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ABSTRACT: Parallel two molecular bridges loaded with a
palladium catalyst were integrated into separate pairs of graphene
electrodes in the same device. Based on the complete description of
the one-palladium catalytic pathway by single-molecule electrical
spectroscopy, this setup enables the mapping of the cross-
correlation between different catalysts and demonstrates the
emergent complexity in the extrapolation from single molecule to
ensemble. The anticorrelation behaviors at the time scale of two
individual catalysts in sufficiently close proximity were revealed in
the Suzuki−Miyaura cross-coupling. Further experimental evidence
demonstrates that the long-range electric dipole−dipole interaction
induced by solvent leads to the destructive interferometric effect of
two catalysts. In contrast, the cooperative coupling of the
elementary step between two catalysts affords a local acceleration. This new form of reaction dynamics measurement via focusing
on multiple molecules with single-event resolution holds great promise to build a bridge between single molecule and ensemble.

■ INTRODUCTION
The macroscopic reactive properties are not solely determined
by the molecular structure or the single-molecule behavior but
by the multiscale hierarchical structure beneath the ensem-
ble.1−5 In other words, the new reactivities would appear at
ascending dimensions, which cannot be predicted by a simple
extrapolation from one-molecule behaviors.6 This leads to
plenty of unaddressed but basic issues including the
mechanism of self-assembly,7 the structure of water,7 the
origin of homochirality,8,9 and even life7,10 or will.7 Therein, a
formidable challenge is the precise study with multiscales,
which necessitates adequate time/spatial resolution and
rigorous analysis for a huge interacting network among
molecules.

Single-molecule detection (SMD), i.e., focusing on only one
molecule without ensemble averaging by optical,11,12 mechan-
ical,13,14 or electrical15,16 approaches, has flourished for several
decades. These technologies provide enough resolution and
have unveiled a series of inherent properties of the reactions
determined by individual molecules, including the hidden
intermediates,17 reaction trajectories,18 and the autocorrelation
behaviors11,19 at different time scales. However, to further
guide the macroscopic synthesis and industrial production, the
gap between single molecule and ensemble should be bridged.
Following the above train of thought, SMD can be regarded as
the starting point to investigate the emergent complexity from
bottom to top.20 One unique example is to measure the
polymerization dynamics of one chain, demonstrating the
emergent anomalous behaviors accompanied by increased

molecular numbers.13 However, the universal method of
measuring the cross-correlation among single-molecule organic
reactions and especially the contained elementary step remains
a nontrivial task.

To this end, in this study, we adopt the two-dimensional
graphene as electrodes to integrate multimolecules to form
parallel molecular junctions. The real-time monitoring of the
current in the electrical nanocircuit with a constant bias voltage
and high-time resolution offers insights into each elementary
reaction according to the close relationship between the
molecular structure and its conductance.15,21 In addition, the
electrical spectroscopy including the conversion sequence
provides a direct observation of the interacting networks
among individual catalytic cycles.19 Therefore, the correlation
among molecules during the chemical reaction could be
characterized by single molecule/event resolution.

■ RESULTS AND DISCUSSION
Device Fabrication and Characterization. We take the

well-studied Suzuki−Miyaura cross-coupling18,22,23 as an
example (Figure 1A). An open-circuit state with a series of
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nanogap distributions between carboxyl-terminal graphene
electrodes on a SiO2/Si substrate was obtained by oxygen
plasma etching and supplemental electrical burning. A
molecular bridge 1 (Scheme S1) containing an NHC−Pd
with azido-functionalized side arms (∼3.2 nm) was integrated
into the suitable gap by the Staudinger ligation24 and
formation of amide-bond interfaces18 (the molecular synthesis
and device fabrication in detail are provided in the Supporting
Information, Schemes S1 and S2 and Figures S1 and S2). The
recovery of the current−voltage response shows the successful
incorporation of the catalyst (Figure 1B). With optimized
conditions, the connection yield reached ∼17%, with about 29
of the 169 devices on the same silicon chip showing recovery.
The statistical analysis in the Supporting Information shows
the only-one-molecule connection between the electrodes with

an ∼92% probability. This was further supported by the super-
high-resolution imaging25 of the single-molecule catalysis,
marked as M1 (Figure S3). With the premodification to the
terminals with 2-pyrenecarboxylic acid, the elongated molec-
ular bridge 2 (∼4.6 nm; Scheme S1) can be further integrated
into graphene electrodes again via π−π stacking with an
optimized yield of ∼34%. Ten of the above 29 single-molecule
devices show the conductance enhancement (Figure 1B). The
parallel connection of two catalysts with a series of distance
distributions was supported again by the super-high-resolution
imaging, marked as M1 and M2 (Figures 1C and 3A). In
addition, the detection of the fluorescent product as well as the
corresponding fluorescent spectrum (Figure S4) at both sites
proves that the reactions on two catalysts proceeded smoothly.

Figure 1. Device structure and characterization of parallel two molecular junctions. (A) Schematic of a parallel two-catalyst device. The top-right
molecule (M1) is integrated into the electrodes via covalent bonds, and the bottom-left one (M2) is connected through π−π stacking. Blue spheres
refer to the unreacted Pd catalysts, while bright spheres represent the catalysts under reactions at the same moment. (B) I−V curves of the open
circuit with graphene point contacts (black), the single-catalyst junction through covalent connection (green, M1), and the parallel two-catalyst
junction (the second molecule was integrated into electrodes via π−π stacking) (yellow, M1 and M2). ISD, the source−drain current; VSD, the
source−drain voltage. (C) Characterization of the parallel connection of two catalysts. The super-high-resolution images of the single-molecule site
were obtained by the stochastic optical reconstruction microscopy technology. Laser: 405 nm, 5 mW. Five thousand photos were taken through a
×100 oil lens with an exposure time of 50 ms. In comparison with the corresponding images after integrating the first molecular bridge (Figure S3),
the bottom one (M1) is covalently bonded and the top one (M2) is π−π-stacked.
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Synchronous Characterization of the Two Catalysts.
Figure 2 shows the synchronous electrical characterization of
the two catalysts separated by ∼333 nm. With the
preactivation by adding a DMF solution of KOtBu, both the
two catalysts formed Pd(0) as the initial state (state (1, 1),
∼11.5 nA). The attribution of this state was further supported
by the inelastic electron tunneling spectrum (IETS) at 2 K
(Figure S5). The subsequent addition of a PhBr solution
showed two kinds of stepwise ascents of the current level to
state (3, 3) (∼34.0 nA), implying the one-by-one oxidative
addition of the two Pd(0) (Figure S6). Therein, the inevitable
intermediate state (1, 3) (∼19.2 nA) or state (3, 1) (∼12.5
nA) corresponds to the oxidative addition at only one side.
The IETS (Figure S7) of the three species and intermediate-
controlled experiments (Figure S8A,B) support that these
variations stem from oxidative addition followed by fast ligand
exchange. Finally, the addition of PhB(OH)2 led to the
periodic conversion of the current level with multiple patterns

(involving total 16 states; Figure 2A−C and S9), implying an
interacting mode of the catalytic cycle between the two
catalysts. Further replacing PhB(OH)2 with the alkylboronic
acid blocked the subsequent catalytic progress and stagnated at
state (3, 4) (∼46.7 nA), state (4, 3) (∼37.7 nA), or state (4, 4)
(∼51.6 nA) (Figure S10). The three states had reversible
conversions with state (3, 3), showing the attribution to the
pretransmetalation four-membered ring complex located at
least on one side. In addition, the vast majority of state (1, 4)
(∼24.4 nA) and state (4, 1) (∼14.8 nA) appeared followed by
state (1, 3) and state (3, 1), respectively, in the continuous
catalytic cycle and also can be assigned to the pretransmeta-
lation complex at one side and neighboring Pd(0) at the other
side. All of the IETSs of these five species show the
characteristic peaks of the four-membered ring including the
Pd−O−B bond (Figures S11 and S12). The remaining states
(state (1, 5), ∼31.0 nA; state (3, 5), ∼60.4 nA; state (4, 5),
∼64.8 nA; state (5, 1), ∼16.4 nA; state (5, 3), ∼41.3 nA; state

Figure 2. Synchronous electrical characterization of the two catalysts. (A) Recorded I−t curves of the Suzuki−Miyaura cross-coupling with a bias
voltage of 300 mV at room temperature. (B) The corresponding enlarged part marked by gray in panel (A). (C) Corresponding histogram of I−t
curves shown in panel (A), and the assignments to all of the current states. (D) Left: conversion sequence mapping among the 16 states. The line
that connects each state represents a one-time conversion. Right: schematic of four structures during the catalytic cycle.
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(5, 4), ∼55.6 nA; and state (5, 5), ∼70.0 nA) can be assigned
to the transmetalation complexes located at least on one side
by measuring the cross-coupling between 2-acetyl-5-bromo-
thiophene and 4-methoxyphenylboronic acid, where the
fluorescence signal of the product was detected following the
corresponding states (Figure S13). In addition, the inter-
mediate-controlled experiments (Figure S8C) further support
these assignments.

Furthermore, the conversion sequences among all of the 16
states during long-term measurements (100 s; Figure S14B)

were mapped in the two-dimensional network, which provided
a clear assignment of all of the species by the electrical
spectroscopy (Figure 2D). Therein, the line that connects each
state represents a one-time conversion. According to this
mapping, the anticorrelation of the catalytic behaviors of one
catalyst with those of the other catalyst (paused at Pd(0)) was
found with a large occupancy, implying a suppression effect of
the surrounding catalysts during its working (i.e., Pd(II) state)
until rested at state (1, 1), the linkage between the two
catalysts at the mapping (Figure 2D, top and left sides). In

Figure 3. Spatial-distance-dependent measurements of the two catalysts. (A) Super-high-resolution images of the two catalysts with a series of
spatial distance distributions between them. Scale bar: 500 nm. The distances between the reconstructed Gaussian-peak centers (the cyan point)
are provided on the top. The inset on the left shows the enlarged image, indicating a distance of ∼162 nm. (B) Statistics of the conversion number
of each elementary step in the different spatial distances between the two catalysts. (C) Cross-correlation functions between the two catalysts in the
spatial-distance-dependent measurements. (D) I−t curve of the Suzuki−Miyaura cross-coupling with a spatial distance of D1# = ∼162 nm (left)
and the corresponding statistical histogram (right). The super-high-resolution images in the left figure refer to the corresponding reductive
elimination elementary step of the two catalysts. The two sites of the catalysts were located via the optical reconstruction and marked as cyan
points. The brightness of pixels refers to the fluorescent intensity at the moment, showing an alternative fluorescence emergence at the two sites.
(E) Schematic of the destructive interferometric behaviors of the two catalysts.
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addition, the cross-linked pathways between the above two
independent catalytic behaviors were also detected, which
specifically originated from the corresponding Pd(II) species
and then constructed the whole interacting catalysis network
(Figure 2D). Furthermore, the probability of the activation of
one Pd(0) at the term of the other′s working (at Pd(II)) could
also be directly obtained in the mapping (Figure 2D), where
the states from high to low are pretransmetalation, ligand
exchange, and transmetalation complex. This correlation
between the two catalysts can be inferred as an electric
dipole−dipole interaction, where the electropositive Pd(II) of
one catalyst shows a destructive interferometric effect, i.e., the
anticorrelation at time scale on the activation of the other
Pd(0). However, this effect is partially quenched by the
electron-donating effect from the connected oxygen atom. This
will be discussed in detail below.
Cross-Correlation of the Two Catalysts. To demon-

strate the detailed two-catalyst behaviors, the electrical
spectroscopies of the two catalysts with a series of spatial

distance distributions (Figure 3A) were collected (Figure S14).
The statistics of each elementary step involved in the
interacting network are provided in Figure 3B. With increasing
the distance, the crossed pathways between the two catalytic
behaviors gradually appeared, which mainly stems from the
pretransmetalation complex at arbitrary sides (i.e., state (1, 4)
or state (4, 1)), followed by ligand exchange and trans-
metalation complex sequentially. Essentially equal contribu-
tions of these three kinds of conversions were shown in D6# =
∼1.54 μm, implying totally unrelated behaviors between two
catalysts and a random conversion on the catalytic network.
This result provides a distance scale of effective correlation
between the two catalysts. In addition, the behaviors of the two
catalysts were extracted separately according to the electrical
signal and the cross-correlation function was used to
characterize the relationship between the two catalysts (Figure
3C). A strong anticorrelation (an obvious valley) was obtained
at D1# = ∼162 nm at Δevent = 0, but stochastic dynamics of
the elementary step was shown on both the two catalysts at the

Figure 4. Cross-correlation of the two catalysts. (A) Plots of TOF versus catalyst concentration (bar charts refer to the left-y-axis), and rate versus
catalyst concentration (line charts refer to the right-y-axis) in the external-catalyst-concentration-dependent measurements of the single-catalyst
junction. (B) The Pearson cross-correlation analysis of the solvent-dependent two-catalyst behaviors (the distance of two catalysts is ∼162 nm).
(C) Statistics of the TOF of two catalysts in the gate-voltage-dependent measurements. (D) Typical I−t curves of the cooperative coupling
between the two catalysts (distance: ∼162 nm). (E) Single-exponential fitting to the distribution of the time intervals of two states in different
conditions. State (5, 1)(1, 1) refers to state (5, 1) followed by state (1, 1); state (1, 5)(1, 1) refers to state (1, 5) followed by state (1, 1); state (5,
1)(1, 3) refers to state (5, 1) followed by state (1, 3); state (1, 5)(3, 1) refers to state (1, 5) followed by state (3, 1).
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whole time scale (plateau at Δevent ≠ 0). This strong
anticorrelation rapidly vanished at D3# = ∼700 nm and then
transformed into a weak correlation between two catalytic
behaviors, constructing the interacting network. Note that the
network cannot be formed at the strong anticorrelation
condition (Figures 3D−E and S15). For example, the
corresponding I−t curve of the coupling between 2-acetyl-5-
bromothiophene and 4-methoxyphenylboronic acid is pro-
vided in Figure 3D, which shows only two periodic conversion
patterns with seven discrete current states (referring to the
statistical histogram in the right panel). The characterization
by super-high-resolution imaging demonstrated an alternative
fluorescence emergence at the two sites (marked with cyan
points; Figure 3D). Synchronous electrical signals show that
the fluorescence originates from the corresponding reductive
elimination elementary step of the two catalysts. This optical
evidence further supports these only two anticorrelation
catalytic patterns (Figure 3E), i.e., the destructive interfero-
metric behaviors of the two catalysts, which is not favorable for
the total turnover.

The electrode-mediated interactions should not be
ignored.26 Instead of integrating the other molecular bridge
at the surrounding, i.e., coupled by graphene electrodes, the
external addition of Pd(IPr*)(cin)Cl27 (only the catalytic
center) in solution also shows the interferometric effects with
the monitored one (the long-term I−t curves of catalyst-
concentration-dependent measurements are provided in
Figures S16−S18). In combination with the high turnover
frequency (TOF) of only one catalyst,18 the decay versus the
increased catalyst concentration shows the through-space
destructive interferometric effect (bar charts of Figure 4A),
which also provides an extrapolation of the catalysis from
single molecule to Avogadro′s number of molecules.
Furthermore, the rate of each elementary step was obtained
by the maximum interval likelihood estimate,28 showing an
obvious decay of the oxidative addition (line charts of Figure
4A), i.e., the suppression of activating the catalyst. This result
supports that the utilization efficiency of the catalysts is the key
to the whole TOF in homogeneous catalysis, while a higher
TOF of the heterogeneous catalysis, especially the single-atom
catalysis,29 benefits from enough spatial dispersion at least.

In addition, the medium that is able to achieve the
interferometric behaviors was studied by solvent-dependent
measurements. Acetone and water as well as the mixed
solution were adopted to measure the behaviors of the two
integrated catalysts with a distance of ∼162 nm (Figure 4B).
The corresponding I−t curves are provided in Figure S19,
showing a random walking of the two catalysts in pure acetone
but less turnover patterns in pure water. The Pearson cross-
correlation coefficient was calculated to provide a quantitative
analysis of the solvent-dependent two-catalyst behaviors. The
more negative r-value (sample correlation coefficient) with
increasing the ratio of water shows the enhanced anticorrela-
tion of the two catalysts, while the p-value provides the
corresponding significance level. The p-values (<0.05) at the
water range of 60−100% support this conclusion. The strong
anticorrelation between the two catalysts, i.e., approximated
alternative activation at pure DMF or water, implies a long-
range electric dipole−dipole interaction30−32 mediated by
these dipolar solvent molecules. This agrees with the long-
range orientational organization of these solvents via a dipolar
or steric effect.33 Specifically, the correlation among the
acetone molecules was dominated by the steric potentials

rather than the electric dipole−dipole interaction due to the
two methyl groups located on two sides of the dipole center.
The effective electric dipole−dipole interaction could only be
constructed by dipolar solvents (such as water). Further
control experiments of the MeCN (dipolar solvent)−acetone
mixed system support the long-range solvent-mediated electric
dipole−dipole interaction between the two catalysts (Figures
S20 and S21). It has been noted that although dipolar solvents
would contribute to a relatively lower utilization of the catalyst,
the influence on each elementary step as well as solubility
should also be considered to select a suitable solvent in the
macroscopic synthesis.

The regulation of the cross-correlation between the two
catalysts can be achieved by controlling its valence state
through the gate voltage,34 which further supported the
solvent-mediated long-range electric dipole−dipole interaction.
With the applied gate voltage from the back Si substrate, one
catalyst shows an obvious limitation to Pd(0) (positive gate)
or Pd(II) (negative gate), while the other proceeds smoothly
(the corresponding I−t curves are provided in Figures S22−
S27). In combination with the distinction of the two molecular
junctions by the super-high-resolution optical imaging (Figure
S28), the gate-voltage-independent one should be assigned to
the π−π-stacked catalyst and the other is covalently bonded
(the detailed optical images and electrical signals of two
catalysts at VG = +5 V (−5 V) are provided in Figure S29,
which shows that the π−π-stacked catalyst is gate-voltage-
independent, while the covalently bonded catalyst is not). This
difference may originate from the pinning of the π−π-stacked
catalyst to the Fermi energy level and the shield of the gate
field by graphene electrodes. In this particular condition, the
long-range interferometric effects from the valence-state-
controlled covalently bonded catalyst to the target π−π-
stacked catalyst can be monitored with a long-time scale. As
shown in Figure 4C, in comparison with the behaviors at VG =
0 V, the limited Pd(0) (Pd(II)) has a positive (negative)
influence on the neighboring catalyst at VG = +5 V (−5 V),
which is in consistence with the above results. The modulation
of only one and the observation of all of the molecules
highlight the capability of the multiple-molecule junctions to
study the molecular collective behaviors and the emergent
complexity, therefore providing a possibility of guiding the
trend of the whole reaction.

In addition to the destructive interferometric effects between
the two catalysts, the cooperative coupling between them was
also detected in sufficiently close proximity, e.g., D2# = ∼333
nm and D1# = ∼162 nm. Specifically, the activation of one
catalyst occasionally promoted the other to undergo reductive
elimination and generated a cross-coupled product. Note that
it is also in line with the anticorrelation behaviors. Here, the
oxidative addition of one catalyst and the reductive elimination
of the other show a nearly concerted process and the state (1,
1) intermediate cannot be detected with the ∼17 μs time
resolution. For example, both the direct conversions from state
(1, 5) to (3, 1) and (5, 1) to (1, 3) (not linked by state (1, 1))
were found at D2# = ∼333 nm (refer to the statistical network
in Figure 2D) and D1# = ∼162 nm (refer to the typical I−t
curves in Figure 4D). In addition, the dwell time of state (1, 5)
(state (5, 1)) followed by state (1, 1) and state (3, 1) (state (1,
3)) was extracted, respectively. The single-exponential fitting
to the distribution of the time intervals provides the
corresponding characteristic lifetime (Figure 4E), which
represents the difference between the stepwise (blue line)
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and concerted (red line) reaction dynamics. The lifetime of the
transmetalation complex followed by the stepwise process
(denoted as state (5, 1)(1, 1) and state (1, 5)(1, 1)) was obtained
as 34.7 ± 1.5 and 30.9 ± 2.1 ms, respectively. While the
shorter lifetime of state (5, 1)(1, 3) (17.3 ± 1.0 ms) and state (1,
5)(3, 1) (16.1 ± 0.7 ms) followed by the concerted process
implies a coupled acceleration between the two catalysts. In
addition, a similar statistical lifetime was found in the two
catalysts at the same conversion pattern, which shows equal
reactivity and excludes the influence of integration with the
different interfaces. Considering the relatively lower occupancy
of the concerted way, this cooperative coupling could only
provide a local acceleration in the whole reaction. In
combination with the destructive interferometric effects, a
comprehensive study of the collective-catalyst reaction
dynamics is a challenge, but a derived opportunity is that a
rational design of the catalyst system may contribute to a
controllable reaction dynamic as well as maximize the
utilization efficiency and atom economy.

■ CONCLUSIONS
The parallel multimolecular junctions with variant distances
enable the characterization of the emergent complexity from
one to two molecules in catalysis. The destructive interfero-
metric behaviors were detected statistically between the two
catalysts in sufficiently close proximity (∼162 nm) via the
long-range electric dipole−dipole interaction mediated by
dipolar solvents, which could contribute to a lower TOF at
macroscopic experiments. Meanwhile, a local acceleration
stemming from the cooperative coupling between the catalysts
also exists, showing complex dynamic characteristics in the
intrinsic Suzuki−Miyaura cross-coupling at the macroscopic
level. The destructive interferometric effects and cooperative
coupling between the catalytic behaviors expand our knowl-
edge of the mechanism and potentially provide guidance to
optimize the macroscopic reaction conditions. Totally bridging
the gap between single molecule and ensemble requires more
comprehensive single-molecule/single-event-resolved charac-
terization and powerful analysis technologies.
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