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The origin of molecular chirality remains an enigma in chemistry, particularly regarding how single-molecule
events overcome intrinsic stochasticity to establish population-level chirality. Here, we present a viable
strategy for real-time, from-the-beginning single-molecule trajectory monitoring of asymmetric evolution
from a single initial molecule with single-event resolution, allowing direct observation of spontaneous
mirror symmetry breaking in a single-molecule Diels—Alder reaction system. We monitor the asymmetric
evolution in real time using the chirality-induced spin selectivity effect. This approach enables the capture
of initial symmetry breaking at the single-molecule level and the identification of the excess-compensation
mechanism. In addition, the introduction of an external electric field to the symmetry-breaking species
enables universal asymmetric synthesis without the need for a catalyst. The increase in the number
of molecules leads to symmetry breaking, which is also contingent on the coupling with the external
environment. This work deepens our understanding of the molecular principles underlying the origin of
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life and has many implications for precise chiral synthesis and drug design.

Introduction

The homochiral architecture of life—from helical DNA to L-amino
acids and p-carbohydrates—represents a universal signature
demanding fundamental physical explanation. Decoding the
emergence from single-molecule chirality to macroscopics
holds transformative potentials across domains: illuminating spe-
cific recognition in biological processes [1,2], enabling unique per-
formances in material applications [3,4], and advancing catalyst-free
chirality amplification [5]. Current hypotheses include polarized
light irradiation [6], spontaneous mirror symmetry breaking
(SMSB) [7,8], extraterrestrial delivery [9], and magnetochiral effects
[10]. Crucially, all paradigms must resolve the single-molecule
uncertainty: how achiral precursors overcome quantum fluctua-
tions to establish directional chirality amplification. For example,
the SMISB, a concept supported by notable phenomena such as the
Soai reaction [11,12] and Viedma deracemization [13,14], involve
multiple autocatalytic steps from the initial symmetric breaking.
The balance between the entropy of chemical reactions and envi-
ronmental entropy flow leads to a non-equilibrium steady state [8].
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Unveiling the full amplification mechanism of the initial symmetry
breaking necessitates real-time monitoring of the symmetry evolu-
tion at single-molecule resolution, which will clarify how ensemble
chirality accumulates from single-molecule chirality.

Single-molecule detection is a rapidly developing concept that
consists of a variety of techniques, including super-resolution
imaging [15,16], scanning probe microscopy [17-19], nanocavities
or nanopores [20,21], single-molecule junctions [22,23], and so
on [24]. These techniques characterize the weak optical, mechani-
cal, and electrical signals of individual molecules. A range of intrin-
sic properties that are often obscured in ensemble measurements,
such as molecular recognition [25], configuration changes [26,27],
quantum effects [28,29], and reaction mechanisms [30,31], have
been studied through single-molecule detection. Therefore, by
tracing individual molecules and demonstrating the emergent
complexity that arises as the scale increases from single molecule
to ensemble, it should be possible to monitor the evolution of sym-
metry breaking.

The dynamics of molecules during chemical reactions can
be visualized by anchoring a single molecule between nanogap
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electrodes and recording the current signal [32]. The interaction
between the anchored molecule and surrounding free molecules
allows emergent properties, such as enantiomeric excess (ee), to
be characterized [33]. Among various molecular junction tech-
niques, graphene-molecule-graphene single-molecule junctions
(GMG-SMJs) stand out for their in situ monitoring capability
[23]. GMG-SMJs provide stable electrodes and well-defined
molecule-electrode coupling, enabling them to withstand com-
plex chemical reaction conditions. The fixed electrodes and mol-
ecules eliminate the need for repeated junction formation,

facilitate in situ monitoring, and meet the requirements for low-
temperature measurements, which can minimize the effects of
reaction noises during single-molecule asymmetric evolution.
In this work, we shift the research paradigm from traditional
macroscopic characterization of ee to real-time observation
that focuses on individual molecules (Fig. 1A), using GMG-
SMJs. In detail, we designed a cascade composed of 2 parts:
irreversible Diels—Alder cycloaddition and the corresponding
species that can associate/dissociate with the 9-phenyl-9-fluo-
renyl cation (C*) center on the SMJ (Fig. 1B). Association/
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Fig. 1. Study of emergent chirality at single-molecule scale. (A) The traditional strategy of studying SMSB is to detect the excess of chiral enantiomers in the macroscopic
system at the spatial scale. The strategy in this work is to monitor the evolution of reaction symmetry in real time with single-event resolution. (B) Schematic diagram of
real-time monitoring of SMSB via single-molecule junctions. The molecular bridge provides the substrate binding site for monitoring the Diels—Alder reaction, accompanied
by forming a chiral carbon. (C) Schematic diagram of using the CISS effect to identify chirality. Enantiomers have different filtering effects on spin-polarized electrons.

(D) The ee values versus time, indicating SMSB at the single-molecule level.
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dissociation of the C* center and carboxyl moiety, including
the acrylic acid intermediate state (IS), pre-reaction charge
transfer complexes (CTs), and corresponding product states
(PSs), is shown in Fig. 1B. This approach allows us to track the
evolution process and obtain a series of key insights, including
potential chiral intermediates, the reaction trajectories of sym-
metry breaking, stereoselective interactions between molecules,
the transfer and amplification mechanisms of chirality, and the
evolution of asymmetry at the molecular scale.

Results and Discussion

Device fabrication and characterization

To fabricate GMG-SMJs, a piece of graphene on a chip was
etched with a dashed-line pattern using oxygen plasma. The
resulting nanogap, featuring carboxyl terminals, facilitates the
covalent bonding of a molecular bridge with amino terminals
[34]. Details of the device preparation procedure are provided
in Fig. SI. Incorporation of the molecular bridge was confirmed
by comparison of current-voltage (I-V) scans before (no
response) and after (response to some extent) molecular con-
nection (Figs. S2 and S3). The only-one-molecule connection
was also supported by the super-resolution imaging and single-
molecule localization (Fig. S4). Due to the formation of a C*
from the central 9-phenyl-9-fluorenol on the molecular bridge
under acidic conditions [35], the reversible transition between
C* and its corresponding acrylate enables the characterization
of reactions involving acrylic acid, such as the Diels-Alder
cycloaddition (vide infra). Here, the Diels-Alder cycloaddition
between acrylic acid and isoprene was studied, which is accom-
panied by the formation of a chiral carbon (inset in Fig. 1B and
C). To assess molecular chirality, ferromagnetic metal leads
were introduced for spin injection. Real-time current changes
in chirality were monitored via the chirality-induced spin selec-
tivity (CISS) effect [36] (Fig. 1C), which means that the chiral
structure can impose a filtering effect on spin-polarized elec-
tron transport and thus can be identified. By recording the
chiral products over time, we quantified the accumulated num-
ber of enantiomers, allowing the corresponding ee value to be
calculated (Fig. 1D). Therein, ee = (Ny—Ng)/(Ng+Ng), where
Ny and Ny are accumulated counts of R and S enantiomers
extracted from event-resolved trajectories.

Visualization of the reaction evolution trajectories

The Diels-Alder cycloaddition between acrylic acid and iso-
prene was monitored through the reversible association-dis-
sociation of carboxylic acid with a carbocation molecular
bridge center in a trifluoroacetic acid solvent (Fig. 2A and Fig.
S5). To further minimize the noise in both the reaction system
and electric circuit, we conducted the reaction at a low tem-
perature of 100 K. We also considered the local electrical heat-
ing of the molecular junction during measurements, which may
serve as an energy source for the dissipation system and enable
continuous synthesis at molecular junction sites at low tem-
peratures [37,38]. Under a constant bias voltage of 1 V, we
observed a current signal exhibiting multiple state switching
(Fig. 2B). Including the uncomplexed C™ state of the molecular
bridge, a total of 11 conductance states were identified based
on the statistical histogram (Fig. 2B, right panel). These con-
ductance states originated from adding different controlled
species, including carboxylic acid, chiral products with varying
regioselectivity, and racemic products (Fig. 2C). By comparing
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the absolute current amplitudes, we assigned 4 PSs with distinct
chirality and regioselectivity. The detailed assignments for all
species involved in the regioselective and chiral pathways are
provided in the Supplementary Materials (Figs. S6 to S34). Two
association states between acrylic acid and the molecular bridge
were observed, corresponding to a pair of mirror-image con-
figurations (re-IS and si-1S). Detailed theoretical simulation is
provided in the Supplementary Materials. The remaining 4
states were assigned to the CTs, identified as an inevitable inter-
mediate, supported by the time sequence analysis (Figs. S14
and S22 to S24). The assignments were also supported by con-
centration-dependent measurements (Figs. S7 to §9), inelastic
electron tunneling spectra (Figs. S10 to S13), a theoretical study
of the transmission spectra and calculated I-V curves (Figs.
S$15 and S16), the tracking with macroscopic gas chromatog-
raphy-mass spectrometry (GC-MS) (Figs. S17 to S20), and opti-
cal characterizations of the single-molecule products (Figs. S31
to $34). The 4 typical reaction cycles were provided in the inset
of Fig. 2D; these cycles generated 4 stereochemical products.

The calculated energy profile further supports the smooth
progression of this reaction under an electric field (Figs. S5A and
S§35 to S50). Specifically, as the electric field strength increases—
regardless of direction—the energy barrier for the cycloaddition
reaction decreases, facilitating chemical reactions at low tempera-
tures. In comparison with the switching among CT states at 0.1
V, the cycloadditions were initiated with the application of a 1.0-V
bias. The resulting chiral products were quantified according to
a specific cycle of electric signals (Fig. 2D). The 2 configurations
alternated in dominance, ultimately leading to the R configura-
tion becoming predominant, indicating symmetry breaking. The
corresponding ee values were obtained, showing initial +100%,
followed by oscillation around 0%, and finally a continued
growth, exceeding —50% (Fig. 2E). Additional evolution trajec-
tories at 100 K are presented in Fig. 2F and G, illustrating the
SMSB, ultimately dominated by either R or S configurations.
Therefore, complete racemization, particularly at the single-mol-
ecule scale, is unattainable and the direction of asymmetric evolu-
tion remains random. This SMSB phenomenon is sensitive to the
external environment. When the temperature was raised to 110
K, we observed a gradual disappearance of symmetry breaking
in the reaction, indicating that the energy difference of the sym-
metry breaking is masked by the noise within the reaction system
(Fig. 2H and Fig. S51). Another example is the vanished stere-
oselectivity by the mechanistic crossover of the Diels- Alder reac-
tion at high temperature [39]. The cis-cycloaddition rule was
broken by the stepwise mechanism (Figs. S52 to S56).

Mechanism of SMSB

The reaction pathways were extracted, and the statistical results
are provided in Fig. 3A. A strong correlation is found between
the configuration of IS and the chirality of the CT states.
Regardless of the regio-selectivity or the direction of the bias
voltage, the R-CT states only originated from the IS of ~276 nA
(defined as the si-IS), whereas the S-CT was generated from the
IS of ~265 nA (defined as the re-IS). The dipole of the reaction
moiety in relation to the external electric field (EEF) was studied
theoretically, with the dominant conformations illustrated in Fig.
3B and C. Due to the alignment of the unfixed carboxylic dipole
on the si-IS along the EEEF, the dienophile exhibited a specific
preference for the addition direction of isoprene. More impor-
tantly, the subsequent cycloaddition transition states (TSs) in
this pathway were found to be more stable (Fig. 3D and Figs. S57
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Fig. 2. Monitoring of the Diels—Alder reaction at single-molecule resolution. (A) Detected species and corresponding conversion relationship in the whole reaction scenario.
(B) I-t curves of the Diels—Alder reaction at 100 K and 1V, enlarged image, statistical results, and assignments of the states. The histogram illustrates the thermodynamic
properties at equilibrium. Notably, there is no obvious chiral preference, as both R-PS and S-PS exhibit nearly equivalent occupancy. In addition, the preference of products
with para configuration (p-PS) was observed, which is consistent with the results obtained from computational simulations (Fig. S5). (C) Assignment of conductance states
by ex situ synthesis with added standard samples. (D) Plot of cumulative chiral product number versus time. Insets show typical current curves for different chiral products
generated. (E) Plot of the corresponding ee value versus time. (F and G) Multiple reaction evolution trajectories indicate a break in the symmetry of the reaction, resulting in
S- (F) or R- (G) dominated products. (H) The evolution trajectories of several reactions indicate that the reactions tend to racemize at 110 K. m: meta-configuration. p:para-
configuration. CT: pre-reaction charge transfer complex salt state. P: product. PS: product state. re and si represent the re and si face of the C*, respectively. Evolution trajectories

derived from 5 independent single-molecule devices.

and S58), resulting in a single-chirality R-PS. The mirrored re-IS
would induce a flipping of chirality. Subsequently, symmetry
breaking can be achieved through several oscillations at the
single-molecule level. The chirality originating from the IS con-
figuration allows the continuous chiral amplification at low tem-
peratures. At room temperature, the energy fluctuations are too
large to realize symmetry breaking. Conversely, the continuous
generation of chiral products is difficult at low temperatures. In
this work, we found that symmetry breaking does not occur
during the cycloaddition; rather, it is determined much earlier,
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even before the formation of the pre-reaction complex. As such,
minimal energy is needed to sustain symmetry breaking at low
temperatures. This finding is consistent with the chiral origins
observed in interstellar chemistry [40].

Mechanism of chirality amplification

We also observed that the initial chirality was opposite to that
being ultimately stabilized among the various evolutionary
trajectories (Fig. 2F and G), prompting consideration of the
correlation of reaction events. A typical evolutionary trajectory
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of the ee value is illustrated in Fig. 3E, with the density of reac-
tion events over time indicated by a color bar. In the initial
oscillations, transitions of the ee value were accompanied by
an increase in the frequency of reaction events, a trend sup-
ported by the corresponding dwell time statistics (Fig. 3F).
Additional trajectories presented in Fig. 3G further corroborate
this observation. Considering the exothermic nature of the
cycloaddition reaction, persistent symmetry breaking may be
disrupted by the thermal noise generated during the reaction,
causing the system to spontaneously transfer to a racemic state
of lower energy until the excess of the other enantiomer is
reached. Notably, the system becomes stable after several oscil-
lation cycles and sufficient to counteract the thermal noise,
resulting in persistent symmetry breaking (Figs. 2F and G and
3E). Furthermore, we quantified the autocorrelation of the dwell
time (Fig. 3H), revealing a pronounced chiral memory effect at
100 K, which is indicative of an autocatalytic process. However,
this autocorrelation rapidly disappeared as the temperature
increased to 110 K, transforming into a completely random pro-
cess (Fig. 3H). We also characterized the autocorrelation of regi-
oselectivity and found that there was no obvious memory effect
at different temperatures (Fig. 3I), underscoring the unique-
ness of chirality as a stereochemical property. Consequently,
we propose an excess-compensation mechanism to explain
the observed symmetry breaking. Specifically, once a small (but
statistically significant) excess of enantiomers (i.e., the initial few
molecules) is produced in the system, an enantiomer compensa-
tion mechanism is triggered, reducing the overall energy and
initiating the racemization. The subsequent production of the
opposite enantiomer diminishes the significance of the initial ee
value of 100%, thereby stabilizing the system [8]. The generation
of multiple opposite enantiomers at this stage begins to expand
the enantiomeric distribution, leading to symmetry breaking
within the system (Fig. 3]). In comparison with the direct ampli-
fication of the initial symmetry breaking (Fig. 3K), symmetry
breaking with oscillations of ee values appears to be energeti-
cally more favorable.

On-line asymmetric synthesis

Investigating the single-molecule SMSB can guide us toward
achieving universal asymmetric synthesis. Essentially, if we
could observe the reaction trajectories, including the multiple
pathways and symmetry breaking occurring during the reac-
tion, we could selectively screen for the desired reaction path-
way by artificially choosing the corresponding key intermediates
or TSs (Figs. S59 to S61). Note that it is not the electric field
that favors the formation of one enantiomer, which necessitates
the rigid constraining of the dienophile. Instead, it is the selec-
tive opening of the desired reaction pathway at low tempera-
tures based on the existing pre-reaction complex. Enrichment
of the pre-reaction complex cannot affect the final selectivity
of the following asymmetric reaction paths with high-energy
TSs according to the Curtin-Hammett principle at the macro-
scopic scale. However, these TSs showed here an obvious nega-
tive correlation with the increased electric field (Fig. S5), which
allows for selection of the desired product through capturing
the required pre-reaction complexes in the junction. This
approach could be termed as “on-line asymmetric synthesis”
However, considerable challenges remain in macroscopic syn-
thesis, particularly regarding time and spatial resolution, as
well as the techniques required to control the reaction. Given
the sensitivity of asymmetric systems to external energy, careful
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design of the time interval, amplitude, and width of external
input pulses is essential.

The dwell times of the 4 pre-reaction complexes were
extracted, and the statistical results were linearly fitted in semi-
logarithmic coordinates (Fig. 4A). The obtained lifetimes on the
second scale provide sufficient time for online regulation. In
addition, appropriate separation of external energy input can
guide the system to evolve in the desired direction while mini-
mizing the disturbance from the thermal noise. Furthermore,
bias voltage-dependent measurements demonstrate the effective
triggering of the conversion from CTs to PSs at 1.0 V (Fig. 4B
and Figs. S62 to §95). Consequently, asymmetric pathways can
be selectively activated based on the detection of measurable
initial symmetry breaking, including noncovalent complexes
or intermediates. In terms of the energetic landscape, online
regulation enables the single-molecule reaction to operate far
from its inherent equilibrium through external energy (electri-
cal pulse) input, ultimately facilitating the enrichment of the
pure isomer (Fig. S60).

In detail, based on the detectable CTs with regioselectivity,
the product with desired configuration was prepared by the
application of 1 V at the corresponding CT state and removal
at the C* state (Fig. S61). To regulate the chirality of the prod-
ucts, although the absolute configuration (re or si) of the IS was
not clear, their distinction and clarification of their conversion
to the target chirality met our requirement for on-line control
(Fig. 4C). Specifically, a previous si- (re-) IS allowed us to pre-
pare an R- (S-) PS, whereas the current p- (m-) CT determined
the regio-selectivity. Thus, the desired PS with stereo- and
regio-selectivity [ee near 100% and diastereomeric excess (de)
> 88%] (Fig. 4D) can be precisely prepared. More details about
the operations to form desired species and the corresponding
statistics are shown in the Supplementary Materials. Note that
the conventional synthesis of chiral m-PS requires the hydro-
lysis of the corresponding chiral ester precursor (please see the
Supplementary Materials). This on-line asymmetric synthesis
also guides us to realize the precise regulation to the endo and
exo selectivity of Diels—Alder reaction (Figs. S96 to S122) and
regio-selective Suzuki-Miyaura cross-coupling with single-
molecule resolution (details are provided in the Supplementary
Materials and Figs. S123 to S129). The precise control of asym-
metry and direct synthesis will provide a reliable access to com-
plex molecules such as natural products.

Conclusion

We directly observed SMSB in the Diels—Alder reaction and char-
acterized the dynamics of chirality evolution at the single-mole-
cule level. This enables a molecular-level view of how chirality
evolves and propagates from the first few symmetry-breaking
molecules to an increasing molecular population, complementing
established ensemble paradigms such as Soai reaction and
Viedma deracemization. We determine that the SMSB stems from
the initial configuration of the acrylic acid substrates, rather than
from the assumed pre-reaction complexes. The subsequent chiral
amplification observed is particularly noteworthy. Through a
combination of temperature-dependent measurements, autocor-
relation analysis, and theoretical simulations, an excess-compen-
sation mechanism was proposed. Symmetry breaking arises from
the excessive compensation for an initial single-molecule chiral-
ity, driving the entire system away from equilibrium and toward
an enantiomerically dominated state after several oscillation
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Fig. 4. On-line asymmetric synthesis. (A) Statistical results of the dwell times of CTs. The lifetimes were obtained by linear fitting in semilogarithmic coordinates. (B) Equilibrium
between CT and PS at different bias voltages. (C) /-t curves of the reaction, where a 1-V pulse was applied at a required CT state and removed at the C* state to prepare the
corresponding PSs. (D) Statistics of the application of 150 electrical pulses to S-m-CT, R-m-CT, S-p-CT, and R-p-CT to synthesize the targets S-m-PS, R-m-PS, S-p-PS, and

R-p-PS, respectively. The statistics were derived from 20 separate devices, each operated approximately 30 times.
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periods. Our elucidation of the mechanism behind spontaneous
asymmetry provides important insights into the emergence of
chirality in living systems and contributes to a molecular under-
standing of the biological evolution.

The sensitivity of the reaction system to the external envi-
ronmental energy enabled us to regulate chirality. The full
asymmetric reaction paths involving the endo and exo, para
and meta, Rand S, and Z and E configurations can be selectively
turned on by electrical control. On-line manipulation accord-
ing to the monitored reaction trajectories provides the ability
to control the direction of the reaction, which meets society’s
need for atomic economy and green chemistry. In combination
with artificial intelligence, this proof-of-concept strategy will
prompt the development of promising circuits or technologies
with broad applications in precise chemical synthesis.

Materials and Methods

Device fabrication and molecular connection
High-quality single-layer graphene as the electrode was grown
on a 25-um-thick copper sheet by high-temperature chemical
vapor deposition. With the support by spin-coated PMMA 950
and etching of the copper by the FeCl, solution, graphene was
then transferred to a 1.5 X 1.5 cm silicon wafer with a 300-nm
SiO, layer. After removing PMMA by acetone, graphene was
spin-coated by photoresist to prepare a 40-pm-wide ribbon
template by ultraviolet lithography. With the etching by oxygen
plasma and removing the photoresist by acetone, a correspond-
ing 40-pm-wide graphene sheet on a chip was obtained. The
source and drain electrode array with 8-nm Cr, 60-nm Au, and
40-nm SiO, was evaporated successively using the same tem-
plate method. To inject/detect the spin carriers, the array of
drain electrodes [0.6-nm Al (post-oxidation to AL,O;), 80-nm
Ni, and 40-nm SiO,] and source electrodes (8-nm Cr, 60-nm
Au, and 40-nm SiO,) were evaporated successively using the
template method.

To open the windows on graphene and integrate the molecu-
lar bridges, a 150-nm-length and 5-nm-width dash line on the
pre-spin-coated PMMA film was prepared by electron beam
lithography. With the gradual etching by oxygen plasma and
isotropous broadening of PMMA (graphene), a series of narrow
gaps (1 to 10 nm) with carboxyl terminals between graphene
point contacts were obtained between metal electrodes. The
incomplete cutting of graphene can be characterized by I-V
scans and further electrically burned (from 0 to 10 V) to ensure
the detection of subsequent molecular connection.

To fix one molecule into graphene electrode pairs, freshly pre-
pared point electrode arrays were added to a pyridine solution
containing 0.1 mM of the molecular bridge (deprotection of
Boc by CF;COOH) and 1 mM 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride. After 48 h, the devices were
removed from the solution and rinsed with deionized water and
acetone, followed by drying with flowing N.,. Finally, the recovery
of the I-V response shows that the molecular bridge was inte-
grated into graphene electrodes successfully by amide bonds.

Electrical characterization

The single-molecule device was placed in a vacuum cryogenic
probe station (Lake Shore TTPX for the on-line asymmetric
synthesis). Especially for the chiral regulation, the device needs
to be placed in physical property measurement system (PPMS)
in advance to magnetize the Ni electrode by a direction- and
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strength-tunable magnetic field. The I-V curves were measured
by an Agilent 4155C semiconductor parameter system. The out-
put terminal of the UHFLI lock-in amplifier provided a constant
bias or tunable pulse for the I-t measurement. The current signal
of the molecular loop was amplified by a DHPCA amplifier and
then recorded by a high-speed acquisition card (NIDAQ).

Theoretical calculations

The geometries and energies of the intermediates and transition
structures were optimized at the M06-2X/6-311+g(d,p) level,
and empirical corrections for dispersion were included at the
GD3 level. Trifluoroacetic acid solvation environment was con-
sidered by employing the SMD implicit solvation model with
the following solvent descriptors referred from the CRC hand-
book: dielectric constant (¢) = 8.42; square of refraction (n?) =
1.65; the fraction of nonhydrogen atoms that are electronega-
tive halogen atoms (y) = 0.43; the other solvent descriptors
were defined the same as these of acetic acid. Frequency calcu-
lations were performed to verify that the intermediates have
no imaginary frequency, while the transition structures have
only one imaginary frequency. The orientation of EEFs was set
along C—C bond linking the 2 benzene rings of the fluorene
group. The influence of the EEFs on the Gibbs free energy bar-
riers was explored by gradually increasing the EEF strength
from —2.57 V/nm to 2.57 V/nm [0.001 atomic unit (a.u.) cor-
responds to 514 V/m]. The reported Gibbs free energies were
calculated at 298 K and 1 M. All calculations were performed
with the Gaussian 16 software [41].

To analyze the transport properties of molecular junctions,
we relaxed the structures of the simplified 2-probe molecular
junctions of the substrate and the ortho-product at the B3LYP/6-
31g(d) level, used the SMD implicit solvation model in the struc-
tural relaxation, and then carried out density functional theory
(DFT) calculation within the nonequilibrium Green’s function
(NEGF) formalism [42], as implemented in the Atomistix toolkit
(ATK) package [43]. The 2 semi-infinite graphene electrodes
were set as p-doped (0.003 holes per carbon), and the width of
vacuum space (along y axis) was set as 20 A before calculation.
We adopted general gradient approximation (GGA), and we chose
Fritz-Haber Institute (FHI) pseudopotential and double zeta
polarized basis set. The cut-off energy for the real space grid was
set at 100 Hartree. The NEGF-DFT self-consistent calculations
were deemed converged when every element of the Hamiltonian
matrix and the density matrix were converged to less than 10~ a.u.
Afterward, the transmission spectra were calculated, and the
k-point meshes were set as 24 X1.
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