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Electrical monitoring of single-event
protonation dynamics at the solid-liquid
interface and its regulation by external
mechanical forces

Cong Zhao1,6, Jiazheng Diao2,6, Zhao Liu1,6, Jie Hao1, Suhang He1, Shaojia Li1,
Xingxing Li 2,3, Guangwu Li 1,4 , Qiang Fu 2,3 , Chuancheng Jia1 &
Xuefeng Guo 1,5

Detecting chemical reaction dynamics at solid-liquid interfaces is important
for understanding heterogeneous reactions. However, there is a lack of
exploration of interface reaction dynamics from the single-molecule per-
spective, which can reveal the intrinsic reaction mechanism underlying
ensemble experiments. Here, single-event protonation reaction dynamics at a
solid-liquid interface are studied in-situ using single-molecule junctions.
Molecules with amino terminal groups are used to construct single-molecule
junctions. An interfacial cationic state present after protonation is discovered.
Real-time electrical measurements are used tomonitor the reversible reaction
betweenprotonated anddeprotonated states, thereby revealing the interfacial
reaction mechanism through dynamic analysis. The protonation reaction rate
constant has a linear positive correlation with proton concentration, whereas
the deprotonation reaction rate constant has a linear negative correlation. In
addition, external mechanical forces can effectively regulate the protonation
reaction process. This work provides a single-molecule perspective for
exploring interface science, which will contribute to the development of
heterogeneous catalysis and electrochemistry.

Investigating chemical reaction dynamics is of significance for reveal-
ing their intrinsic mechanisms, especially those at solid-liquid inter-
faces. Such reactions are requisite to heterogeneous catalysts1–3 and
electrochemistry4–6, and are closely related tomaterial synthesis7,8 and
energy storage9. Over the past decades, several macroscopic techni-
ques have been developed to study the reaction processes at solid-

liquid interfaces, such as in-situ Raman spectroscopy10 and surface-
enhanced infrared absorption spectroscopy11. However, in macro-
scopic experiments, the details of the individual reaction steps that
comprise the entire reaction pathway are obscured by the quasi-
equilibrium conditions of the ensemble. Direct detection of reactions
at solid-liquid interfaces and analysis of reaction dynamics at the
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single-event or -molecule level provide opportunities to deepen our
understanding of reaction mechanisms. Therefore, a reliable in-situ
technique to monitor single-molecule reaction dynamics at solid-
liquid interfaces is required.

Single-molecule junctions (SMJs)12–15 can be used to in-situ moni-
tor chemical reaction processes in solution at the single-event
level16–20. In SMJs, single molecules with specific terminal groups can
behave as molecular bridges between two electrodes and be mon-
itored by real-time electrical signals. For example, graphene-based
SMJs are an effective platform for studying single-molecule chemical
reactions and analyzing reaction dynamics21–24. In this approach, a
single molecule bridges between two electrodes through robust
covalent amide bonds25, which allows efficient monitoring of the
chemical reaction on the functional center of the molecule. When it
comes to ions involved in metal-solution interfacial reactions, single-
molecule break junctions based on metal electrodes are more appro-
priate. The electrical measurement of single-molecule break junctions
is based on repeatedly forming and breaking molecule-electrode
contacts26, and thus it is suitable for the study of metal-solution
interfaces27–33. Based on this technique, it is possible to not only detect
chemical reactions at metal-solution interfaces but also monitor
reaction dynamics.

Proton behavior11,34 at solid-liquid interfaces is central to many
interfacial reactions, such as the hydrogen evolution reaction1,35. Here,
we study the single-event protonation reaction dynamics at a metal-
solution interface using the scanning tunneling microscopy break
junction (STM-BJ) technique. Specifically, the protonation reaction of
an amino group, as a typical system for exploring the solid-liquid
interfacial reaction, is investigated (Fig. 1a). Single molecules with
amino terminal groups are used as molecular probes to detect the
protonation reaction at the solid-liquid interface from the single-event
perspective (Fig. 1b). By fixing the molecule to the interface, the pro-
tonation reaction dynamics can be monitored by real-time electrical
measurements, allowing the overall mechanism to be interpreted.
Meanwhile, the effects of proton concentration and external
mechanical force on the reversible protonation reaction are explored.

Results and Discussion
Interfacial protonation reaction in molecular junctions
To study the single-event protonation reaction at a solid-liquid inter-
face, gold (Au) electrodes (tip and substrate) and molecules with
amino terminal groups were used to construct SMJs. Specifically, 4,4ʺ-
diamino-p-terphenyl (TP-N) and 4ʺ-amino-4-thiol-p-terphenyl (TP-S)
were chosen as the target molecules (Fig. 1b). The synthesis route of
TP-S is shown in Supplementary Fig. 1. Propylene carbonate (PC) was
used as a kind of polar solvent. The concentration of target molecules
in PC was 1.7mM. Trifluoromethanesulfonic acid (TFMS) and tri-
fluoroacetic acid (TFA) were used as proton sources. Then, the STM-BJ
technique allows the determination of the different protonation states
through the differences in conductance during the protonation
reaction.

One-dimensional (1D) and two-dimensional (2D) single-molecule
conductance-displacement histograms for TP-N molecules without
andwith acid arepresented in Fig. 2a–c andd–f, respectively. Here, the
conductance peak at 100 G0 corresponds to Au−Au point contact,
where the unit G0 is the conductance quantum, G0 = 2e2/h≈ 77.5μS36.
The conductance peaks below 100 G0 correspond to molecular
signals37. Without acid, TP-N SMJs show only one conductance peak
around ≈10−3.6 G0 ( ≈ 19 nS), where the amino terminal group forms a
dative bond with Au at the molecule-electrode contact38,39. After the
addition of TFMS (5.0mM in PC), the junctions show a low con-
ductance state at ≈10−5.0 G0 ( ≈0.78 nS; State 2). Addition of TFA also
leads to the appearance of a similar low conductance state (Supple-
mentary Fig. 2). This result is different from that in previous work,
where no conductance peak appears after acid addition40. The reason

for this discrepancy is that the low conductance peak only appears in a
narrow range of acid concentrations. When the acid concentration
reaches ≈6.67mM, no conductance peak is observed (Supplementary
Fig. 3). The conductance of the high state (State 1) after adding
≈6.67mMof acid is the same as that of the initial state, indicating that
themolecule-electrode contact still involves a dative bond. For State 2,
the conductance ismuch lower (×0.04) than that of State 1, suggesting
that the proton affects the dative bond between Au and N.

To figure out whether one or both two amino terminal groups are
protonated by the acid, TP-S with one amino terminal group was fur-
ther investigated. Before the electrical measurements, TP-S molecules
were pre-assembled on the Au substrate for 12 h to ensure that the
thiol terminal groups formed molecule-electrode contacts with stable
covalent bonds, and the amino terminal groups were exposed to the
solution. A conductance peak resembling that observed for TP-N after
adding acid was observed when acid was added to the TP-S molecule
junctions (Supplementary Fig. 4). The charge transport characteristics
of the 4,4ʹ-biphenyldithiol (BP-S), with two thiol groups and no amino
group, before and after acid addition were also detected (Supple-
mentary Figs. 5, 9). No change in conductance was observed when the
same concentration of acid was added to the BP-S system, which
means that acid addition could not affect the thiol terminal group.
Therefore, the conductance decrease is ascribed to the protonation of
the amino group. As shown in Supplementary Fig. 4d, the conductance
of State 2 in the TP-S junction after acid addition is also much lower
(×0.04) compared with that of State 1, indicating that although there
are twoamino groups in a TP-Nmolecule, only one group is involved in
the protonation reaction in State 2. On the basis of the above discus-
sion, it can be inferred that the state with two protonated amino
groups is not detected because the low conductance of such a state
(≈10−6.5 G0 ≈0.025 nS) is below the detection limit of the instrument.

To clearly understand the specific interfacial structures of State 1
and State 2, further theoretical calculations were conducted (Fig. 2g).
For State 1, the N atom in the amino group is directly bonded to an Au
atom, with an Au-N bond length of 2.34 Å, corresponding to the state
before protonation. For State 2, a proton is located between the amino
group and Au atom with corresponding N−H and Au−H bond lengths
of 1.13 and 1.98 Å, respectively, which corresponds to the state after
acid addition. The angles in the structures of State 1 and State 2 are
listed in the Supplementary Table 1. The stability of the two config-
urations is confirmed by vibrational frequency analysis, which shows
that they are both local minima with no imaginary frequencies. Elec-
tron localization function (ELF) analysis41 (Fig. 2g) of the two config-
urations indicates the presence of localized electron pairs in the
regions between the correspondingAu andN,N andH, aswell asH and
Au atoms (albeit the electron pair localization between H and Au is
relatively weak), indicating the formation of chemical bonds between
the atoms involved. Figure 2h presents the calculated transmission
spectra for the two structures using the simulation model shown in
Supplementary Fig. 7. The transmission of the configuration with
directly connected amino and Au atoms is considerably higher than
that of the configurationwith the proton locatedbetween theN andAu
atoms, which is consistent with the experimentally observed decrease
in conductance after acid addition. The above results strongly indicate
that both unprotonated and protonated amino terminal groups have
been captured by the electrical measurements of STM-BJ.

Although the protonated amino group is isoelectronic with the
methyl group, the contact between the methyl group and gold is sig-
nificantly weaker than that between the protonated amino group and
gold, as evidenced by the lack of a distinct conductance plateau in the
conductance measurements of single 1,3,5-trimethyl-benzene (TMB)
molecular junctions (Supplementary Fig. 6). Unlike the H atom in the
methyl group, which is already saturated in its bonding with the C
atomand thereforehas noorbital interactionwith the topAuatom, the
proton in the protonated amino group has empty orbitals to
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accommodate electrons not only from the N atom (forming a coor-
dinationbond) but also from theAu. Therefore, the latter interaction is
stronger than the former. The above comparison is further supported
by the analysis of the ELF. It can be seen that the electron pair locali-
zation between Au and the H atom in the methyl group (Supplemen-
tary Fig. 6c) is lower than that between Au and the proton in the
protonated amino group (Fig. 2g). In addition, electrostatic interac-
tions also contribute to the binding between gold and the protonated
amino group, which is augmented by the image-charge effect13.

Dynamic analysis of the single-event protonation reaction
The typical conductance-displacement traces after adding acid reveal
that the molecules spontaneously transition between State 1 and State
2 (Fig. 2f inset). By hovering the tip, conductance-time (G–t) traces can
be obtained (see Supplementary Note 4, Supplementary Fig. 10). The
G–t histogram of pure single TP-N molecular junctions is shown in
Supplementary Fig. 11, which has only one conductance state. This
result also suggests the exclusion of tip retraction and molecular
geometry changes in the hover mode. Then, based on a segmental k-
means method of the hidden Markov model42,43, QuB software was
used to collect and idealize the G–t traces with two states. After idea-
lization, dwell times of State 1 and State 2 (TS1 and TS2) can be obtained
(Fig. 3a). The average lifetime of each state (τS1 and τS2) can be further
derived from theprobability distribution analysis ofTS1 andTS2. Taking
the casewith 0.83mMTFMS as anexample, bothTS1 andTS2 arewellfit
by a single exponential decay function (Fig. 3d,e). The average life-
times calculated through fitting are τS1 = 32.7 ± 6.4ms and
τS2 = 8.3 ± 1.2ms. These values indicate that the protonation reaction
follows a simple Poisson process. Furthermore, rate constants (k) can

be derived from the equation k = 1/τ. The activation energies of the
protonation reaction (E1) and deprotonation reaction (E2) can be cal-
culated from the Eyring equation E = RT ln(kBT/(hk)), where
R = 8.314 Jmol−1 K−1, T is the temperature, kB is the Boltzmann constant,
and h is the Planck constant. The energy profiles obtained from elec-
trical experiments and theoretical simulations (with the structures in
Supplementary Fig. 8) are shown in Fig. 3f. The energy barrier of the
protonation reaction (from State 1 to the transition state) is
15.4 kcalmol−1 (calculated value of 27.4 kcalmol−1), and the energy
difference between the two conductance states is 0.8 kcalmol−1 (cal-
culated value of 2.1 kcalmol−1). The tunneling effect of hydrogen,
which allows protons to overcome energy barriers even without suf-
ficient energy, was not included in our simulations. As a result, the
height of the effective barrier experienced by protons should be lower
than the calculated energy barrier from a classical point of view, which
has been demonstrated in similar calculations44–46. In addition, an
implicit model is used to describe the solvent environment, which
cannot account for the microscopic structural features of the solvent
molecules in the vicinity of the SMJ. The structural adjustment of the
solvent molecules might facilitate proton transfer between the two
states, leading to an additional decrease in the energy barrier.
Thus, the calculated energy barrier is higher than that obtained from
the experiments. Overall, the energy profiles obtained from simula-
tions agree well with the experimental results, indicating that the
dynamic analysis of the electrical results measured by STM-BJ is rea-
sonable. Therefore, dynamic processes of interfacial protonation
reactions at the single-event level can be detected through STM-BJ
measurements.

Effect of proton concentrations on reaction dynamics
To further investigate the mechanism of this interfacial protonation
reaction at the single-event level, different concentrations of TFMS
were added to the TP-N system. The acid concentration is gradually
increased from 0.83 to 4.17mM, and the TP-N concentration is kept
constant at 1.7mM. The G–t traces and corresponding histograms in
Fig. 4a reveal that the proportion of State 2 gradually increases with
increasing acid concentration, whereas the proportion of State 1
decreases. Specifically, with the increase of TFMS concentration from
0.83 to 4.17mM, the area ratio of the peaks from State 2 (purple peaks
in Fig. 4a) and State 1 (blue peaks in Fig. 4a) (AS2/AS1) gradually rise
from 0.20 to 8.2 (Fig. 5b, blue line). The original peak areas are shown
in Supplementary Tables 3 and 4. The AS2/AS1 values show the same
trend as the macroscopic results measured by fluorescence emission
spectroscopy (Supplementary Figs. 12 and 13). In emission spectra, the
peak at 402 nm corresponds to neutral TP-N molecules, whereas that
at 453 nm originated from TP-Nmolecules with one protonated amino
terminal group. The spectra of fluorescence emission intensity versus
acid concentration at excitation wavelengths of 402 and 495 nm
indicate that the protonation reaction starts at a TFMS concentration
of 0.98mM. This concentration threshold for protonation is similar to
that of the single-molecule experiments (0.83mM, as discussed
above), proving the reliability of single-molecule analysis.

Through dynamic analysis, the average lifetimes of the two states
at different acid concentrations can be obtained. As shown in Fig. 4b
and Supplementary Fig. 14, when the acid concentration increases
from 0.83 to 4.17mM, τS1 decreases from 32.7 to 6.1ms, whereas τS2
increases from 8.3 to 57.3ms. This tendency is consistent with the
change in the proportion of State 1 and State 2 (Supplementary
Fig. 15a). For further analysis, the rate constants for forward (kf) and
backward (kb) reactions are calculated from the obtained average
lifetimes of State 1 and State 2 (Fig. 4c). The ratios of rate constants
(kb/kf) are also shown in Supplementary Table 2, which are consistent
with those obtained from macroscopic experiments. Both reaction
rates exhibit a linear relationship with acid concentration. However,
the correlationbetween k and acid concentration isdifferent in the two

Fig. 1 | Overview of single-event protonation reaction at the metal-solution
interface. a Schematic diagram for the interfacial protonation reaction of the
aminogroup.Au, C, andNatoms aredepicted in yellow, gray, andblue, respectively
and H atoms are depicted in white and purple. b Schematic diagram for the single-
molecule junction and the molecular structures.
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states: kf is positively correlated with acid concentration, while kb is
negatively correlated with acid concentration. Specifically, as the acid
concentration increases, kf increases from 30.6 to 165.3 s−1, while kb
decreases from 120.6 to 17.5 s−1. This behavior is closely related to the
microenvironment at the metal-solution interface. The protonation
process responsible for the conductance change corresponds to pro-
tonmigration between the electrode surfaceand anchor groupof TP-N
in the molecular junction. The likelihood of protonation involving
proton migration from solution is very low, according to our simula-
tions (see Supplementary Fig. 16 and Supplementary Note 7). As the
acid concentration increases, protons gradually accumulate at the

solid-liquid interface. Therefore, the probability of collision between
protons and amino groups at the interface increases at high acid
concentrations. Consequently, the likelihood of a proton reacting with
the amino group in the molecular junction is heightened, culminating
in an elevated rate constant for the protonation reaction (Fig. 4d). On
the contrary, the aggregation of protons leads to a higher local charge
density near the amino group at themetal-liquid interface. This solvent
effect impedes the proton’s dissociation from the Au−H−N config-
uration in State 2, diminishing the likelihood of themolecule changing
from State 2 to State 1 and reducing the rate constant for the depro-
tonation reaction.

Fig. 2 | Charge transport of single TP-N molecular junctions before and after
single-event protonation reaction at the interface. a Schematic diagram for
singleTP-Nmolecular junction. Au, C, andN atomsare depicted in yellow, gray, and
blue, respectively and H atoms are depicted in white. b 2D conductance-
displacement histogram for single TP-N molecular junctions, consisting of ≈5700
individual traces. The color scale shows the counts. c 1D conductancehistogram for
singleTP-Nmolecular junctions. Inset: typical conductance-displacement traces for
the junction. d Schematic diagram for single TP-N molecular junction with acid

addition. Au, C, andN atoms are depicted in yellow, gray, andblue, respectively and
H atoms are depicted in white and purple. e 2D conductance-displacement histo-
gram for the junctionswith acid addition, consistingof≈6100 individual traces. The
color scale shows the counts. f 1D conductance histogram for junctions with acid
addition. Blue: State 1; Purple: State 2. Inset: typical conductance-displacement
traces for the junction. g Optimized configurations and calculated electron locali-
zation functions for State 1 and State 2.hCalculated transmission spectra for State 1
(blue) and State 2 (purple). Source data are provided as a Source Data file.
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Force modulation of the interfacial protonation reaction
To better understand the interfacial state and manipulate the inter-
facial protonation reaction, an externalmechanical force47–49 is further
used to control the single-event protonation reaction at the metal-
solution interface. External mechanical forces are typically employed
tomanipulate the conductance switching in single-molecule junctions.
During these single-molecule electrical measurements, the upper tip
was continuously pulled away from the substrate at a rate of
18.6 nm s−1, exerting an external mechanical force on the SMJ. 1D and
2D single-molecule conductance-displacement histograms for TP-N
molecular junctions at TFMS concentrations of 0.83 to 5.83mM are
shown in Fig. 5a and Supplementary Fig. 17. Similar to the behavior
when hovering without an external mechanical force, an obvious
conductance peak from State 2 can be observed when the acid con-
centration reaches 0.83mM (Fig. 5a). As the TFMS concentration
escalates from 0.83 to 5.83mM, the proportion of State 1 declines,
while the proportion of State 2 rises accordingly. (Supplementary
Fig. 15b). Similar to AS2/AS1 value without force, as the acid con-
centration increases, AS2/AS1 value under force also changes slowly at
first and then sharply from 0.59 to 11.37 (Fig. 5b). More detailed, when
the acid concentration is below 3.33mM, AS2/AS1 value with force is
larger than that without force, meaning that the applied external
mechanical forcepromotes the formation of the protonated state.One
reasonable explanation is thatwhen the tip is kept pulling up, theN−Au
dative bond may be attenuated and the proton may have a higher
possibility to insert between the amino group and the gold atom, thus
promoting the interfacial protonation reaction (Fig. 5c). When the acid
concentration exceeds 3.33mM, AS2/AS1 value under force is relatively
small. At an acid concentration of 3.33mM acid, τS2 in hover mode
exceeds 33.7ms (Fig. 4b). However, the conductance plateau length
under the force is only 0.59nm (without considering the snap-back
distance) (Supplementary Fig. 18), indicating that the SMJ exists for

31.7ms. Therefore, under an externalmechanical force, the SMJ breaks
before State 2 reaches its lifetime. Because the external mechanical
force affects the stability of State 2, AS2/AS1 value under force at high
acid concentration is smaller than that without force (Fig. 5c). In
addition, the conductance plateau length of State 2 diminishes with an
increase in acid concentration (Supplementary Fig. 18h), indicating
that protons influence the stability of State 2. The conductanceplateau
length of the initial state is shown in Supplementary Fig. 19.

In conclusion, this work in-situ investigates the protonation
reaction dynamics of amino groups at the metal-solution interface
from the single-event perspective. A stable cationic interfacial state has
been discovered, which provides the basis for detecting interfacial
protonation reactions. Through real-time single-molecule electrical
measurements, in-situ monitoring of protonation reactions at the
single-event level has been achieved. By further analyzing the
dynamics of protonation reactions, the reaction process has been
revealed. Then, the effect of acid concentration on reversible single-
event protonation reaction has also been studied. The rate constant of
protonation is positively linearly correlated with acid concentration,
whereas that of deprotonation is negatively linearly correlated. In
addition, when an externalmechanical force is exerted on the SMJ, the
force can effectively regulate the interfacial protonation reaction by
promoting the forward reaction process. The study of solid-liquid
interfacial protonation reaction dynamics at the single-event level
provides a possibility for promoting the development of interface
science, which will be beneficial for the fields of heterogeneous cata-
lysis and electrochemistry.

Methods
Experimental preparation
The gold tip (diameter = 0.25mm, 99.99% purity, ZhongNuo
Advanced Material (Beijing) Technology Co., Ltd) was obtained by

Fig. 3 | Real-time conductance recordings and dynamic analysis. a Typical G–t
trace of protonation reactionmeasured in amixed TP-N/TFMS solution.b Enlarged
G–t trace (black) of the reaction with idealized fitting (red). c Corresponding his-
togramof conductance values, showing a bimodal conductancedistribution. Au, C,
N, and H atoms are depicted in yellow, gray, blue, and white, respectively. d,e Plots

of time intervals of State 1 (d) and State 2 (e) in the idealized fit in a. Single-
exponential fittings derive the corresponding lifetimes. f Experimental (blue) and
simulated (purple) energy profile of the interfacial protonation reaction. Source
data are provided as a Source Data file.
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electrochemical corrosion and was coated with Apiezon wax to
suppress the background conductance of the solution. The gold
substrate was prepared by evaporating 8-nm-thick chromium at
0.05 Å s−1 and 100-nm-thick gold at 0.15 Å s−1 on a clean silicon wafer.
TP-N (Mreda, 98% purity), TP-S, BP-S (Bide, 98% purity), TFMS
(Macklin, 98% purity), and TFA (Macklin, 99.9% purity) were dis-
solved in PC (Macklin, 99% purity), respectively. All reagents were
used without further purification.

Before STM-BJ measurement, different ratios of molecular solu-
tion and acid solution were mixed and stirred. During the STM-BJ
experiment, 2 μL mixed solution was added to the Au substrate. The
bias voltage applied to the molecular junction was 0.1 V. The time

resolution of the measurement was 20 kHz (50 μs). All measurements
were carried out at room temperature by X-tech STM-BJ purchased
from VR (Xiamen) Technology Company, China, and the data was
analyzed by XMe open-source code (https://github.com/Pilab-XMU/
XMe_DataAnalysis)50. There are two kinds of working modes in STM-
BJs. One is the conductance-displacementmeasurement, where the tip
is retracted from the substrate continuously and an external
mechanical force is exerted on the single-molecule system. The other
one is the conductance-time measurement (hover mode), where the
tip is halted for 200ms after single-molecule junction formation and
no external mechanical force is exerted. Both 1D and 2D conductance-
displacement or conductance-time histograms are analyzed without

Fig. 4 | Proton concentration-dependent measurements. a G–t traces and cor-
responding histograms of single-molecule junctions measured in the reaction
solutions with different acid concentrations. The color scale shows the counts.
b,cChanges in lifetime (b) and rate constant (c) of State 1 (blue) andState 2 (purple)
at different acid concentrations. The error scales were derived from the

corresponding single exponential fittings of the dwell times (standard deviation)
and the number of independent samples is ≈200. d Schematic diagram for the
effect of acid concentrations on the protonation reaction at the metal-solution
interface. Au, C, N, and H atoms are depicted in yellow, gray, blue, and purple,
respectively. Source data are provided as a Source Data file.
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any data selection. Gaussian fitting is applied to fit the conductance
peaks and the integrated areas under the fitted curves are considered
as the peaks’ areas.

Molecular synthesis of TP-S
All reagents and solvents used in the synthesis procedure of 4ʺ-amino-
4-thiol-p-terphenyl (TP-S) were commercially available and used
without further purification (99.7% purity). Thin layer chromatography
(TLC) silica gel plate was used to monitor the reaction. Flash column
chromatography was made from silica gel from Shenghai Qingdao
(300–400mesh). 1H and 13C NMR spectra were recorded in CDCl3 on a
Bruker Avance 400MHz spectrometer. High-resolution mass spec-
trometric analysis was conducted within the ESI mode on Thermo Q
Exactive Focus.

Chemical structures and the detailed synthetic pathway of TP-S
molecule are shown in Supplementary Fig. 1. The synthesis of TP-S was
successfully prepared in a yield of 35.0% by reducing the corre-
sponding nitroarenes 4ʺ-nitro-[1,1ʹ:4ʹ,1ʺ-terphenyl]−4-thiol (TPT-NO2).
TPT-NO2 was synthesized according to ref. 51. Compound 2 was
obtained via Suzuki coupling of 1 with (4-nitrophenyl)boronic acid,
which was commercially available. After that, an intermolecular
nucleophilic substitution reaction of 2 with dimethylcarbamoyl
chloride using sodiumhydride asbase to obtained compound 3, which
was heated to 210 oC without any solvent for 18 h to afford the key
intermediate 4 via a Newman-Kwart rearrangement. Finally, hydrolysis
reaction of 4 by potassium hydroxide in methanol was carried out to
give TPT-NO2.

Under N2 atmosphere, the mixture of TPT-NO2
51 (0.15 g,

0.47mmol, 1.0 eq), SnCl2.2H2O (1.09 g, 2.35mmol, 5.0 eq), HCl
(0.3mL) in 15mLof ethanol was heated to 80 °C in a two necked bottle
for 8 h. Upon cooling to room temperature, the resulting solution was
poured into 30mL of ice-cold water and slowly added 2M aqueous
NaOHuntil the pH reached9. The aqueous solutionwas then extracted
with DCM (3×10mL) three times. After drying with anhydrous Na2SO4,

the organic layers were concentrated in reduced pressure. The crude
product was purified by flash column chromatography to obtain the
product as a yellow solid (0.047 g, 35%). The product has low solubility
in CDCl3 and other solvents. TLC (PE:CH2Cl2, 1:3, v/v): Rf = 0.5; 1H NMR
(400MHz, CDCl3): (ppm) 7.76 (s, 4H), 7.51 (d, J = 8.0Hz, 2H), 7.46 (d,
J = 8.0Hz, 2H), 7.35 (d, J = 8.0Hz, 2H), 6.77 (d, J = 8.0Hz, 2H), 3.76 (brs,
2H), 3.49 (s, 1H); ESI HRMSm/z: [M +H]+ calcd for C18H16NS 278.0998,
found 278.0999. In the 1H NMR spectrum of TP-S, the singlet peak at
≈3.49 ppmcan be assigned to the proton in the sulfur atom. The broad
peak at ≈3.76 ppm is attributed to the characteristic peak of amino
compounds which is consistent with refs. 28,52.

Computational methods
The geometric and electronic properties of themolecular junction were
calculated using density functional theory (DFT). The PBE functional53

was used for the correlation-exchange interactions, and the dispersion
interactions were included by using the DFT-D3method54. A proton was
added to model the proton environment, and a fluorine anion was used
to balance the positive charge. The solvation effects were considered by
using an implicit solvent model55,56. The transition states were located

Fig. 5 | Reaction manipulation under an external mechanical force. a 1D con-
ductance histograms for TP-N molecular junctions with different acid concentra-
tions under forces. b Changes in area ratios of State 2 over State 1 with (red) or
without (blue) forces. The error scales were derived from the thousands of single-

molecule experiments (standard deviation). c Schematic diagram for the force
manipulation of single-molecule junctions in State 1 and State 2. Au, C, N, and H
atoms are depicted in yellow, gray, blue, and purple, respectively. Source data are
provided as a Source Data file.
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using the climbing-image nudged elastic band (CI-NEB) method57, and
vibrational analysis was performed to verify the transition states. The
calculations of transmission spectra were performed by combining DFT
with the nonequilibrium Green’s function (NEGF) method58. Since the
fluorine atom employed for the charge balance introduces artificial
energy levels that interfere with calculated transmission spectra, we
adopted a different charge balance scheme as in ref. 59, to account for
the charge and counter ion, i.e., atomic compensation charge was
applied to take out an electron from the associated hydrogen atom and
background electron charge was added to neutralize the system. Details
of the computationalmethods and the simulationmodel are provided in
Supplementary Note 3.

Data availability
The data that support the findings of this study are available from
Zenodo60 and from the corresponding authors upon request. Source
data are provided with this paper.
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