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% Check for updates Olefin metathesis, as a powerful metal-catalysed carbon-carbon

bond-forming method, has achieved considerable progress in recent
years. However, the complexity originating from multicomponent
interactions has longimpeded a complete mechanistic understanding of
olefin metathesis, which hampers further optimization of the reaction.
Here, we clarify both productive and hidden degenerate pathways of
ring-closing metathesis by focusing on one individual catalyst, using a
sensitive single-molecule electrical detection platform. In addition to
visualizing the full pathway, we found that the conventionally unwanted
degenerate pathways have an unexpected constructive coupling effect on
the productive pathway, and both types of pathway can be regulated by an
external electric field. We then pushed forward this ability to ring-opening
metathesis polymerization involving more interactive components. With

single-monomer-insertion-event resolution, precise on-device synthesis
of asingle polymer was achieved by online manipulation of monomer
insertion dynamics, intramolecular chain transfer, stereoregularity,
degree of polymerization and block copolymerization. These results
offer acomprehensive mechanistic understanding of olefin metathesis,
exemplifying infinite opportunities for practical precise manufacturing.

Olefinmetathesisis a versatile method for synthesizing diverse olefins
via C=C double-bond reorganization'*, with widespread applicationsin
organicsynthesis®®and polymer synthesis”*™. Previously, the combina-
tion of rational catalyst design and traditional macroscopic analytical
techniquesaccelerated the understanding and optimization of the ole-
fin metathesis process. In particular, aseries of organometallic catalysts
based on N-heterocyclic carbeneligands hasbeen developed toimprove
the catalytic efficiency, stability and selectivity'’. However, several

critical issues still remain unaddressed: for example, (1) the real-time
trajectory of the catalytic cycle is unknown, and the catalyst activity
does not account for non-productive metathesis events; (2) the polym-
erization dynamicsisinaccessible with single-monomer-insertion preci-
sion; (3) auniversal strategy for achieving Z-selective olefin metathesis
and controlling the degree of polymerization (DP) isurgently needed.

Extensive efforts have been made to address these chal-
lenges. Non-productive metathesis has been studied by using

'Beijing National Laboratory for Molecular Sciences, National Biomedical Imaging Centre, College of Chemistry and Molecular Engineering, Peking
University, Beijing, People’s Republic of China. 2Department of Chemical Physics, University of Science and Technology of China, Hefei, People’s Republic
of China. *Centre of Single-Molecule Sciences, Institute of Modern Optics, Frontiers Science Centre for New Organic Matter, College of Electronic
Information and Optical Engineering, Nankai University, Tianjin, People’s Republic of China. “Department of Chemistry and Biochemistry, University of
California, Santa Barbara, CA, USA. ®School of Materials Science and Engineering, Peking University, Beijing, People’s Republic of China. °Environment
Research Institute, Shandong University, Qingdao, People’s Republic of China. ‘Department of Chemistry and Biochemistry, University of California, Los

Angeles, Los Angeles, CA, USA. ®These authors contributed equally: Yilin Guo, Chen Yang, Lei Zhang.

houk@chem.ucla.edu; guoxf@pku.edu.cn

e-mail: fmo@pku.edu.cn; lyw@sdu.edu.cn;

Nature Nanotechnology | Volume 20 | February 2025 | 246-254

246


http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-024-01814-y
http://orcid.org/0000-0001-9031-4318
http://orcid.org/0000-0002-4956-2034
http://orcid.org/0000-0001-7820-0772
http://orcid.org/0000-0002-4140-3020
http://orcid.org/0000-0003-4089-9789
http://orcid.org/0000-0002-8387-5261
http://orcid.org/0000-0001-5723-8528
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-024-01814-y&domain=pdf
mailto:fmo@pku.edu.cn
mailto:lyw@sdu.edu.cn
mailto:houk@chem.ucla.edu
mailto:guoxf@pku.edu.cn

Article

https://doi.org/10.1038/s41565-024-01814-y

[Ry]

NN ——>
& =~ TRCM

@)

U
o

[Ru]
——
ROMP

Fig.1|Schematic of a single-catalyst junction focusing on RCM and ROMP. Hydrogen atoms are omitted for clarity.

deuterium-labelled olefins; this enables quantitative analysis of pro-
ductive and degenerate metathesis reactions”*. However, a more
complete picture of the catalyst efficiency awaits further elucidation.
Regarding the polymerization dynamics of ring-opening metathesis
polymerization (ROMP), researchers have focused on reducing the
dimensionality of polymers to the single-polymer-aggregate'*™®
or even single-catalyst” level. However, the sensitivities of cur-
rent characterization methods are not high enough to detect
real-time single-insertion events, necessitating single-catalyst and
single-monomer-insertion-event resolution. Highly selective kinetic
generation of Z-olefins has been achieved because of advances in
stereocontrolled olefin metathesis with tungsten, molybdenum and
ruthenium catalysts** %, Even so, developing new universal approaches
that offer facile access to stereoselective metathesis for a range of
substrates and reaction classes remains crucial.

Tothis end, focusing on only one molecule—for example, trapping
acatalystby integrationinto electrodes—might enable us to decipher
detailed thermodynamic and kinetic information on catalytic reac-
tions with single-molecule and single-event resolution, which should
be a promising strategy for addressing all the above challenges. Such
single-molecule detection techniques have proved their feasibility and
reliability in unveiling the intrinsic properties of reactions. Real-time
monitoring of conductance variations synchronously reflects the
structural changesin thereactionactive site, which affords the ability
tovisualize reactiontrajectories® 3, capture short-lived (microsecond-
to millisecond-scale) intermediates®*>° and describe the interaction
networks among components®%, In this study, graphene-molecule-
graphene single-molecule junctions are adopted as the tool to inves-
tigate olefin metathesis owing to the determined molecule-electrode
interface coupling, good tolerance to chemical treatments and external
stimuli, and high spatiotemporal resolutions®*°.

In this Article, we construct a single-catalyst junction and focus
on two types of olefin metathesis: ring-closing metathesis (RCM) and
ROMP (Fig.1). Real-time single-molecule electrical spectroscopy with
high time resolution enables the visualization of reaction trajectories,
demonstrating the hidden degenerate pathwaysin RCM and intramo-
lecular backbiting in ROMP. In addition, with external electric fields
(EEFs), we achieve precise online manipulation of monomer insertion
dynamics, intramolecular chain transfer, stereoselectivity, DP and
block copolymerization.

Device fabrication and characterization

The dashed-line lithographic technique* was used to prepare
nanogapped and carboxyl-terminal graphene point electrode
arrays on a SiO,/Si chip via electron-beam lithography and oxygen
plasma etching. We integrated a molecular bridge, which contains
a second-generation Hoveyda-Grubbs catalyst (HG2) centre with
azido-functionalized end groups, into the electrode pairs by forma-
tion of amide bonds. Details of the procedures for molecular synthesis
are provided in Supplementary Section 1, Supplementary Scheme 1.
Details of device fabrication and characterization can be found in Meth-
ods. In comparison with the lack of current response to applied bias
voltagesinthe open-circuit state before molecular incorporation, the
recovered current-voltage (/- V) response indicates successful connec-
tion of the molecular bridge. About 16 of 72 devices on the same chip
showed /-Vresponses under optimized conditions (Supplementary
Section 2, Supplementary Fig. 1), which reached a connection yield of
~22%. Statistical analysis (Supplementary Section 3) showed that the
probability of electrical signals originating from only one molecular
connection between electrode pairs is ~90%.

Deciphering degenerate pathways in RCM

RCM has been extensively used in synthetic chemistry to construct
functionalized cyclic systems*. Yet, [2 + 2]-cyclization among multi-
componentolefingroups brings the emergence of complexity***, and
thus non-productive (degenerate) pathways (such as those mentioned
in Fig. 2a). Elegant approaches for characterizing non-productive
metathesis reactions have been established via isotope-labelling
experiments®, revealing kinetic information for productive and
degenerate processes. Nonetheless, data for metathesis between
bothlabelled or both unlabelled substrates cannot be obtained (same
product as substrate), necessitating real-time in situ monitoring and
single-molecule resolution.

Diethyl diallylmalonateis one of the standard substrates used for
comparing and evaluating metathesis catalysts in RCM". We explored
the RCM of diethyl diallylmalonate with the catalysis of single-HG2
junctions. A bias voltage of 300 mV was applied to the single-catalyst
junction and the electrical signal was recorded at a sampling rate of
57.6 kHz. The catalyst was preactivated to a Ru-based methylidene
complexastheinitial state1(-22.5 nA) under an ethylene atmosphere
(Supplementary Fig. 2). Diethyl diallylmalonate (1x 10" mol 1) in
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Fig.2|Electrical characterization and signal assignment for RCM at
single-catalyst junctions. a, Measurable pathways in the RCM of diethyl
diallylmalonate, including one productive and two degenerate pathways.

b, Recorded /-t curve of reactions, corresponding histograms and assignment
of seven conductance states at Vs, = 0.3 V. The complexes with conductance
from low to high are ruthenium alkylidene (3), trans-«, a-disubstituted
metallacyclobutane (6), cis-a, a-disubstituted metallacyclobutane (7),
a-substituted metallacyclobutane (2), a, B-disubstituted metallacyclobutane
(4), ruthenium methylidene (1) and B-substituted metallacyclobutane (5). /sp,
source-drain current. ¢, Three typical reaction trajectories of productive and
degenerate pathways, and corresponding transition relationships between
intermediates. The Roman numbers show the transition sequences from left to
right. d, Ratios of NOEs of productive and degenerate pathways under different

o

positive bias voltages. The error scales were derived from the statistics of ten
independent tests on the same device (n =10) (Supplementary Figs.16-25). Data
are presented as mean + s.d. e, Conversion networks of degenerate coupled
productive pathways. The three idealized /-t curves correspond to three
conversionrelationships:3->6(7)>3>4->1>2;3>6(7)>3>4>1>5;3>6
(7) » 3> 4~>1- 4.f.Plot of probability versus average At. Probability = (number
of samples generating product)/(sum of samples); At is the time interval
between3and1, as shownin e. Statistics are derived from 206 independent time
sequences of electrical signals measured from the same device. The distribution
of Atis shown as ascatter plot, depicting the mean value and s.d. The number
oftime sequences in each time interval is as follows: 11,9 s = 78, Nyg 2 s = 54,

Nyg1ms =21, Ng1oms = 21, Ng1 g ms = 19, Nog 2ms = 7, Mits.ams = 3 AN Nypo 5 ms = 3 (the subscript
refers to the mean value of At).
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toluene was added to the laboratory-built reaction cell containing the
molecular bridge at complex 1. The recorded RCM current-time (/-t)
curve (Fig. 2b) indicates the interconversions among seven conduct-
ance states (the long-term /-t curves are provided in Supplementary
Fig.3). Aseries of intermediate-controlled experiments (Supplemen-
tary Section 6, Supplementary Figs. 4-7), inelastic electron tunnelling
spectra (Supplementary Figs. 8 and 9), simulated potential energy
profiles (Extended DataFig.1) and electron transmission spectra (Sup-
plementary Fig. 10) provided the assignments of all the conductance
states. These assignments presented a network consisting of one pro-
ductive and two degenerate conversion pathways (Fig. 2a), providing
a clear insight into the mechanism of olefin metathesis. Note that
the other, unmeasurable, degenerate pathway (c) (Supplementary
Scheme2)was not energy preferred according to computational stud-
ies (Extended Data Fig. 1d).

Specifically, in the productive pathway, the association of the
substrate and a ruthenium methylidene complex (1) leads to the
formation of a-substituted metallacyclobutane (2), which subse-
quently undergoes [2 + 2]-cycloreversion to release ethylene and
anew ruthenium alkylidene (3). Complex 3 is then converted to a
new metallacyclobutane (4) via intramolecular cycloaddition, and
retro-cycloaddition furnishes the product cyclopentene. In degener-
ate pathway (a), B-substituted metallacyclobutane (5) is produced
via a different olefin-binding configuration (in comparison with the
conversion from1to 2), and reproduces the initial methylidene 1and
the starting substrate. Similarly, a, a-disubstituted metallacyclobu-
tane (transisomer 6; cisisomer 7) is generated by coordination of the
substrate with alkylidene 3 (degenerate pathway (b)). Figure 2c shows
three typical reaction trajectories of the productive and degenerate
pathways, providing the real-time transition relationship and detailed
dynamicinformation. Moreimportantly, it enables accurate statistics
onthe number of events (NOE), providing a quantitative description of
unclear degenerate pathways (Supplementary Fig. 11). Specifically, the
exchange of the terminal carbon between two olefins was determined
tobe the dominant degenerate pathway, especially viaa cis metallacy-
clobutane, 7 (NOE > 20 at 0.1V, Supplementary Fig.11). The exchange of
the terminal carbon between olefins and complex1was also obtained
and no coupling between two olefins was detected.

Itis worth mentioning that the regulation of the reaction by the
EEF cannot be neglected’***. Bias-voltage-dependent measurements
(including positive and negative biases) were reproducibly conducted
to analyse the impact of the EEF on the productive/degenerate path-
ways (Supplementary Figs. 12-24). Except for the transition from 3 to
7 (degenerate), the NOE (4 ~> 1, productive; 1> 5, degenerate; 3> 6,
degenerate) showed a decreasing trend. The ratio of productive events
gradually declined withincreasing voltage (positive bias, Fig. 2d; nega-
tive bias, Supplementary Fig. 25), which implies that the EEF inhibits
productive metathesis. Computational studies showed that the energy
barrier rises more notably for the productive pathway than for the
degenerate pathway (Supplementary Table 1). This suggests that the
adopted EEF could potentially achieve online manipulation of olefin
metathesis (see below).

Conventionally, the degenerate pathways are regarded as
unwanted work of the catalyst, which reduce the opportunities for pro-
ductive metathesis. However, a long-term statistical analysis showed
that the degenerate and productive pathways have astrong correlation
in some cases. As shown in Fig. 2e, degenerate pathway (b) (3> 6 > 3;
3> 7~ 3)followedby4and1linvolvesthreeforks.Forks1>2and1-> 5
lead to successful release of the product cyclopentene. The third fork,
thatis, 1> 4, represents a reversible process and does not generate
products. In the electrical experiment of RCM (substrate concentra-
tion1x 107 mol ™), we extracted current signals (sample size 206;
typical/-tcurvesare provided in Supplementary Fig. 26) involving the
species conversion modes in Fig. 2e, and recorded the time interval
(At) between 3 (after 6 or 7) and 1, and the corresponding fork (1~ 2,

1->50r1~ 4).Aplotofthe probability of generating products versus
At shows an obvious anticorrelation trend (Fig. 2f), demonstrating
that in the case of a short At degenerate pathway (b) would promote
an entry of Ru-based methylidene 1 into the next catalytic process
and product release (for example, for At = 7.89 + 5.22 ms, the prob-
ability is up to ~92.3%). This may arise from the presence of diethyl
diallylmalonate (substrate or the product of degenerate pathway (b))
around the catalytic centre, which inhibits the reversible conversions
between1and 4, and favours product formation. As At increases, the
probability that diethyl diallylmalonate involved in degenerate path-
way (b) escapes from the solvent cage increases, which weakens the
constructive coupling effect on the productive pathway.

Manipulating backbiting in ROMP

In most cases, cyclic oligomers are undesired by-products originat-
ing fromintramolecular backbiting in ROMP (Fig. 3a). The ring-chain
equilibrium (polymerization and cyclodepolymerization) is highly
dependent onthe monomer concentration, favouring linear polymer
chainsinhigh concentrations and cyclic oligomers in high dilutions®.
Nevertheless, cyclic oligomers are to some extent still presentina
high-concentration system, highlighting the need to develop efficient
approaches to completely inhibit their generation.

With cyclooctene (COE) (1x10™* mol I™)) in toluene, we first char-
acterized theelectrical signals of single-polymer-chain growthat 0.1V.
Binary switching shows arising square shapeintheinitial stage (0-42s)
and subsequent stabilization (Fig.3b). The RCMresults suggest that the
electrical signals can be attributed to the alternating transformation
of ruthenium alkylidene and metallacyclobutane with increasing DP.
The polymer chainlength affects the conductance to some extent when
DP <10 (grey shaded regionin Fig.3b), leading to gradually ascending
squaresignals. Further extension of the chain (DP > 10) does not affect
the conductance because of the molecular orbitals of the polymer
chain outside the electron transmission channel. Importantly, one
square-like signal represents a monomer-insertion process, which
affordssingle-monomer-insertion-event resolution. Anabrupt current
decrease implies the shortening of the polymer chain—that is, back-
biting occurs (marked by arrows in Fig. 3b). Because there is only one
catalyst in the system, intermolecular chain transfer can be excluded
as the cause of depolymerization.

Optical characterization further supported polymerization and
cyclodepolymerization. The catalyst terminus was modified with a
fluorescent polystyrene bead to enable fluorescent tracking of the
trajectory of the polymer chain end during propagation (Fig. 3c and
Supplementary Video 1; the modification procedures are described
inMethods). Three different trajectories (right-hand panel in Fig. 3d)
correspond to different time periods (marked by stripsinthe /-t curve
in the left-hand panel in Fig. 3d) with different ranges of motion. The
range of motion of the yellow trajectory is smaller than that of the
blue trajectory, implying a decreased chain length. In other words,
backbiting occurred before the time point marked by the yellow strip.
The electrical signal, that is, a sharp drop in the current level, also
supports this observation. The optical and electrical signals consist-
ently support the phenomena of polymerization and backbiting at the
single-catalyst site.

The effects of the EEF on polymerization/cyclodepolymerization
were investigated through bias-voltage-dependent measurements
(Fig. 3e and Supplementary Fig. 27). The results show that the EEF
has a suppression effect on the backbiting behaviour. Owing to the
~500 pA current resolution, we can distinguish the conductance at
DP <10 at present. Therefore, only abackbiting process generating new
rutheniumalkylidene at DP <10 can be observed directly viathe abrupt
decrease in current levels. Note that another type of intramolecular
backbiting, which does not alter polymer chain lengths, also exists
(Supplementary Fig. 28). Although not all of the backbiting processes
can be monitored, the trend in the measurable region reflects the
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Fig.3|Manipulation of backbiting in ROMP. a, Schematic of polymerization
and cyclodepolymerization (backbiting) in ROMP. b, /-t curve of single-polymer-
chain growth under abias voltage of 0.1V (COE concentration1x10™* mol 1.
Time points of backbiting are marked with arrows. The occasional current
increases (marked by red dots) during polymerizations refer to the Z-isomer
(see below). For clarity, the x axis in the ranges of 0-100 s and 100-2,000 s
adopts different time scales. ¢, Fluorescent imaging of polymer chain terminus
inthe propagation process, showing the trajectories of the polymer chain end
(yellow curves). The bright pixels refer to the fluorescent polystyrene bead at
that moment. The small yellow dots are centroids of the fluorescent region at
different times, showing the trajectory of the polymer chainend. A 405 nm,
5mW laser was focused on the graphene device through a x100 oil lens with an

exposure time of 50 ms. d, Part of the /-¢ curve in ROMP, and the corresponding
three trajectories (each-21 s during the time period indicated by the strip width)
ofthe polymer chainend. e, /-t curve of single-polymer-chain growth undera
bias voltage of 0.5 V (COE concentration 1 x 10™* mol I™)). For clarity, the x axis in
the ranges of 0-300 s and 300-4,000 s adopts different time scales. f, Schematic
of conformation stretching of polymer chain under the increased EEF. g, Plots
of NOE versus COE concentration (bar charts refer to left y axis), and ratios of
NOE (backbiting)/NOE (polymerization) versus COE concentration (line charts
refer to right y axis) in monomer-concentration-dependent measurements
(Vgp=0.1V). The error scales were derived from the statistics of ten different
devices (n=10). Data are presented as mean +s.d.
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suppression effect. Inaddition, as abenefit of single-event resolution,
the monitored electrical signal also demonstrates the dynamic disorder
of olefin metathesis, thatis, the dynamic effect of the chain conforma-
tion on the reaction (Supplementary Figs. 29 and 30).

Theimpact of the EEF on backbiting results from its pulling force
ontheisopropyloxyarylterminus of the polymer chain.Inthe absence
of an EEF or at low EEFs, aconformationally entangled ‘hairball”® wraps
around the catalyst (Fig. 3f), which increases the probability of intra-
molecular chain transfer. In contrast, the interaction between a high
EEF and the polar terminal group contributes to the stretching con-
formation of the polymer chain (Fig. 3f), which reduces the chance
of the catalyst centre coordinating with the polymer backbone. This
explanationis supported by controlled experiments (Supplementary
Fig. 31) with a non-polar-terminus chain (vinyl group). Therefore, the
EEF acts asacomb, which canunravel the entangled polymer chainand
thereby inhibit backbiting. Regulation of the chain conformation and
polymerization dynamics enables online precise (by-product-free)
synthesis with single-molecule resolution.

The sensitivity of polymerization/cyclodepolymerization
to monomer concentration was verified through monomer-
concentration-dependent measurements. Ten devices were indepen-
dently tested at source-drain voltage (Vp) = 0.1 V; the average results
areshowninFig.3g (long-term /-t curves are provided in Supplemen-
tary Figs. 32-41). Benefiting from the capability of direct detection of
monomer insertion in real time, the detailed dynamic parameters of

an individual catalyst can be obtained. The NOE per second reflects
the monomer-insertion rate: for example, at a COE concentration of
1x102mol I!, NOE(ROMP) = 0.3267 + 0.0048 s and NOE (backbiting) =
0.0021+0.0004 s™". The NOE(backbiting) to NOE(ROMP) ratio
decreased with increasing concentration, which is consistent with
the ensemble experiments, and proves the reliability of the platform.
Inaddition, two kinds of monomer, COE and norbornene (NBE), were
subjected to bias-voltage-dependent measurements of single-catalyst
polymerization to determine more specific dynamic information.
Statistical results are provided in Extended Data Fig. 2.

Controlling stereoselectivity in ROMP

In addition to the monomer-insertion rate, the configuration of each
insertion event canalso be distinguished via electrical signals. As shown
inFig.3b, E-ruthenium-alkylidene (-11.8 nA) and E-metallacyclobutane
(-24.0 nA) are predominant, while Z-ruthenium-alkylidene (-13.9 nA)
and Z-metallacyclobutane (-26.1 nA) are occasionally observed. Control
experiments, of insitu preparation of the Z-selective polymer with the
assistance of bidentate ligands and in situ ligand exchange, support
these assignments (Supplementary Figs. 42 and 43). This reflects the
preference of HG2 for the formation of thermodynamically favoured
E-olefins. Inspired by this, the EEF was applied to force the two Clligands
toadoptasyn orientation. Withincreasing biases from0.5t0 0.8 V, the
Z:Eratiosunderwent a notable reversal (Fig. 4a), thatis, HG2 in a high
EEF (0.8 V) favours Z-selectivity (electrical signals at 0.6 and 0.7 V are
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provided in Supplementary Fig. 44). The two trajectories of polymer
chain ends dominated by E (red) or Z (blue) units show a wider range
of motion for the E-selective chain (Fig. 4b), which further supports
the assignments of the isomers.

Specifically, the Z-selectivity inahigh EEF can be attributed to the
stabilization effect of the high electric field on the dipole complex.
Due to the electronic repulsion between the axially and equatorially
situated syn Cl ligands, the dichloro-ruthenium catalyst adopts the
anticonfiguration (Fig. 4c, left) inthe absence of an EEF or at low EEFs,

leading to the predominant generation of E-products. However, the
high dipole moment of the syn Cl ligands is stabilized at high EEFs,
thereby mainly delivering Z-olefins (Fig. 4c, right). Computational
simulation (Supplementary Fig. 45) demonstrates that the energy of
the syn configuration decreases with increasing EEF, which supports
the above scenario. As shown in Supplementary Fig. 46, the E-isomer
with anti Cl ligands is more energy preferred than the Z-isomer with
antiClligands under arbitrary EEF strengths, which excludes the pos-
sibility of the predominance of anti-Cl-Z-isomer at high EEFs. Statistical
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results (Fig. 4d,e) show that the Z:E ratios of ruthenium-alkylidene and
metallacyclobutane complexes reached ~-97:3 and -96:4 (V, = 0.8 V),
respectively, indicating the high efficiency and stereoselectivity of
thisapproach.

Precise synthesis of block copolymers

As the bias voltage was further increased, we found that polymeriza-
tion stopped at V=1V (Supplementary Fig. 47), consistent with the
computational EEF-dependent reactivity. This provides an alterna-
tive method for terminating ROMP. More importantly, this strategy
facilitates the precise synthesis (one-monomer resolution) of polymer
with desired DP and the sequence-controlled copolymer as depicted
inFig. 5a. Initially, COE undergoes homoadditionntimesat V5, =0.5V
(nisthedesired number of repeated units), and then polymerizationis
immediately terminated by increasing Vs, to1V (operation1). Then, we
remove the COE solution and add the comonomer, namely, NBE, to per-
formasimilar operation (operation 2). Finally, asequence-controlled
copolymer is obtained by repeating these two operations.

To better characterize the copolymerization, fluorescent-
group-substituted COEs (f-COEs) and NBEs (f-NBEs) are selected as
the comonomers (detailed molecular synthesis is provided in Sup-
plementary Section 1). Figure 5b displays the /-t curve for operations
1->2->1~> 2and histograms of the recorded emitted photons at dif-
ferent time points. The single-monomer-insertion-event resolution
enables real-time counting and control of the DP. After counting the
number of incorporated f-COEs (n = 50), we applied a voltage of 1V
to turn off the polymerization and removed the substrates. We then
recorded the fluorescence spectrum of the homopolymerized segment
of f-COEs at the single-catalyst site (the first histogramin Fig. 5b). The
emission peakis centred at-500 nm, which is consistent with the mac-
roscopic spectrumofthe f-COEs (Supplementary Fig. 48). This shows
that olefin metathesis proceeded smoothly, and that the monomer
was successfully incorporated. Similarly, the fluorescence spectrum of
the subsequent polymerization of f-NBEs (n = 50) was monitored (the
second histogram in Fig. 5b), showing two emission peaks, centred at
~500 and ~550 nm. The latter peak is consistent with the macroscopic
spectrum ofthe f-NBEs (Supplementary Fig. 49), indicating the genera-
tion of ablock copolymer. The subsequent sequence copolymerization
of f-COEs and f-NBEs exhibited a similar phenomenon (the third and
fourth histogramsin Fig. 5b). As the DP increased, photon counts did
not increase notably, possibly because of self-quenching. To further
prove the capability of controllable polymerization, the above method
ofregulating the turn-on/off of ROMP by EEF was applied to synthesize
a polymer chain with the segment sequence of COE(n =20) - f-COE
(n=1)> COE(n=20) > f-COE(n=1) > ..., in which the fluorophores
are far apart from each other to avoid self-quenching (Extended Data
Fig. 3a). We measured the photon counts for every time that fluores-
cent monomer was inserted, and found that the emitted photons
increased with several quantized steps with the increasing number
of f-COEs (Extended Data Fig. 3b), which again verified the reliability
of this regulation approach. Figure 5c,d provides /-t curves of the
copolymerization process with different n values, indicating precise
control of the backbone structure. In combination with the regulation
of chain conformation, polymerization dynamics and stereoregularity,
online precise control of the DP and preparation of the block copoly-
mer demonstrate the ability to completely manipulate the ROMP with
single-molecule resolution.

Conclusions

Insummary, we fully elucidated RCM and ROMP reaction mechanisms
at the single-catalyst and single-event level on the basis of the sensi-
tive graphene-based single-molecule electrical detection platform.
For RCM, real-time reaction trajectories, including both productive
and degenerate pathways, were accurately measured, deepening our
understanding of metathesis reaction mechanisms. Moreover, the

constructive coupling between degenerate and productive metatheses
provides acomplete picture of the catalyst behaviour.

For ROMP, the EEF emerged as a powerful and efficient tool for
regulating polymerization dynamics, polymer chain conformations,
inserted monomer configurations and polymerization initiation/
termination. A low EEF (0-0.5V) enabled the manipulation of the
equilibrium between polymerization and cyclodepolymerization, and
facilitated the suppression of backbiting. A medium EEF (0.5-0.8 V)
enabled the control of the stereoselectivity of inserted monomers
and provided asimple and universal strategy for generating Z-isomers
with high efficiency and selectivity. A high EEF (-1.0 V) terminated the
polymerizationand enabled control of the DP and precise synthesis of
block copolymers. The utilization of this method to study other types
of olefin metathesis, such as cross metathesis, ring-opening metath-
esis and acyclic diene metathesis, deserves further exploration. The
application of electric fields to the reactions provides fertile ground
for next-generation precise polymerization and organic synthesis.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Molecular synthesis and characterization

Allthe details of the synthetic route and characterization of the prod-
ucts canbe found in Supplementary Information.

Graphene point electrode array fabrication

Single-layer graphene was grown on a copper foil (25 pm thickness)
pretreated with acetic acid through chemical vapour deposition.
Poly(methylmethacrylate) (PMMA) 950 was then spin-coated on the
copper-substrate graphene. After immersing the PMMA-graphene-
copper layers in a FeCl, solution, the copper foil was etched away to
form the PMMA-graphene layers. Then, the PMMA-supported gra-
phenewasrinsed with hydrochloric acid and deionized water and trans-
ferred to a silicon wafer with a layer of 3,000 A SiO, (1.5 cm x 1.5 cm).

We deposited gold marks on the above silicon wafer via photoli-
thography and thermal evaporation. Then, agraphene strip of 40 pm
width was obtained using photolithography and oxygen plasma etch-
ing. Onthe basis of the designed masking pattern, the electrodes (80 A
Crand 800 A Au) were deposited on the graphene silicon wafer. After
that, we deposited a layer of 400 A SiO, to prevent current leakage in
theliquid phase.

Onthebasis of dashed-line lithography, the PMMA-graphene tran-
sistor was etched using electron-beamlithography to openwindows on
the PMMA film. Finally, nanogapped graphene point electrode arrays
with carboxyl terminals were obtained using oxygen plasma etching
and supplemental electrical burning.

Single-molecule device fabrication
2-Hydroxydiphenylphosphinylbenzene (10~ mol I, catalyticamounts
of4-dimethylaminopyridine and N,N-diisopropylethylamine, 1-ethyl-3
-(3-dimethylaminopropyl) carbodiimide superdried CH,Cl, solution
andthe above graphene device were added to around-bottom flask to
activate carboxyl terminals under anhydrous and anaerobic conditions.
After 36 h, werinsed the device with ultradried CH,Cl, and tetrahydro-
furan, and then put it into a tetrahydrofuran/H,0 (10:1, v/v) solution
with the molecular bridge (compound 6,10 mol I") under anaerobic
conditions for 24 h. After that, we removed the device, rinsed it with
tetrahydrofuran, and dried it with N,.

Electrical characterization

The single-molecule device was placed in a vacuum cryogenic probe
station (Lakeshore TTPX) during the experiments. The /-Vcurves were
measured using an Agilent 4155C semiconductor parameter system.
The output terminal of an UHFLIlock-in amplifier provided a constant
bias for the /-t measurement. The current signal of the molecular
loop was amplified using a DL1211 amplifier and then recorded using
ahigh-speed acquisition card (NIDAQ).

Single-catalyst-junction modification

The device containing a single HG2 junction was treated with
3-bromopropene to afford Ru-based alkylidene (Ru=CHCH,Br). Then
we addedthe device,amino fluorescent polystyrene beads and K,CO,
toaN,N-dimethylformamide solution to modify the catalyst terminus
through nucleophilic substitution. After that, the device was removed,
rinsed with N,N-dimethylformamide and dried with flowing N,. The suc-
cessful modification of the single-catalyst junction was characterized
by anoptical method.

Theoretical calculation

All density functional theory computations were performed with
Gaussian 09 software™. Geometry optimizations were performed
at the B3LYP/BSI (BSI: def2SVP(Ru)-6-31G(d,p)(rest)) level*>. Normal
vibrational mode analysis at the same level confirmed that optimized
structures were intermediates or transition states. Gibbs free ener-
gies were estimated by combining B3LYP-D3/def2TZVPP single-point

energies and Gibbs free-energy corrections from optimizations at the
BSl level*. Single points with solvent corrections were performed
using the CPCM continuum model with toluene’*. The influence of
the EEFs onthe Gibbs free energies was explored by gradually increas-
ing the EEF strength from O Vnm™to0 9.77 Vnm™ at the B3LYP-D3/
def2TZVPP level.

The transport properties of molecular junctions were explored
using the density functional theory combined with the non-equilibrium
Green'’s function method, implemented in the ATOMISTIX TOOLKIT
software package. The generalized gradient approximation in the
Perdew-Burke-Ernzerhof form was used to describe the exchange-
correlation energy. The PseudoDojo ONCV pseudopotential with
medium basis set was adopted for the Ruatom, and the Trouiller-Mar-
tins non-local pseudopotential with double-zeta plus polarized basis
set was adopted for the rest. Akinetic energy cut-off of 125 Hartree for
thereal-spacegrid anda2 x 2 x 134 Monkhorst-Pack k-point mesh were
employed inthe transport calculations.

Data availability

The datasupporting the findings of this study are available within the
paper and Supplementary Information. The datasets used in Supple-
mentary Information are available online from the Zenodo repository
athttps://doi.org/10.5281/zenodo.13777604. Source data are provided
with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Simulated potential energy profiles of different
pathways in RCM. Gibbs free energies (kcal/mol) and intermediate structures
aregivenin the figure. Computational studies were performed with B3LYP-D3/
def2TZVPP//B3LYP/ def2SVP(Ru) 6-31G(d,p)(CH O N Cl). Solvent =toluene;
T=298K. a.Potential energy profile of the productive pathway. b. Potential
energy profile of the degenerate pathway (a). c. Potential energy profile of the
degenerate pathway (b). d. Potential energy profile of the degenerate pathway

(c). Abbreviations: RS, reactant state; TS, transition state; IM, intermediate;

PS, productive state; D, degenerate; a, metathesis pathway (a); b, metathesis
pathway (b); ¢, metathesis pathway (c); ¢, trans; ¢, cis. RS = complex 1+ substrate;
IM1=complex 2;IM2 =complex 3; IM3 =complex 4; PS = complex 1+ product;
D-a-IM = complex 5; D-b-IM-¢t = complex 6; D-b-IM-c = complex 7; PS-t = complex
1+ trans-product; PS-c=complex 1+ cis-product.
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Extended Data Fig. 2| Statistical dynamic information of ROMP. a. Dwell time
of Ru-based alkylidene (solid line) and metallacyclobutane (dash line) in bias
voltage-dependent measurements of ROMP using COE (blue line) and NBE (green
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were derived from the statistics of three different devices (n=3). Data are
presented as mean = s.d. 7,,, was longer than 7, in the polymerization of COE (for
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metallacyclobutane is the rate-determining step (RDS). As for NBE, the RDS is the
formation of metallacyclobutane (for example, at Vs, =0.1Vand NBE
concentration=1x 10"*mol L, Tiner = 146.8 £3.8 ms, 7, =468.0 £ 5.2 ms), which
is consistent with the high ring strain energy of NBE. b. Polymerization rates in
bias voltage-dependent measurements of ROMP using COE (blue bar) and NBE
(green bar), demonstrating the high activity of NBE as the monomer in ROMP.
The error scales were derived from the statistics of three different devices (n=3).
Data are presented as mean + s.d.
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Extended Data Fig. 3| Statistics of recorded photons of the polymer chain with different numbers of f-COE (1-4). For each device, the error scales were
with different numbers of f-COE. a. Schematic of the polymer chain with the derived from the statistics of 3independent tests (n=3). Data are presented as
segment sequence of COE(n=20) > f-COE(n=1) » COE(n=20) > f-COE(n=1) > mean *s.d.

....b.For20 different devices, recorded photon numbers of the polymer chain
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