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ABSTRACT: Electron transfer (ET) is crucial in many chemical
reactions, but its mechanism and role are hardly understood in
nanobiotechnology due to the complexity of reaction species and
pathways involved. By modulating and monitoring electron
behavior at the single-molecule level, we can better understand
the fundamental mechanisms and ways to control them for
technological use. Here, we unravel a mechanism of single-electron
catalysis under positively charged nanoconfinement. We demon-
strate that both (2 + 2) and (4 + 4) cycloadditions can be
catalyzed reversibly by a single electron. Key reaction pathways are
discovered by monitoring sequential electrical signals in the
cycloadditions through advanced single-molecule detection plat-
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forms. Experimental and theoretical results consistently demonstrate that combining single ET processes with nanoconfinement
involving cucurbit[8]uril can lower the reaction energy barrier and promote reversible cycloaddition. Moreover, we show that the
bias voltage can fine-tune ET processes and chemical equilibria in bond formation and cleavage. Our results provide a novel
approach to elucidate, modulate, and design electron-involved reactions and functionalized devices.

Bl INTRODUCTION

The electron, as an elementary particle, can act as an effective
catalyst of redox reactions with radical intermediates of
paramount importance in biology, biomedicine, and chemical
synthesis." Energy barriers can be lowered through the addition
or removal of an electron in the reaction substrate. Electron
catalysis has thus received widespread attention in synthetic
chemistry.”~ Chemical reactions initiated® "’ by redox agents,
photocatalysts, and electrochemistry commonly involve elec-
tron catalysis, leading to the formation of radical intermedi-
ates.”'>'" A thorough understanding of the catalytic function of
electrons is essential for the design and optimization of these
reactions. Recent advances in time-resolved techniques such as
transient absorption spectroscopy and laser flash photolysis have
boosted their use to study reactions involving electrons but are
limited to photoinduced reactions.'” Single-molecule electrical
detection techniques immobilize a single molecule between
electrodes separated by nanogaps to form robust linkages, thus
enabling the investigation of the dynamic behavior and reaction
trajectories of single molecules with label-free, nondestructive,
and high-resolution characteristics.">™'” Moreover, molecular
engineering and gate modulation can be utilized to regulate the
quantity of electrons on a single-molecule bridge.'®"”
Technological advances in the confinement of supramolecular
complexes between electrodes can enable a richer, controllable
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chemistry. In fact, supramolecular systems have been the subject
of continued interest in catalyzed reactions, as they can
effectively position two coencapsulated guests within a confined
cavity,” thus favoring specific reaction pathways that improve
the reaction rate and efficiency. Despite the potential benefits of
combining nanoconfinement catalysis and electron catalysis in
catalyzed reactions (including many radical reactions), little
research has been reported on their joint application.
Cycloadditions are one of the most fundamental reactions in
organic and synthetic chemistry, and play a particularly
significant role in the synthesis of carbocyclic compounds.”"**
Both (2 + 2) and (4 + 4) cycloadditions can be triggered not
only by UV-light irradiation”® but also by electrons.”*** In
recent years, cycloadditions involving electrons have attracted
considerable interest from chemists due to their rapid reaction
rates, low activation energy barriers, and remarkable stereo-
selectivity. Here, we present a new approach to quantitatively
investigate and control cycloadditions involving electron
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Figure 1. Structure and characterization of supermolecule-based single-molecule junctions (SMJs). (a) Schematic of a supermolecule-based SMJ. (b)
SEM and AFM images of a representative indented graphene point contact array. (c) Fluorescence super-resolution imaging of the single-molecule
connection. (d) I-V curves of open circuits with graphene point contacts (black) and single-molecule junctions after supramolecular connection

(red). Insets show open circuit and molecular junction devices, respectively.

catalysis by means of electrical measurements and bias voltage
regulation within a molecular junction setup. Our strategy
combines chemistry, molecular-scale electronics, and other
nanotechnology, using a nanoconfined positively charged
supramolecular complex to regulate the single-electron catalysis
of (2 +2) and (4 + 4) cycloadditions (Figure 1a).

B RESULTS AND DISCUSSIONS

Nanoplatform for Controllable Single Electron-Cata-
lyzed Cycloadditions. We fabricated stable supramolecular
assembly-based single-molecule junctions (SMJs) that are the
scene of the chemical reactions studied (Figure la).
Cucurbit[8]uril (CB[8])-mediated ternary host—guest com-
plexes are the reaction center for the intermolecular cyclo-
additions.”®*” CB[8] works as the source of nanoconfinement
for the charged guest molecules.”® (E)-1-(3-Aminopropyl)-4-
(2-(pyridin-4-yl)vinyl)pyridin-1-ium (PVP) and 1-(3-amino-
propyl)-4-(anthracen-2-yl)pyridin-1-ium (AnPy) are the guest
molecules for (2 + 2) and (4 + 4) cycloadditions, respectively.
PVP and AnPy contain terminal amine groups for covalent
linkage to carboxyl-terminated graphene electrodes.”
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At the heart of this design is the fact that the positively charged
guest molecules excel at accepting electrons that can initiate
electron catalysis. In addition, CB[8], which serves as the host
molecule, can prevent radical intermediates generated during
the catalytic process from being quenched by the environment.
The quenching of intermediate states by the electrodes is
prevented by the insertion of three methylene (—CH,—) groups
as spacers between the central molecular core and the electrode-
anchoring tails, which reduce the interfacial electronic couplings
and strengthen the redox character of the electron localization at
the molecular centers.*

Our label-free, nondestructive single-molecule electrical
platform offers great opportunities to gain an understanding
and control of the mechanism underlying electron-catalyzed
cycloadditions. The approach is implemented by directly
monitoring the time trajectories and reaction pathways of
individual intermediates and transition states in catalytic
processes occurring within the confined supramolecular region.
In the molecular junction established by the supramolecular
system bridging the graphene electrodes (Figure 1a), each
distinct reaction species in the single electron-catalyzed

https://doi.org/10.1021/jacs.4c18064
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Figure 2. Electrical signals and electron-catalysis mechanism for the (2 + 2) cycloaddition. (a) Representative I—t traces and corresponding statistical
histograms with a bias voltage of 500 mV at 300 K, showing four distinguishable conductance levels. (b) Enlarged I—t trajectories illustrating two types
of oscillations between states 1/3 and states 2/4. (c) Number of transition events to each state within 30 s. (d) Time sequence of transitions between
different reactants, intermediates, and products during a (2 + 2) cycloaddition, in which state S is observed. (&) Theoretical energy profiles of a single
electron-catalyzed cycloaddition. TS: transition state; MS: metastable state. (f) Plausible mechanism for a reversible single electron-catalyzed
cycloaddition and reversible transition rates between states 1, 2, 3, and 4. (g) Marcus parabolas depicting an ET process between states 1 and 3. 1= 0.28

eV is obtained for this ET.

cycloadditions is identified through a unique conduction state
(namely, it is the support of a well-distinguishable charge
transport channel®"), and each reaction step corresponds to a
variation of the current through the molecular junction (Figure
2).

Resulting Cycloaddition Reaction Pathways. For (2 +
2) cycloadditions, we determine (vide infra) the following
reaction trajectory (Figure 2f): (i) the injection of one electron
from an electrode into the PVP substrate (which corresponds to
conduction state 4) produces a PVP radical intermediate (state
2); then, (ii) a cyclized radical intermediate (state 1) is
generated by passing through the formation of a metastable
intermediate species in which the two pyridine-containing
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subunits are linked by a single C—C bond (state 5); (iii) finally, a
cyclized product (state 3) is obtained by releasing the electron
back to the electrode, after which the process can be repeated.
The conduction states, except for state S, which is hardly
populated, are characterized by different molecular structures
and/or redox states (see analysis in Figures 2 and 3). The
nanoconfined chemical systems show more conduction
channels than standard redox junctions, corresponding to
different redox states of the same molecular structure.’"**

A plausible mechanism for the electron-catalyzed (4 + 4)
dimerization involves three steps (Figure 4a): (i) one electron is
injected from a graphene electrode into the reactant (state 4'),
resulting in the formation of a radical complex (state 2'); (ii) a

https://doi.org/10.1021/jacs.4c18064
J. Am. Chem. Soc. 2025, 147, 6203-6213
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reversible transitions between states 1 and 2.

cycloaddition occurs within this complex to produce a cyclized
radical species (state 1); (iii) the electron is released back to the
electrode, leading to the formation of the dimerization product
(state 3").

Next, we describe the combined experimental and theoretical
investigations that led to the formulation of the reaction
mechanisms. Moreover, we propose a strategy to manipulate the
reaction kinetics by regulating physical parameters, such as the
bias voltage applied to the junction.

Device Characterization. The characterization of the SMJs
is summarized in Figure 1b—d, while details on the molecular
synthesis, characterization, and formation of the host—guest
complexes are provided in the Supporting Information
(Schemes S1—S7 and Figures S1—S6), and details of the device
fabrication process are reported in the Supporting Information
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(Methods and Figures S7—S9). Scanning electron microscopy
(SEM, Figure 1b, top) and atomic force microscopy (AFM,
Figure 1b, bottom) images demonstrate that a graphene sheet
was cut, resulting in indented point contacts that create a
nanogap. The statistically estimated size of the gap is 1 to 10 nm,
which provides an ideal range of distances for supramolecular
connection. Using stochastic optical reconstruction micros-
copy,” a single fluorescent spot was detected between the
graphene nanoelectrodes (Figure 1c), thus providing direct
evidence for the successful incorporation of a single fluorescent
supramolecular complex between the electrodes and therefore
the formation of an SMJ.>* Indeed, the clear and consistent
observation of fluorescent spots also gives support for the
linkage of the supramolecular complex to the nanoelectrodes.
The successful formation of SMJs was further confirmed by

https://doi.org/10.1021/jacs.4c18064
J. Am. Chem. Soc. 2025, 147, 6203-6213
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Figure 4. Single electron-catalyzed (4 + 4) cycloaddition. (a) A plausible mechanism for a (4 + 4) cycloaddition. (b) Theoretical potential profiles for
the (4 + 4) cycloaddition. TS: transition state; MS: metastable state. (c) Idealized I—t trace with four distinguishable conductance levels under a 500
mV bias voltage at 300 K. (d) Corresponding reversible transition rates between states 1’, 2/, 3/, and 4'. (e) I—t traces and corresponding enlarged

images (right inset) under different bias voltages.

electrical measurements (Figure 1d and Figure S10), which
show nano-Siemens (nS)-level conductance. In fact, these
conductance values indicate that the targeted supramolecular
complexes were successfully connected to the nanoelectrodes.
Furthermore, through inelastic electron tunneling spectroscopy
(IETS) performed at 2 K, we identified specific molecular
vibrations that are consistent with our theoretical infrared and
Raman spectra (Figure S11). These combined experimental
results as well as the accompanying theoretical analysis provide
strong evidence for the successful creation of supramolecular
SMJs.

Identification of (2 + 2) Cycloaddition Species and
Reaction Path. The study of single-molecule conductance can
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provide valuable information about the electrical and conforma-
tional properties of molecules, or molecular complexes, and their
perturbation.35 Here, real-time current—time (I—t) measure-
ments (Figure 2a) with a temporal resolution of approximately
17 ps using SMJs help us track the trajectory of the (2 + 2)
cycloaddition. These measurements are performed in vacuum at
a constant bias voltage of 500 mV and a temperature of 300 K.
Statistical histogram analysis of the I—t curve shows (Figure 2a,
right inset) four dominant sequential conduction states, labeled
as state 1, state 2, state 3, and state 4, and a barely populated state
5 (vide infra). Next, we show that these states correspond to the
molecular species in the energy profile of Figure 2e, kinetically

https://doi.org/10.1021/jacs.4c18064
J. Am. Chem. Soc. 2025, 147, 6203-6213
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connected to the single-electron reaction mechanism of Figure
2f.

First, our extensive analysis of the I—t measurements (Figure
2b—d) shows that (i) there are no direct transitions between
states 1/4, states 2/3, and states 3/4 (Figure 2c), (ii) there are
rapid and very frequent oscillations between states 1/3 and
states 2/4 (Figure 2b), and (iii) switching between states 1/2
(Figure 2c¢) is relatively slow. Point (i) indicates that the absence
of communication between the molecular species corresponding
to states 3 and 4 has a structural basis, while (ii) suggests that
states 1/3, as well as states 2/4, are connected by ET steps.
Moreover, the higher conductance of states 1 and 2 compared to
states 3 and 4 supports that the latter are characterized by a
redox state with a higher positive charge, which increases the
effect of orbital (electrostatic) gz:tting,31’3‘2’3’6 favoring a more
localized transient distribution of the electronic charge trans-
ferring between the electrodes and hence an accordingly lower
current. These considerations, together with point iii, concur to
locate the structural change involved in the cycloaddition
between states 1 and 2. In fact, through analysis of the I—t curve
on a magnified time scale, we find a new conduction state (state
5) (Figure 2d) that may be identified as a structural
intermediate, although it has a low probability of occurrence
as a distinct nonvirtual state in the transitions between states 1
and 2.

In a control experiment (Figure S12), the C=C double bond
linking the two pyridine-containing units in the PVP substrate is
replaced with a C—C single bond, and real-time I—t measure-
ments are conducted. The bias-dependent results display no
current fluctuations under identical circumstances, therefore
indicating that the oscillations between conduction states arise
from the conversion of the double bonds to a cyclobutane ring.
Furthermore, the (2 + 2) reaction was analyzed through single-
molecule conductance measurements using the scanning
tunneling microscope-break junction technique (Figure S13),
revealing that two distinct conductance states correspond to the
PVP reactant and the cyclobutane product. This conclusion is
supported by the direct detection of the cyclized product in the
ESI-Mass spectrum, conducted 48 h after initiating the reaction
(Figure S14). Therefore, mass spectrometry analysis confirms
the formation of the cyclobutene product, providing critical
experimental evidence to validate the proposed reaction
mechanism.

At this point, we need to attribute molecular species to states
1—4. Since the corresponding currents are of the same order of
magnitude, we can expect that states 1 and 3, as well as 2 and 4,
differ by a single electron charge and are thus connected by one-
electron processes. To verify this hypothesis, which supports the
set of molecular species in Figure 2f, we first examined cyclic
voltammograms of PVP and the CB[8] D 2PVP complex taken
on a macroscopic scale (Figure S15). The guest molecule PVP
displays a single redox wave at ~—0.87 V versus Ag/AgCl, while
the host—guest complex CB[8] D 2PVP shows two redox peaks
at ~—0.66 and ~—0.88 V, respectively. These results suggest
that the host—guest complex holds remarkable promise for
implementing an ET process through one-electron injection
with a low potential voltage. Then, theoretical simulations based
on density functional theory (DFT) were used to investigate
three potential reaction pathways; no-electron (Figure S16),
one-electron (Figure 2e), and two-electron (Figure S17)
reactions. Both no-electron and two-electron mechanisms are
ruled out because of the predicted high kinetic energy barriers of
~1.97 and ~1.93 eV, respectively, for the cycloaddition.
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The molecular species in Figure 2e,f are safely assigned to the
different conduction states in Figure 2a—d by modeling the
SMJs bridged by the different species (Figure S18) and
calculating the corresponding electron transmission spectra
(Figure S19), whose information is then consistently combined
with kinetic modeling and charge-transfer analysis (Supporting
Information Sections 4, 6, and 7). Despite the approximations
underlying the theoretical calculations, such as the narrowing of
the energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
the transmission functions indicate that the charge transport
involves the LUMO:s of the cationic supramolecular bridge and
that the conduction states 1—4 can be associated, in the order,
with the following molecular species in the reaction path:
cyclobutane radical intermediate (state 1), PVP dimer radical
intermediate (state 2), dicationic cyclobutane product (state 3),
and dicationic PVP dimer (state 4).

The precise correlation between I—t measurements and DFT
calculations greatly enhances our understanding of the different
reaction species and the reaction steps connecting them. In the
one-electron pathway of Figure 2f, the presence of CB[8]
decreases by nearly 1 order of magnitude the activation energies
(E*) of the ET processes that deliver one electron to the
electrodes (compare energy profiles in Figure 2e and Figure
$20), thus making the transitions from state 2 to 4 and from state
1 to 3 feasible, although much slower than the converse ones
(see theoretical analysis in Supporting Information Sections 4
and 6). The lifetime of each conduction state (hence, the
corresponding rate of transition to the partner redox state)
measured experimentally is consistent with the activation energy
of each reaction step calculated using DFT with the framework
of Marcus ET theory®” (Figure 2g and Table S1). Analyzing the
I—t curves, we find that the intermediate radical (state 2) is
generated at a rate of ~5405 s™' by electron injection from the
electrodes (Figure 2f, left red arrow), while the reverse process
of electron release occurs, under the same bias voltage, at a
slower rate of ~136 s~* (Figure 2f, left blue arrow). A similar ET
kinetics occurs in the cycloreversion between the cyclobutane
product (state 3) and its radical intermediate (state 1). These
rates are in line with the fact that the activation energies of the
electron-gaining steps (Ef _, , = ~0.099 eV and E§ _, | = ~0.020
eV) are lower than those of the electron-releasing steps (E§ _, ,=
~0.529 eV and Ef _, ; = ~0.150 eV) (Figure S21, Tables S1 and
S2). In addition, the experimental activation energies for state 4
to 2 (or state 1 to 3) transition, presented in Table S3, are
consistent with the calculated values, showing consistency
between experimental observations and theoretical predictions.

CB[8] also influences the energy barriers for the creation of
the metastable intermediate S, dramatically reducing the barrier
between states 2 and S, while slightly increasing that between
states 1 and S (Figure 2e and Figure S20). Nevertheless, the
bond formation and cleavage are characterized by theoretical
values of the activation energies of ~0.35 and ~0.66 eV,
respectively, in the presence of CB[8]. These high values are in
qualitative agreement with the low effective rates of bond
formation and cleavage (~187 and ~149 s™', respectively)
derived from the experimental I—t traces and also consistent
with the extremely short lifetime of conduction state §
(metastable reaction intermediate state), where it does not
behave as virtual state in the transitions between states 1 and 2
(the possibility that this occurs prevents a quantitative
agreement between the relative values of the calculated effective
rates and the corresponding activation energies).
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Overall, both single electrons and CB[8] can function as
catalysts by reducing the reaction energy barriers and promoting
cycloaddition and retro-cycloaddition. This is particularly true
for the reaction pathway in the direction of cycloaddition (from
state 4 to 3; see Figure 2e,f), but both reaction directions can be
influenced by the application of appropriate bias voltages.

ET in the Reaction Path and Its Tuning By Temper-
ature and Voltage. Measurements and theoretical analysis of
electron transitions between states 1/3 and those between states
2/4 provide further validation of the reaction mechanism while
also providing a deeper understanding of the ET processes
involved and highlighting opportunities for tuning of the
reaction rate through changes in temperature and voltage.

Our I—t measurements at temperatures ranging from 180 to
300 K and different bias voltages show a strong dependence of
states 2/4 and states 1/3 transitions on temperature (Figures
§22-527), as is expected for incoherent Marcus-type ET.*>**
Additional analysis of the 1-to-3 transition shows, indeed,
remarkable (340-fold at 50 mV and 129-fold at 500 mV)
increases of the ET rate as the temperature is varied from 240 to
300 K (Figure S28). These large variations may result from
temperature effects on factors such as the molecule-graphene
coupling (see Supporting Information Section 7) and the related
density of states for charge carriers in the electrodes near their
Fermi level,”” as well as room or near room temperature
stereoelectronic effects (see discussion in Figure 526).

The transitions between different redox states through
interfacial incoherent ET processes (Figure 2f) provide
negligible contributions to the junction current, because these
reaction steps involve well-localized charge distributions in the
molecular system, thereby representing slow conduction
channels.®! In terms of electric current, the function of these
redox steps is to switch between the various redox states, each
supporting a different fast conduction channel with a distinct
current (Figure 2a) (this is easily understood in a qualitative
single-particle picture: the charge responsible for a given redox
state is described by a localized molecular orbital, while another,
more spread molecular orbital is transiently occupied by the
quickly transferring electron charge®"). The charge transport
through the fast channels mainly occurs via incoherent or
coherent tunneling depending on the temperature.

Through analysis of the current—voltage (I-V) character-
istics (Figure 1d and Figures $29—S32) on individual supra-
molecular junctions, we observe a noticeable increase in current
in the (2 + 2) (Figures S29 and S30) systems when the
temperature is raised from 2 to 300 K. The same applies to (4 +
4) systems; see Figure S31). It is worth stressing that the
continuous I-V curves result from a current measurement
integration time in which many of the current oscillations visible
along the I—t traces take place.

The monotonic increase of the current with temperature
means a thermally activated conduction of the junction, as
expected from the redox character of the supramolecular system,
which is accentuated by the presence of a positive
charge.”"*>*”* Furthermore, the current increase with temper-
ature at all voltages (hence, also for bias voltages much larger
than the thermal voltage kzT) excludes that high-temperature
coherent transport is at stake’”*' (see Supporting Information
Section 6). The free energy landscape in Figure 2g implies that
the rate of the transition from state 3 to 1 is appreciable even at
zero bias (Supporting Information Sections 6 and 7) and no
threshold bias voltage is expected to enable at least the charge
transport channel involving state 1,>**7 in agreement with
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Figure 1d and Figures $29—S32. Furthermore, the existence of
conduction channels with relatively large inner-sphere reorgan-
ization energies and different free energy parameters, accessible
at different voltages, can explain the continuous growth of
current over the explored voltage ranges.”'

Arrhenius analysis shows the typical transition from the
temperature-dependent incoherent conduction mechanism to
coherent tunneling at sufficiently low temperatures (this is the
charge transport regime for all devices and biases applied as the
temperature is less than 60 K). In addition, the I-V
characteristics of the (2 + 2) SMJ in Figure S29c suggest a
possible occurrence of an inverted Marcus regime for some of
the conduction states, resulting in near activationless charge
transport at sufficiently large bias voltages®"*****” (see details
in Supporting Information Section 6).

To examine how the bias voltage impacts the thermody-
namics and kinetics of single electron-catalyzed cycloaddition,
I—t traces are monitored at varying bias voltages (Figure 3a).
The statistics obtained from the histograms of the current
distribution reveal how the bias voltage influences the reaction
equilibrium (Figure 3b and Figure S33). As the voltage is
increased from 0.05 to 0.5 V, we see a steady increase in the
percentage of the PVP radical (state 2) from about 7 to 58%, and
a decrease in the proportion of the cyclobutene radical (state 1)
from approximately 80 to 40%. Therefore, the area ratio of the
PVP radical (state 2) to the cyclobutene radical (state 1),
ascertained through the statistical histograms, experiences a
more than 17-fold increase (Figure S34, orange). The
observation that increasing the voltage leads to the stabilization
of state 2 can be explained by the radical’s (state 2) greater
degree of conjugation and electron delocalization. Moreover,
the area ratio of the PVP reactant (state 4) to the cyclized
product (state 3) has an 18-fold increase (Figure S34, green),
indicating a shift in the reaction equilibrium toward cyclo-
reversion. The proportion of state S is too small to allow for a
meaningful statistical analysis of voltage effects on it.

Detailed kinetic data for the reversible electron-catalyzed
cycloaddition are derived from a vast analysis of I—t traces
(Figure S35). Figure 3c illustrates the bias-dependent transition
lifetimes (7) for electron injection and removal. As the bias
voltage changes from 0.05 to 0.5V, the electron injection by the
electrode leading from cyclobutene (state 3) to the cyclized
radical (state 1) exhibits a significant reduction in the lifetime,
decreasing from approximately 122 to 17 ps. Conversely, the
reversible electron removal process (which brings the molecular
system from state 1 to state 3) shows an increase in the lifetime
from about 4.28 to 7.16 ms. These trends were quantified by
calculating the transition rate (k) for each step as k = 1/7. The
result is a linear relationship between Ink and the voltage (Figure
3d), with a positive slope of approximately 4.1 for the electron
injection (forward ET process) and a negative slope of about
—0.9 for the electron removal (backward ET process). These
findings demonstrate that the bias voltage significantly promotes
electron injection while opposing electron removal. These
opposite trends are in full agreement with the expectations based
on Marcus’ expressions for the interfacial ET rates with bias-
dependent reaction-free energies and their later developments
(see also Supporting Information Sections 6 and 7).>**"*%* In
fact, the increasing bias voltage changes the reaction free energy
for the interfacial ET processes so as to increasingly favor the
electron injection into the molecular system and oppose the
converse electron removal process. A similar trend is observed
for the PVP reactant (state 4) and PVP radical (state 2) (Figure
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3d). Compared to cyclobutane (state 3) and its radical (state 1),
the linear relationships between Ink and the voltage for the PVP
reactant (state 4) and its radical (state 2) show a reduced slope
of ~1.7 for electron injection and an increased negative slope of
~—1.7 for electron removal. This is expected based on the zero-
bias values of the two transition rates for states 2/4 and their
predicted saturation to the same values as those for states 1/3 at
high enough voltages®*” (see also Figure S36 and its
discussion).

In conclusion, the bias voltage has a significant impact on
adjusting the reaction kinetics of the electron injection and
removal steps in the cycloreversion reaction, promoting the
formation of the cyclized radical (state 1) while also inhibiting
the consumption of the PVP radical (state 2).

Regarding the kinetics of bond formation and cleavage, the
transition lifetimes of states 1 and 2 increase gradually with
increasing bias voltage (Figure S37), thus indicating that both
the PVP radical (state 2) and cyclized radical (state 1) are
stabilized by electric fields. The linear relationships between Ink
and the voltage suggest that the reversible processes of chemical
bond formation and cleavage are inhibited by the voltage
(Figure 3e). However, the effective rates of interconversion of
states 1 and 2 include the rates of the transitions involving state 5
(see the kinetic model in Supporting Information Section 7),
which cannot be calculated with sufficient statistical accuracy
from the available data, thus preventing a closer comparison
between the kinetic analysis and the population analysis in
Figure 3b and also the kinetic model in Supporting Information
Section 7).

(4 + 4) Cycloaddition Species and Reaction Path. A (4 +
4) dimerization was also examined to confirm the general
applicability of our SMJ technique to (positively charged)
nanoconfined single electron-catalyzed cycloadditions. The
DFT-calculated energy profile (Figure 4b) for the one-
electron-catalyzed pathway in Figure 4a shows that the energy
barriers for cycloaddition and cycloreversion (which are around
0.47 and 0.73 €V, respectively) are comparable to those for (2 +
2) cycloaddition, thus suggesting that the one-electron-
catalyzed (4 + 4) cycloaddition pathway can also be reversible.

The reaction pathway is identified based on theoretical
calculations and the time sequences of the four conduction
states (Figure 4c), labeled as state 1/, state 2/, state 3/, and state
4. In line with the findings from the (2 + 2) cycloaddition
experiments, we observe rapid and frequent oscillations between
states 1’/3’ or states 2'/4’, which are linked to the electron
injection/release processes. The transition rates for each step, as
determined from real-time data, demonstrate that electron
injection is faster than electron release (Figure 4d). The process
of chemical bond formation between the radical complex (state
2') and the cyclized radical (state 1) includes a step in which a
single bond forms (Figure 4b) between two anthracene units,
resulting in a metastable state (MS S). The rate of the transition
from state 2’ to 1’ in the (4 + 4) cycloaddition (~3039 s™") is
much higher than that for the transition from state 2 to 1 in the
(2 + 2) cycloaddition (~187 s™*). This explains why we are
unable to detect an electrical signal for MS §'.

We explore the impact of voltage on electron-catalyzed (4 +
4) cycloaddition through bias-dependent I—t measurements
(Figure 4e and Figure S38). When a bias voltage of 100 mV is
applied to the SMJ, only one conduction state is noticeable,
suggesting that a threshold voltage is required to initiate the (4 +
4) cycloaddition.®” Although the energy profiles in Figures 2e
and 4b will change with the voltage, their shapes at zero bias
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voltage indicate that a more appreciable voltage is necessary to
carry out the full reaction path in the (4 + 4) compared to the (2
+ 2) system. On the other hand, the much greater extent of
conjugation in the (4 + 4) complex than in the (2 + 2) complex
favors the delocalization of electron charge across the supra-
molecular system, with more extended tails in the anchoring
regions and therefore larger electronic couplings to the
electrodes. It is thus not surprising that, at the bias voltage of
500 mV, the charge-transfer rates for the (4 + 4) system (Figure
4b) are larger than those observed in the (2 + 2) system (Figure
2f).

When the bias voltage is increased to 400 mV, four distinct
conduction states of the (4 + 4) system appear with specific time
sequences (inset in Figure 4e). As the voltage is increased, the
lifetimes of all species participating in the reaction tend to
decrease (Figure S39a). Similarly, the linear correlations
between Ink and the voltage demonstrate that both the electron
injection and release steps are speeded up with increasing
voltage (Figure S39b). In summary, it is possible to expand the
electron catalysis paradigm from (2 + 2) to (4 + 4)
cycloadditions, which unleashes the vast potential of electrons
in facilitating cycloadditions in SMJs.

B CONCLUSIONS

In short, we demonstrate reversible single electron-catalyzed
cycloadditions in positively charged nanoconfinements, where
one electron effectively reduces the energy barriers for both (2 +
2) and (4 + 4) cycloadditions. In fact, we show that the electron
transitions enable the reaction mechanism while sequentially
selecting different conduction channels of the molecular
junction. The time-resolved electrical currents monitor and
distinguish different steps of the single electron-catalyzed
cycloadditions, while their analysis for different bias voltages
indicates a strategy to control the kinetics of the cycloaddition
reactions by tuning the voltage applied to the junction. Thanks
to the properties of the ET processes investigated here,
temperature can also be used as an effective physical parameter
to tune the reaction mechanism. Considering the importance of
electron-catalyzed biological and chemical reactions, the ability
to detect and manipulate electrons as catalysts offers
opportunities to create high-performance catalytic systems and
optimize their reactions. From a technical point of view,
establishing a platform for high-resolution real-time electrical
measurements at the single-molecule level offers great potential
for the exploration of reaction mechanisms and the development
of high-performance devices.
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