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Atomically precise construction of ultra-small electronic devices meets the
urgent need for further device miniaturisation and enables numerous elec-
tronic applications. In particular, single-molecule junctions are attractive
because they serve as platforms for studying fundamental scientific laws at the
single-molecule level and can be used to build functional devices. Here, we
present a robust methodology using anisotropic hydrogen plasma etching of
graphene and in situ Friedel-Crafts acylation reaction to construct, with atomic
precision, uniform covalently bonded graphene-molecule-graphene (GMG)
single-molecule junctions with clear zigzag graphene edges. Applying the
methodology to an azulene-type molecule, stable GMG single-molecule junc-
tions are constructed with high yield (-82%) and high uniformity (-1.56% con-
ductance variance over 60 devices). The reliability of the platform is shown via
real-time and direct electrical monitoring of the three-level conductance
fluctuation of an individual azulene molecule. This work demonstrates a uni-
versal single-molecule platform that offers countless opportunities to reveal
intrinsic molecular properties and build high-performance functional mole-
cular nanocircuits.

Advances in materials preparation and manufacturing technologies
have fuelled the unprecedented flourishing of electronic devices'”.
The development of ultra-small electronic devices not only enables
further miniaturisation in the semiconductor industry®®, but also
enables diverse important applications in quantum information®'°,
high-precision detection, and other fields"". Various micro/nano
processing technologies and low-dimensional materials, such as two-

dimensional materials®, nanowires', and quantum dots''®, are used to
construct increasingly miniaturised devices. Electronic devices made
of a single molecule, generally named single-molecule devices, are
currently considered to be the physical limit of device minimisation.
Single-molecule devices are the crucial building blocks of minia-
turised functional devices for information processing and to explore
fundamental physical, chemical, and biological mechanisms from a
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single-molecule perspective. To date, the approaches to the fabrica-
tion of single-molecule devices mainly include mechanically con-
trollable break junctions?, lithography-defined junctions*?,
electromigration break junctions?* ¢, scanning tunnelling microscopy
break junctions (STM-BJs)”*°, and others'. When used as electronic
components, ideal single-molecule junctions should possess several
critical characteristics, including high-yield manufacturing, high sta-
bility, and high uniformity. Carbon nanomaterials have the advantages
of high electrical and thermal conductivity, mechanical stability, and
good compatibility with molecules, making them suitable as electro-
des in molecular junction-based devices®**'. Carbon nanotubes have
been first used as electrodes to build covalently-bonded single-
molecule junctions, successfully addressing the issue of device
stability’>*>. Taking advantage of the easy processing of two-
dimensional graphene, graphene-based single-molecule junctions
have been fabricated in batches, thus overcoming the challenges of
device fabrication and performance variations caused by the strong
dependence on chirality and diameter of the conductivity of carbon
nanotubes®**¢, However, even using graphene electrodes, high
yield, stability, and uniformity are significantly limited by the diffi-
culty in controlling the electrode gap size, uneven electrode con-
figurations, and the variability of the electrode-molecule interface
from device to device. To advance the field and truly revolutionise
electronics, we need to reliably construct homogeneous graphene-
based single-molecule junctions with atomic scale-precise electrodes
and interfaces.

Graphene is a two-dimensional atomic crystal with anisotropic
processability and chemical tunability. Due to its anisotropic lattice
structure, few-layer graphene can be controllably tailored along the
lattice direction with a specific edge configuration®®, Furthermore,
graphene can be easily modified with specific functional groups thanks
to its rich carbon chemistry***'. Here, we demonstrate a strategy for
the construction of single-molecule junctions with atomically precise
graphene electrodes and interfacial covalent bonding (Fig. 1), achieved
by implementing anisotropic etching and selective functionalisation of
graphene edges. Specifically, remote hydrogen plasma etching®** is
exploited for precise anisotropic etching of three-layer graphene,
generating triangular electrodes with atomically precise zigzag edge
configuration and controllable nanogap size. Subsequently, through
edge-selective functionalisation, specific carboxyl groups are modified
in situ on the edges of the graphene electrodes using a Friedel-Crafts
acylation reaction®*, The edge carboxyl groups can further react with
single molecules anchored via amino groups to form robust and spe-
cific interfacial connections, resulting in stable single-molecule junc-
tions. This approach enables atomic-level precise control over various
components, including graphene electrodes, the graphene/molecule
interface, and bridging by a single molecule. In the following, we also
detail the robustness of the experimental approach and the con-
sistency between the results of different experiments, as required for
viable molecular electronics.

Results

Precise shaping of graphene electrodes by anisotropic hydrogen
etching

We present an atomically precise procedure for the production of
nanogap graphene electrodes in which etching is monitored in real
time by current measurement. As a first step in the device fabrication
process (Supplementary Section 1.1), graphene sheets are mechani-
cally exfoliated on silicon wafers with a 300 nm SiO, layer and pre-
labelled metal marks (Supplementary Figs. 1 and 2), which are pre-
pared by photolithography and thermal evaporation. The number of
graphene layers is distinguished by the contrast in the grey values of
the corresponding optical micrographs®, and the three-layer gra-
phene is chosen for further use. Metallic Cr/Au electrodes with 8/
80 nm thicknesses are patterned on graphene by electron beam

lithography (EBL) and thermal evaporation (Supplementary Fig. 3). To
determine the graphene lattice orientation, circular pattern arrays are
inserted into the outer channel region by EBL and oxygen-reactive ion
etching. Then, through remote hydrogen plasma etching (Supple-
mentary Figs. 4 and 5), the circular pattern is turned into a regular
hexagonal hole with a zigzag edge configuration, thus obtaining the
lattice orientation of the entire graphene sheet (Supplementary Sec-
tion 1.2 and Supplementary Fig. 6).

By adopting the atomic-level controllable etching rate in aniso-
tropic remote hydrogen plasma, the pre-prepared holes are developed
into regular hexagonal holes due to hydrogen atoms attacking the
edge carbon atoms along the orientation of the graphene lattice.
Eventually, the adjacent hexagonal vertex contacts form a pair of tri-
angular graphene point electrodes with a molecular-scale gap as the
etching time increases (Fig. 2a). The graphene sheets with external
metal electrodes serve as the basis of the device (Fig. 2b) and allow for
easy monitoring of the current through the device by connection of
the external circuitry to the metal electrodes. To prepare triangular
graphene electrodes, two artificial holes with diameters of 75 nm and
spaced by 300 nm are inserted into the channel region along the
graphene lattice direction, and the other epitaxial holes are spaced by
280 nm, which promises the construction of only a single pair of
matching nanogap electrodes (Supplementary Fig. 7). During the ani-
sotropic etching (500 °C, 30 W RF power, Hydrogen 9.7 sccm, pro-
ducing an etching rate of -1.9 nm/min), the degree of tailored
graphene is monitored in real time by measuring the device current,
which decreases as the etching progresses. When the conductance is
lower than the measured noise (-10 pA), it means that the graphene
channel is completely cut off, forming a pair of electrodes with a
nanoscale gap (Fig. 2c and Supplementary Fig. 8). In addition, the
etching process was evaluated by continuously monitoring the current
and visualising the evolution of the conductance using heat maps
(Supplementary Fig. 9a). The conductance distribution at the final
stage (Supplementary Fig. 9b) and the etching time distribution of
graphene nanometric regions (Supplementary Fig. 9c) were also ana-
lysed. Statistical analysis of 75 devices reveals a high degree of con-
sistency in both conductance and etching time, with variation
coefficients as low as 9.5% and 2%, respectively. The length of the
graphene nanogap needed to insert a desired molecule of a given size
is determined by precisely controlling the etching time after the cut
point. The successful preparation of a smooth triangular graphene
electrode pair with a gap size that matches the molecular scale is
confirmed by atomic force microscopy (AFM) imaging as exemplified
by Fig. 2d.

The lattice structure and edge configuration of graphene elec-
trodes play a critical role in device performance. To determine these
characteristics of the electrodes, the prepared graphene samples are
transferred onto transmission electron microscope (TEM) grids by wet
preparation for characterisation (Methods)**. The clean straight edges
of the graphene hexagonal topography are observed by high-
resolution TEM (HRTEM) (Fig. 2e and Supplementary Fig. 10). Fast
Fourier transform from a selected area near the straight edge reveals
the crystal orientation of graphene. The six spots shown in the inset of
Fig. 2e correspond to the zigzag ([1010]) direction®. Since the line
connecting the centre to the diffraction point ([1010]) is perpendicular
to the zigzag direction in real space, the zigzag direction of the gra-
phene edge can be determined. For a more intuitive characterisation,
atomic-resolved scanning transmission electron microscopy (STEM) is
used, with a low accelerating voltage of 60 kV to reduce the damage to
the graphene sample. From the STEM image, the graphene hexagonal
network with a C-C bond length of ~-0.14 nm is clearly visible (Fig. 2f).
Adjacent graphene layers exhibit an exact AB-stacking structure. The
atomically regular zigzag configuration of the graphene edge is also
observed in the STEM image (Fig. 2g), confirming the atomically pre-
cise control of etching. From the regular hexagonal configuration of
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Fig. 1| Schematic representation of a single-molecule junction. Bottom: AFM
illustration of graphene-based triangular point electrodes. Top: Schematic of the
device centre with an azulene-type molecule in the graphene gap. O, N, and C atoms
are shown in brownish-red, light blue, and grey, respectively; carbon atoms within
the azulene units are highlighted in red and blue. A pair of artificial holes is intro-
duced into the channel region at a distance of 300 nm, and the other epitaxial holes
are spaced by 280 nm to ensure that there is only one pair of electrodes with a
nanogap that matches the molecular length.

the edge, it can be inferred that the edge benzene rings maintain intact
aromatic characteristics. The regular lattice structure and atomically
precise zigzag configuration of graphene electrodes provide the basis
for the construction of single-molecule junctions accurate at an
atomical level.

In situ functionalisation of graphene electrodes

To realise atomically precise electrode-single molecule interfaces, we
first perform carboxyl modification of the triangular graphene point
electrodes via a solvent-controlled Friedel-Crafts acylation reaction
(Fig. 3a). Amide groups are then formed by covalent bonding to amino-
anchored molecules. In detail, the mechanisms of Friedel-Crafts acy-
lation reaction are regulated by solvents. The graphene edges are
attacked by the highly reactive acyl cations (COCI*) or the less reactive
complexes (COCI,-AlCl;), corresponding to ionic and nucleophilic
mechanisms, respectively*’. In a 1,2-dichloroethane solution, the gra-
phene edges are attacked by COCI' through an ionic mechanism via a
kinetically controlled process, and graphene tailoring occurs as con-
firmed by both experimental and theoretical analyses®. In a tetra-
chloroethane (TTCE) solution containing acyl chloride and aluminium
chloride, the graphene edges are attacked by COCIl,-AICl; through an
electrophilic substitution mechanism, generating acyl chloride groups
that are further hydrolysed to form carboxyl groups. Furthermore,
because of the high reaction barrier to further tearing of graphene®,
the reaction terminates at the edge, thus guaranteeing precise edge
functionalisation.

To evaluate the edge modification, equivalent graphene samples
are characterised (Fig. 3 and Supplementary Section 2). The carboxyl
functionalisation of graphene is confirmed by different features: the
characteristic C=0 peak (-288.9 eV) in the high-resolution Cls spec-
trum obtained by X-ray photoelectron spectroscopy (XPS) (Fig. 3b and
Supplementary Fig. 11a); an increase in the Ols/CLs atomic ratio (from
0.21 to 0.43 after functionalisation) in full XPS surveys spectra (Sup-
plementary Fig. 11b and Supplementary Fig. 12); and the appearance of
a C=0 stretching vibration peak at 1684 cm™ in thermogravimetric
analyser coupled with Fourier transform infrared analysis (TGA-FTIR)
(Supplementary Figs. 13-16 and Fig. 3c). From the TGA-FTIR char-
acterisation, it is also observed that the functional groups remain
stable up to ~250°C.

The T-t* peak (-290.7 eV) from XPS (Fig. 3b and Supplementary
Fig. 11a) and invariant characteristic peaks of X-ray diffraction (XRD)
(Fig. 3d) indicate that the basal plane of graphene has not been
destroyed after the reaction. Peaks at ~1047, ~1650, and ~3420 cm™
assigned to C-0, C=0, and O-H species, respectively in FTIR spectra of
pristine graphene and functionalised graphene also confirm the suc-
cessful modification (Supplementary Fig. 16). The HRTEM (Fig. 3e) and
AFM images (Supplementary Fig. 17) also confirm that the modified
graphene maintains an intact lattice structure without basal plane
reactions. Moreover, in the Raman spectra of the equivalent graphene
samples on the silicon wafer (Supplementary Fig. 18), the D peak at the
edge is significantly enhanced after the reaction (the D/G ratio is 0.63),
while the D peak at the basal plane is negligible, indicating that the
reaction occurs selectively at the edge (Supplementary Fig. 19 and
Fig. 3f). Spatial Raman mapping of the D/G peak ratio (Fig. 3g) more
intuitively shows the functional groups located at the edges of gra-
phene, further demonstrating the edge-selective functionalisation of
graphene.

Molecule connection and characterisation

Single-molecule junctions are built by inserting an amino-terminated
azulene-type molecule (Supplementary Section 3 and Supplementary
Figs. 20-22) into the graphene nanogap, where it engages in covalent
amide bonding with graphene’s carboxyl edges (clearly, the same
procedure can be adopted for other amino-terminated molecules).
The assembly reaction is carried out using pyridine as the solvent and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride as a
dehydrating/activating agent. Through electrical characterisation, it is
observed that the device conductance changes from -0 nS (i.e., a non-
measurable current) in the open circuit condition to -1 nS after
assembly (Fig. 4a), indicating that the molecule is successfully con-
nected. From the inelastic electron tunnelling spectroscopy (IETS) of
the device at 2 K (Fig. 4b), we observe the characteristic peaks of amide
bonding, namely v(C=0) (226 mV) and v(N-H) (-452 mV), and of the
molecular backbone, such as 6(C-H) (-178 mV) and v(C=C) (-206 mV),
confirmed by theoretical simulations. This observation indicates that
the azulene-type molecule is fixed (with a stable structure that pre-
serves the molecular frequencies) into the nanogap between the gra-
phene electrodes and therefore works as a molecular bridge for
electrical conduction purposes. The azulene-type molecule is fluor-
escent, with excitation and emission bands at 300-430 nm and
500-600 nm, respectively (Supplementary Fig. 23). From stochastic
optical reconstruction microscopy using a 405 nm laser as the exci-
tation source, the fluorescence emission from a single azulene-type
molecule in nanogap electrodes is observed, further validating the
effective assembly of a single molecule into the device (Fig. 4c and
Supplementary Fig. 24). Incidentally, it is worth emphasising that the
possibility of observing optical properties of the molecular bridge is
granted by the structural stability of the molecular junction. This fact
indicates opportunities for using the present approach to build func-
tional molecular junctions in which conductive, optical and combined
conductive-optical properties of molecules are exploited.
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Fig. 2 | Formation of atomically precise graphene triangular point electrodes.
a Schematic representation of the formation process of graphene triangular point
electrodes with zigzag edges. C atoms are shown in blue; H atoms are partially

omitted and the displayed ones are shown in yellow. b Optical image of the device
pattern. ¢ SEM image of graphene electrodes. d AFM image of graphene electrodes.
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e HRTEM image of graphene edges after etching. The enlarged graphic is
shown in the upper right. The FFT of the enlarged graphic is shown in the lower
right, where [1010] marked with white circles indicates the zigzag orientation.
Atomically resolved STEM images of the graphene electrode basement (f) and
zigzag edge (g).

To determine the reproducibility of the prepared single-molecule
devices, a total of 73 devices are fabricated (the remaining two used for
device characterisations). 60 of them produce valid electrical signals.
Therefore, the yield of the prepared devices is as high as ~82%. Fur-
thermore, the /-V characteristics of all 60 devices measured at room
temperature are highly consistent with each other (Fig. 4d). Statistical
analysis of the results from the 60 devices provides a conductance of
(116 £0.12) x 10 Gy (Go=2€’/h=77.5 puS), with a conductance var-
iance of ~1.56% and a coefficient variability of 10.73% (Supplementary
Table 1 and Supplementary Fig. 25). During 100 measurements of the
same device, the /-V curves highly overlap, showing a conductance
variance of ~0.93% (Supplementary Fig. 26). In comparison, azulene-
type single-molecule junctions fabricated by a STM-BJ technique with
gold electrodes and Au-N interfacial connections have a similar size
conductance of ~2.8 x 10~ G, (Supplementary Fig. 27).

The conductance of naphthalene-type single-molecule devices
(Supplementary Figs. 28 and 29), used as a control system, also shows
high consistency with a variation of ~0.48% (Supplementary Table 2).
These electrical characterisations consistently demonstrate that
single-molecule junctions with high stability, uniformity, and repro-
ducibility are successfully fabricated by the atomic precision con-
struction technique.

Charge transport and protonation/deprotonation dynamics
Based on these reliable devices, the charge transport characteristics of
a single azulene-type molecule are further examined. Temperature-
dependent /-V characteristics show that the device conductance
increases monotonically as temperature increases from 80 to 300 K
(Supplementary Fig. 30), indicating a thermally activated charge
transport mechanism. Furthermore, the slope of (In(/) vs. °%) vs. 1/T is
linear (Fig. 4e and Supplementary Fig. 31), which is consistent with the
thermionic emission mechanism*’*%, To further assess the quality of
the present atomic precision (AP) technique to construct static single-
molecule junctions, the achieved coefficient variability and yield are
compared (our comparison does not claim to be exhaustive, given the
vast amount of studies in the field) with those of different types of
techniques, such as electromigration (EM) for gold-based
junctions®*°, oxidative plasma ion etching (OPIE) for SWCNT-based
junctions®*°, OPIE?**! and electrical breakdown (EB) technique®*™* for
graphene-based junctions (Fig. 4f). The static single-molecule junc-
tions fabricated by the present approach show the lowest coefficient
variability and the highest yield.

The constructed single-molecule junctions also provide a useful
platform to monitor the chemical reactions of active groups on indi-
vidual molecules at the single-event level. Since the azulene group is
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Fig. 3 | Edge-selective functionalisation of graphene. a Schematic representation
of the process for the in situ graphene edge functionalisation by a Friedel-Crafts
acylation reaction. C atoms are shown in blue; O atoms are shown in red; Cl atoms
are shown in green; and H atoms are omitted. b XPS spectrum of the functionalised
graphene. The peaks of sp? C, C-0, C=0, and T—1* are centred at ~284.5, ~286.4,
~288.9, and ~290.7 eV, respectively. ¢ TGA-FTIR spectra of the functionalised

graphene at different temperatures. d XRD patterns of pristine graphene (Gr) and
edge-selectively functionalised graphene (EFG). The [002] peak at 26.5° means a d-
spacing of 0.34 nm for graphene. e HRTEM image of the basement of the func-
tionalised graphene. f Raman spectra of the edge and centre of the functionalised
graphene, whose D/G ratio is 0.63 at the graphene edge. g Raman mapping of the
peak intensity ratio Ip//; of the functionalised graphene.

liable to protonation, protonation and deprotonation processes are
investigated using the azulene-type single-molecule devices. Azulene
protonation is induced by treating the device with trifluoroacetic acid
in propylene carbonate solvent (0.1 M). Tetrabutylammonium hydro-
xide in propylene carbonate solvent (0.1 M) is instead used to remove
the active hydrogen and therefore restore azulene to its initial state
(deprotonation). According to the /-V characteristics of the molecular
device (Fig. 5a and Supplementary Fig. 32), the conductance of the
protonated molecule is lower than that of the deprotonated molecule.
During repeated cycles, the device exhibits high repeatability (Fig. 5b),
indicating the reversible reactions of the azulene-type molecule in the
device. Control experiments on similarly treated naphthalene-type
single-molecule devices show practically no change in conductance
(Supplementary Fig. 33), thus indicating that the conductance change
originates from the reaction of the azulene-type molecule (Fig. 5c).
The in situ protonation dynamics of a single azulene-type mole-
cule is monitored in real time in a solution of propylene carbonate
solvent with 10~ M trifluoroacetic acid. Molecular transitions between
three conduction states are observed by means of the real-time elec-
trical spectroscopy (Fig. 5d). Our observation is consistent with the
fact that the azulene molecule has two proton binding sites, and
therefore the states of deprotonation (A), monoprotonation (HA), and

diprotonation (H,A) are expected to co-exist during protonation
reactions (Fig. 5¢). Simple theoretical calculations of molecular orbitals
(Supplementary Fig. 34) and transmission spectra (Supplementary
Figs. 35-37) help us assign the three conduction states to three dif-
ferently protonated molecular structures. We see that, in all cases, the
HOMO is much closer to the expected Fermi level of graphene*® than
the LUMO, enabling the current at zero or very small bias voltage (this
can be argued considering the broadening effect of the molecular
reorganisation energy on the /-V characteristics)*°%. The HOMO is
most spread over the molecule in the A species. Since the tails of its
spatial distribution determine the electronic coupling strengths to the
electrodes, we expect that the highest conduction state corresponds
to the molecular bridge in form A. Based on the same argument, the
intermediate conductive state is assigned to the HA molecular bridge
and the lowest conduction state to H,A.

Traces of the current as a function of time give us information on
the occupation of the three conductive states over time, and therefore
on the proportion of occurrence of the three molecular species in the
junction. From the temperature-dependent proportions of the three
states (Supplementary Fig. 38), we see that the A population decreases
while HA and H,A populations increase with temperature (Fig. 5e).
Therefore, the two-step reversible protonation path exhibits a
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Fig. 4 | Charge transport characteristics of a single-molecule junction.

a I-V curves before and after single-molecule connection. The inset shows the
corresponding structure of the single-molecule junction. b Reproducible IETS
spectra (Top) were measured three times by a lock-in second-harmonic technique
at 2.0 K with an AC amplitude of 10.0 mV (V,,) and a frequency of 661 Hz. Calcu-
lated infrared and Raman spectra of the single-molecule junction are also reported
(bottom) at the B3LYP/6-31G(d,p) level of computational accuracy. All the peaks
are marked in the IETS spectra (Vp = hw/e). The peaks corresponding to -226 and
~452 mV are attributed to the vibrational frequencies of v(C=0) and v(N-H),
respectively, in the amide bonding groups, and 6(C-H) (178 mV) and v(C=C)

(206 mV) denote the vibrational mode of the molecular backbone. ¢ Fluorescent
super-resolution imaging of the single-molecule junction. d /-V characteristics for
60 individual devices measured at room temperature. e Plots of the slope of In(/p)-
Vp2° vs. 1/T for a device. The inset shows a schematic of the barrier model.

f Comparison of yield and coefficient variability of the single-molecule

junctions obtained using our atomically precise technique with those reported in
the literature using electromigration (EM) for gold-based junctions, oxidative
plasma ion etching (OPIE) for SWCNT-based and Gr-based junctions, and electrical
breakdown (EB) technique for covalently bonded and -t stacking Gr-based
junctions232549-55,

significant temperature dependence. On the contrary, the
temperature-dependent current measurement on the control
naphthalene-type device does not show meaningful changes in con-
ductive state, thus back-confirming the observation of protonation
dynamics in the azulene molecule (Supplementary Fig. 39).

The kinetic and thermodynamic parameters are also obtained for
the individual protonation/deprotonation reactions. Specifically, the
hidden Markov model is applied to further analyse the real-time elec-
trical spectroscopy and gain information on the single-event pro-
cesses. From the single-exponential fitting of the time intervals
between conductive switches in idealised /-t curves (Supplementary
Fig. 40), the lifetime (7) of each species is identified and the conversion
rate constant is obtained as k=1/t. For the reactions at 295K, the
protonation rates of the first and second steps (A > HA and HA > H,A)
are -16 and -901s™, respectively; the reverse processes HA~> A and
H,A > HA have rates of -21 and -86s™, respectively (Fig. 5c). It is
necessary to notice that the transition from HA to H,A is too fast to
detect, which can be attributed to the potential kinetic factors per-
haps. Based on the temperature-dependent reaction rates and the
Arrhenius equation (k = Aexp(-E,/RT)), the activation energy for the
A > HA process is calculated to be 0.32 eV approximately. The activa-
tion energy is in excellent agreement with the theoretical reaction
barrier (Fig. 5f), despite the approximations inherent in the calculation
of the latter which make the match partly fortuitous (Supplementary
Fig. 41 and Supplementary Table 3). Furthermore, the transformation
rate and extent of protonation (A © HA © H,A) are calculated in Fig. 5g
to quantify the protonation dynamics of the azulene ring. In addition,

using the temperature-dependent proportions of the initial (A) and
final (H,A) states and the van’t Hoff equation (-R7In(K) = AH-TAS), the
thermodynamic parameters for the entire reaction are AH=-~0.18 eV
and AS=-0.44 meV/K (Fig. 5g). Thus, the single-molecule reaction
kinetic and thermodynamic behaviours hidden in the averages of
macroscopic reactions can be derived from quantitative analysis of
single events in single-molecule junctions.

Furthermore, our modular single-molecule device platform is
compatible with various architectures, including the graphene field-
effect transistor with back-gate control via doped silicon and 300 nm
SiO, dielectrics, achieving effective gating at 2.4V for graphene
(Supplementary Fig. 42). The gate performance can be further
enhanced by computer-aided design (CAD)-defined geometries,
electron-beam lithography, and high-x dielectric deposition (e.g.,
HfO,/Al,05/Al stacks). A streamlined four-step nanofabrication pro-
cess enables ionic liquid gating for precise modulation (Supplemen-
tary Fig. 43). At the same time, hydrogen-terminated graphene edges
allow versatile molecular bridge functionalisations through phenolic,
sulfonation, and one-step coupling reactions, thus facilitating low-
barrier molecular junctions and bioconjugation for potential applica-
tions in chemistry and life science.

Discussion

We develop an atomically precise procedure for the construction of
single-molecule junctions by appropriate combined use of anisotropic
hydrogen plasma processing and in situ edge-selective graphene
functionalisation. Remote hydrogen plasma etching of three-layer
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Fig. 5 | Protonation/deprotonation dynamics in single-molecule junctions.

a I-V curves of the single-molecule junction after protonation (blue) and depro-
tonation (red) of the molecular bridge. b Switching cycles of the alternately pro-
tonated and deprotonated device. V,=0.1V. ¢ Reversible reaction processes and
transition rates between species A, HA, and H,A at 295 K. The conversion rate
constant is k=1/7. d Representative (Left) and enlarged (Middle) /-t trajectories,
and corresponding statistical histograms (Right) of the device with V,=0.4V at

295K. e Proportions of the A, HA, H,A species at different temperatures.

f Theoretical energy profile of the reversible protonation process. g Plots of the
temperature-dependent thermodynamic parameters in van’t Hoff equation fitting
(InK vs. 1000/T) and the kinetic parameters in Arrhenius equation fitting (Ink vs.
1000/T7). In all figures, error bars are calculated using data obtained from three
independent devices.

graphene tailors pre-patterned circular holes into hexagonal holes to
form graphene-based triangular point electrodes with atomically pre-
cise zigzag edges. Then, carboxyl groups are selectively grafted at the
edges of graphene electrodes, thus enabling linkage to amino-
terminated molecules to form stable single-molecule junctions. The
above fabrication process of atomically precise and controllable
single-molecule devices involves several meticulously executed steps
to ensure atomic precision at each stage. Initially, high-quality gra-
phene with a defined number of layers is obtained through mechanical
exfoliation, ensuring atomic-level structural integrity. Subsequent
etching processes are performed with atomic precision, as verified by
atomically resolved scanning transmission electron microscopy. The
atomic precision of graphene edge-selective functionalisation is fur-
ther validated through a combination of theoretical analysis and

multiple characterisation techniques. Furthermore, the molecules
themselves are clearly synthesised with atomic precision. Collectively,
these meticulously controlled procedures result in the successful
fabrication of atomically precise single-molecule devices. Owing to the
atomic accuracy of each component, the single-molecule junctions are
prepared with high yield (~82%) and exhibit an unprecedented
homogeneity (~1.56% conductance variance over 60 devices). Based
on the azulene-type single-molecule junction, here considered as a
case study, the charge transport characteristics and protonation
dynamics of the molecular bridge are thoroughly investigated and
explained, demonstrating the functionalisation flexibility and diver-
sity. We believe that these atomically accurate single-molecule junc-
tions offer a technical platform for conducting high-reliability research
on basic scientific laws at the single-molecule level and for building

Nature Communications | (2025)16:7657


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63113-x

functional devices in next-generation integrated nanocircuits. The
structural stability and reproducibility of the produced devices also
contribute to form a robust basis for future scenarios where molecular
electronics may be utilised for quantum computing and artificial
intelligence purposes™.

Methods

Materials

Graphene nanoplatelets are bought from Cheap Tubes Inc. Aluminium
chloride (99%) is bought from Alfa Aesar. Oxalyl chloride, 2.0 M solu-
tion in dichloromethane, is bought from Acros. 11,2,2-Tetra-
chloroethane (TTCE, >97%) is bought from TCI. The detailed synthetic
procedure of azulene-type molecules is described in the Supplemen-
tary Section 3. A control naphthalene-type molecule is synthesised as
in a previous work®°.

Optical determination of the graphene structure

A standard optical microscope (Olympus BX5ITRF with a 50x%, 0.8
numerical aperture (NA) objective) with a charge-coupled device
camera (Olympus DP71) is used to image graphene samples. A mark
pattern (6 nm of Cr followed by 60 nm of Au) is deposited onto silicon
wafers by thermal evaporation (Thermal Evaporator ZHD-300) using a
photolithographic process.

Device fabrication

High-quality graphene flakes are directly obtained on SiO,/Si sub-
strates (with a 300 nm SiO, layer) via mechanical exfoliation of Kish
graphite. To facilitate the positioning of exfoliated graphene and its
alignment for subsequent EBL, gold marks are deposited on the silicon
substrate via thermal evaporation through a photolithographically-
patterned resist mask. Before the exfoliation process, the silicon sub-
strate is ultrasonically cleaned in isopropanol, acetone, deionised
water, and ethanol, followed by oxygen plasma cleaning to remove
ambient adsorbates (48 sccm, 50 W radiofrequency (RF) power,
5 min exposure). After folding in half several times to fully exfoliate
the Kish graphite, the adhesive tape is pressed with appropriate force
onto the SiO,/Si substrate. Graphene flakes with different numbers of
layers are prepared after peeling the tape away from the wafer. The
number of layers in graphene flakes is rapidly identified by a simple
and efficient method based on a standard optical microscope with a
charge-coupled device camera and image contrast calculation from
graphene optical images. Few-layer graphene is chosen for device
fabrication, as it shows due to suppressed over-etching and evident
anisotropic etching effect. Source and drain electrodes separated by
3 um are produced via a typical lift-off approach. EBL is employed to
pattern the poly(methyl) methacrylate (PMMA) mask, followed by
thermal evaporation and electron beam evaporation to deposit metal
(8 nm Cr, 80 nm Au) and SiO, (40 nm), respectively. A SiO, layer is
used to protect the metal electrodes during the following high-
temperature annealing.

The first step in preparing triangular point graphene electrodes
with uniform edge configuration is to determine the crystallographic
orientation of graphene. The crystallographic orientation of gra-
phene can be identified by pre-etching. A PMMA layer (950 K A6) is
spin-coated at 4000 rpm on graphene and then baked at 180 °C for
2 min. An image of the graphene is captured via an optical micro-
scope and imported into MATLAB to eliminate angular deviation for
field alignment. Pre-etched patterns (hole radius 0.1 pm, spacing 0.5
pm) are designed with Auto-CAD and DY2000 according to the pre-
aligned image. The pre-etched patterns are then exposed on PMMA
via EBL. After exposure, the resist is developed in a mixed solution
(isopropanol: methyl isobutyl ketone, 3:1), followed by rinsing with
ethanol and drying with N,. The patterns are finally transferred onto
graphene through the patterned resist mask via reactive ion etching
(RIE) (48 sccm, S0 W RF power, 20 s exposure). After etching, the

device is soaked in acetone overnight to remove PMMA. After ani-
sotropic hydrogen plasma etching in the plasma-enhanced hydrogen
etching (PEHE) system (500 °C, 30 W RF power, Hydrogen 9.7 sccm),
an image of the resulting hexagonal holes is captured via SEM
(Hitachi S4800) and then imported into Auto-CAD to calculate the
zigzag orientation. Then, by using the same procedure, another cycle
of precise anisotropic etching is performed again within the gra-
phene channel region along the predefined zigzag direction deter-
mined by pre-etching, resulting in the formation of triangular point
electrodes. The triangular point electrodes are characterised using
SEM and AFM (Bruker dimension icon, scansyst mode, scansyst
air tip).

Graphene transfer, HRTEM, and STEM characterisation

A polymer-free transfer method** is used to prepare graphene films
for atomically resolved STEM characterisation. Quantifoil carbon film
TEM grids (Quantifoil GIG-1010-3A) are used as target substrates. The
graphene sample on SiO,/Si substrates is prepared via mechanical
exfoliation. A hexagonal hole array (hole radius 0.1 pm, spacing 1 pm)
is created on the graphene sample via EBL and remote hydrogen
etching. After cleaning the sample with N, gas flow, a TEM grid is
placed on top of the graphene flakes. A drop of isopropanol is added
to the sample. After completing isopropanol evaporation, the carbon
film is brought into close contact with the graphene sample via
surface tension. Contact is further improved by baking the sample on
a hot plate at 100 °C for 2 min. After cooling the sample, hydrogen
fluoride is used to selectively etch the SiO, layer, and the grid toge-
ther with the graphene sample is separated from the Si substrate in a
few seconds. The sample is taken with tweezers and rinsed carefully
several times with deionised water. Finally, the sample is dried in air
for further characterisation. TEM and STEM experiments are per-
formed in FEI Tecnai F20 TEM and JEM-2100F TEM at 200 kV, and
Nion U-HERMES200 at 60 kV to characterise the atomic structures of
the samples. Real-space amplitude images are reconstructed from
the inverse FFT.

Edge-selective functionalisation of graphene nanoplatelets
After completing the construction of the graphene-based triangular
point electrodes, it is necessary to chemically functionalise the
hydrogen-terminated graphene electrodes for further covalent
connection. However, it is difficult to characterise the tiny number
of functional groups in these nanodevices. To find the most suitable
reaction conditions and characterise the functional groups, gra-
phene nanoplatelets are used to simulate the graphene electrodes in
chemical reactions on silicon wafers. 12.56 mmol aluminium chlor-
ide, 6.4 mmol oxalyl chloride, and 80 mg graphene nanoplatelets
are stirred in 80 mL TTCE under argon atmosphere protection.
3.2mL of oxalyl chloride is added dropwise into the ice water
bath for 1 h. Then, the reaction equipment is placed into an oil bath,
and the reaction is carried out at 100 °C for 18 h. The reaction is
quenched by glacial hydrochloric acid. The liquid is filtered by a
Buchner funnel. The products are washed with ethyl chloride,
methanol, and water several times to obtain functionalised gra-
phene nanoplatelets. The functionalised graphene nanoplatelets are
dried in a vacuum oven at 170 °C for 5 days to obtain edge-
selectively functionalised graphene (EFG), which is also used for
characterisation to confirm the successful modification of func-
tional groups.

Edge-selective functionalisation of graphene

Dense hole arrays are fabricated and etched by PEHE to mimic trian-
gular graphene point electrodes. 1.57 mmol aluminium chloride and
0.8 mmol (0.4 mL) oxalyl chloride are mixed in 40 mL TTCE in an ice
bath for 1 h. The graphene with an array of hexagonal holes, on silicon
wafers, is rinsed in such solvent, in argon atmosphere. The reaction is
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carried out at 100 °C for 12 h. Finally, the wafer is immersed in glacial
hydrochloric acid to quench the reaction.

Characterisation of functionalised graphene

X-ray diffraction is performed on X-Pert3 Powder (PANalytical). TGA is
recorded on a TA Q600 SDT (TA Instrument). TGA-FTIR is used on the
TG/FTIR/GCMS (PerkinElmer). XPS is conducted on AXIS Supra. The
SEM is carried out with a Hitachi S4800 field emission scanning elec-
tron microscope. Raman mapping is obtained by confocal Raman
microscopy (WITEC, alpha300R). All G peaks within the region are
selected and subjected to peak analysis. The statistical results deter-
mine that the G peaks with values below -7 are considered as the
substrate.

Electrical characterisation

A Keysight B1500A semiconductor characterisation system and a Karl
Suss (PM5) manual probe station are used for electrical characteriza-
tion at room temperature in the ambient atmosphere. The time reso-
lution is 4 ms. Specially, the constant voltage is determined by the DC
auxiliary output of the UHFLI lock-in amplifier, and a DL1211 amplifier is
used to amplify the current signal of the control molecule with the
high-speed acquisition card (NIDAQ) at a rate of ~250 Sa/s. The
temperature-dependent electrical characterisation of the devices is
carried out on Lakeshore TTPX cryogenic probe station featuring the
Model 336 temperature controller with the nitrogen cooling system.
The temperature-dependent measurement is performed from 80 to
300 K in vacuum. The proton dynamics experiment is carried out from
300 to 320K. The /-V tests were performed on Keysight BIS00A
semiconductor characterisation system or UHFLI lock-in amplifier
(with DL1211 amplifier).

Single-molecule connection and characterisation

The azulene and control naphthalene molecules are separately linked
to the ends of the graphene electrodes by soaking the as-prepared
graphene device into the pyridine solution of the target molecules
(~10* M). A well-known carbodiimide dehydrating/activating agent
EDCI is added to promote the dehydration reaction. The reaction is
performed in an inert atmosphere at room temperature for 48 hours.
After the reaction is completed, the device is carefully rinsed with
acetone and deionised water and dried with N, gas flow.

Protonation and deprotonation of single-molecule devices

The protonation and deprotonation of azulene-type and naphthalene-
type single-molecule junctions are performed in acid/alkaline droplets.
The acid/alkaline solvents are a mixture of trifluoroacetic acid/tetra-
butylammonium hydroxide: H,O0=1: 50 (v/v). 1mL (0.1M) tri-
fluoroacetic acid is used to trigger the protonation, while 1 mL (0.1 M)
tetrabutylammonium hydroxide is used to deprotonate. After every
acid/alkaline treatment, the single-molecule junctions are rinsed with
abundant water.

Theoretical calculation

The geometries of all molecular structures are optimised using the
B3LYP® hybrid exchange-correlation functional method and the
empirical Grimme’s D3 dispersion correction with Becke-Johnson
damping® %, A propylene carbonate solvation environment is con-
sidered using the SMD implicit solvation model®® by defining the
dielectric constant. The electron density is expanded on a 6-31 G(d)
basis set.

Frequency calculations are performed to verify that the inter-
mediates have no imaginary frequency (and therefore they correspond
to a local minimum in the energy landscape), while the transition
structures have only one imaginary frequency (so as to correspond to
saddle points). All calculations are performed with the Gaussian
16 software®®.

Data availability

The data that support the findings of this study are available within the
paper and Supplementary Information. The datasets used in the Sup-
plementary Information are available online from the Zenodo reposi-
tory at https://zenodo.org/records/16728895. Source data are
provided with this paper.
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