposite to the amine can cause an offset in stacked molecular 

conformation. These results also support experimental results suggesting that the low 

conductance state arises due to non-covalent dimeric interactions.  

 

We also performed NEGF-DFT calculations for the high conductance state of PPP, which 

involves the formation of an Au-C covalent bond. Our results indicate that there is a tenfold 

difference in computed transmission values between the high and low conductance states 

of PPP (Figure 6d), in accordance with our experimentally observed STM-BJ results. The 

differences between experimental and computed transmission values could arise due to 

the semi-local exchange-correlation functional (PBE) used in our calculations, which 

tends to underestimate the HOMO-LUMO gap between the electrodes and molecule. In 

addition, the electron transmission calculations are carried out at zero applied bias. The 
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experimental STM-BJ results indicate an increase in conductance with an increase in 

bias. Overall, NEGF-DFT calculations combined with MD simulations support the 

hypothesis that the low conductance state arises due to non-covalent intermolecular 

interactions and the high conductance state involves the formation of a robust Au-C 

covalent linkage.  

 

Conclusions  

In this work, the electronic properties of singly anchored amino-p-terphenyl derivatives 

are characterized using automated chemical synthesis, single molecule electronics 

experiments, bulk scale electrochemistry, MD simulations, and NEGF-DFT calculations. 

Single molecule experiments reveal two well-defined conductance pathways in some 

amino-p-terphenyl derivatives due to the formation of robust Au-C covalent linkages under 

OEEFs. Bulk electrochemistry and spectroscopy experiments show that a radical cation 

state occurs when PPP is exposed to an electric field, which facilitates the formation of 

robust Au-C covalent linkages. Our results show that the formation of Au-C linkages is 

favored when the charge separated resonant state experiences minimal disruption. The 

introduction of substituents on the three benzene rings within the terphenyl system 

disrupts this state, hindering the high-conductance electron transport pathway. In 

addition, our work highlights the importance of non-covalent dimeric interactions in 

molecular electronics that can be leveraged for the design of materials for bulk scale 

measurements. MD simulations are used to understand the stacking conformations for 

various amino-p-terphenyl derivatives, and NEGF-DFT calculations are carried out to 

understand the electron transport behavior observed in single molecule experiments. 

Overall, our work highlights the role of OEEFs in generating dynamic anchor groups in 

molecular junctions without requiring the cleavage or conversion of functional groups, 

which enhances the chemical toolbox available for constructing molecular electronics. 
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