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ABSTRACT: Formation of new chemical species has been achieved under an electric field by the use of the scanning tunneling
microscope break junction technique, yet simultaneous implementation of catalytic reactions both at the organic/metal interface and
in the bulk solution remains a challenging task. Herein, we show that n-butyl-substituted organotin-terminated benzene undergoes
both an efficient cleavage of the terminal tributyltin group to form a covalent Au−C bond and a homocoupling reaction to yield
biphenyl product when subjected to an electric field in the vicinity to Au electrodes. By using ex situ characterization of high-
performance liquid chromatography with an UV−vis detector, we demonstrate that the homocoupling reaction can occur with high
efficiency under an extremely low tip bias voltage of ∼5 mV. Additionally, we show that the efficiency of the homocoupling reaction
varies significantly in different solvents; the choice of the solvent proves to be one of the methods for modulating this reaction. By
synthesizing and testing varied molecular backbone structures, we show that an extended biphenyl backbone undergoes
homocoupling to form a quarterphenylene backbone, and the C−C coupling reactions are prohibited when additional aurophilic or
bulky chemical groups that exhibit a steric blockage are introduced.

■ INTRODUCTION
When an organic chemical group is in contact with a metal
surface to form molecular junctions, chemical reactions can
occur not only between the organic compound and the metal
but also among organic species. In addition to the donor−
acceptor interaction, a robust covalent linkage between the
molecule and the metal electrode can be achieved through
chemical reactions in the terminal group. For example, Cheng
et al., for the first time, reported that a direct Au−C contact is
achieved in situ using trimethyl tin (SnMe3)-terminated
alkanes in scanning tunneling microscope break junction
(STM-BJ) measurements (Scheme 1a).1,2 Similarly, cleavage
of terminal groups such as iodide,3 boronic acid,4 diazonium
group,5 trimethylsilyl group (in the presence of base),6 and
hydrogen on acetylenes,7,8 as well as cleavage of the C−C
bond in cycloparaphenylenes,9 have all been used to create
covalent Au−C bonds at the molecule/Au interface.

Moreover, the cleavage of terminal groups in the presence of
Au electrodes can initiate further chemical reactions that lead
to the formation of new species. For example, aryl iodides were

shown to undergo a Ullmann-type reaction to form an aryl−
aryl bond in the presence of a polar solvent and a rough Au
surface10 or with a nickle complex as the catalyst (Scheme
1b).11 Compounds that are terminated with an amine group
on one end and an L (L = thiol, thiomethyl, acetylene, or
pyridine) group on the other have been demonstrated to
undergo homocoupling reactions to form azobenzenes.12

Additionally, a variety of chemical reactions, including
homolysis,13,14 Diels−Alder,15−17 isomerization,18 etc., as well
as the ones that are induced by an additional external control,
such as light,19−24 a change in pH,22,25−27 and electrochemical
gating,28,29 have also been observed and characterized at the
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single-molecule level. It remains rare to observe both an
efficient cleavage of the terminal group for forming Au−C
covalent bond and effective chemical reactions for generating
new organic products simultaneously in one system, and even
if both occur, either the prior dominates the reactions,2 or a
high bias voltage is needed for promoting the latter.4

In the present work, we show that with an electric field and
Au electrodes, n-butyl-substituted organotin-terminated
(−Sn(n-Bu)3) benzenes cleave to form a covalent Au−C
bond at the molecule/electrode contact and undergo a C−C
coupling reaction to generate biphenyls (Scheme 1c). Notably,
our approach for both a Au−C linkage and homocoupling
reaction in one system requires a low bias voltage of ∼5 mV.
The in situ formation of two species that contain either a Au−
C or a C−C bond is evidenced by the observation of two
distinct single-molecule junction conductance signatures, i.e.,
the conductance values and junction elongation lengths. We
confirm the formation of a biphenyl, a C−C homocoupling
product, by comparing the single-molecule junction con-
ductance data of the −Sn(n-Bu)3-terminated monomer with
that of the ex situ synthesized biphenyl compound and
analyzing the STM-BJ reaction products with high-perform-
ance liquid chromatography (HPLC). We further find that
Au−C formation occurs in all solvents that we test, while the
homocoupling reaction occurs only in selective solvents.
Moreover, our results show that this approach for catalyzing
homocoupling reactions can be applied to a longer biphenyl
backbone for in situ forming the quarterphenylene as well.

■ RESULTS AND DISCUSSION
Synthesis. The synthesis of organotin compound tributyl-

(4-(methylthio)phenyl)stannane (1), dibutylbis(4-
(methylthio)phenyl)stannane (2), and tributyl(4′-(methyl-
thio)-[1,1′-biphenyl]-4-yl)stannane (3) was realized through
transmetalation with organolithium species and organotin
halides (Scheme 2; details are given in the Supporting
Information Section I). All three compounds (1−3) appeared

as oil liquids. Compound 1 was purified by a fractional
distillation. Both compounds 2 and 3 were purified via column
chromatography. All of the compounds (1−3) were fully
characterized by NMR spectra and high-resolution mass
spectrometry (Supporting Information Sections I and IV).

Analysis of In Situ Reactions in STM-BJ Experiments.
We first perform the single-molecule conductance measure-
ments of a solution of 1 mM 1 (chemical structure in Figure
1a) in 1,2,4-trichlorobenzene (TCB) solvent at a 5 mV tip bias
using the STM-BJ method (details are given in the Supporting
Information Section II).30−32 We observe individual con-
ductance traces that exhibit a molecular conductance plateau at
a high conductance, at a low conductance, or containing a
high-to-low transition, as displayed in Figure 1b. We collect
conductance traces over 6 h and generate logarithmically
binned one-dimensional (1D) and two-dimensional (2D)
histograms over the time course without data selection. As
shown in Figure 1c,d, we observe a conductance peak at 6.8 ×
10−3 G0 (G0 = 2e2/h) with a molecular elongation length of
∼0.17 nm from the measurement in the first hour, which we
ascribe to the cleavage of the −Sn(n-Bu)3 group and formation
of A1 junction (Figure 1a) as the conductance value and
junction elongation length agree with the previously reported
data.3,4,33

In stark contrast, a clear conductance signature at 1.0 × 10−3

G0 with an elongation length of 0.39 nm appears from
conductance measurements during 1−3 h (Figure 1e,f). We
propose that this low conductance peak arises from the
formation of biphenyl P2 (chemical structure in Figure 1a), a
C−C coupling product. As the measurement proceeds, this low
conductance plateau is continuously observed, as shown in
Figure S1. To test our hypothesis, we further carry out
conductance experiments of ex situ synthesized P2 under a 90
mV bias voltage and observe a conductance peak at 1.4 × 10−3

G0 with a molecular elongation length of 0.41 nm (Figure
1g,h), agreeing well with what was observed for the 3 h
measurement of 1. We additionally test the voltage-depend-
ence of both Au−C formation and homocoupling reaction by
comparing the conductance measurements of 1 under 5, 225,
450, and 900 mV tip bias voltages over the course of 6 h
(Figures 1 and S1−S4). If we assume that the impact of the
applied bias voltage on the junction formation probability is
minimal,34 then based on the observed peak intensity change
with measured time, we conclude a similar Au−C formation

Scheme 1. In situ Au−C and/or C−C Bond Formations in
Single-Molecule Junctions under an Electric Field

Scheme 2. Synthesis of Compounds 1, 2, and 3
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reaction efficiency and a decreasing homocoupling reaction
efficiency with increasing applied bias voltages in the 5−900
mV bias voltage range. We note that our measurements of ex
situ synthesized P2 under 5 mV (Figure S5) and 90 mV
(Figure 1g) suggest that higher applied voltage can possibly
decrease the molecular junction formation probability, there-
fore believe that this effect can also contribute to a decreased
P2 conductance peak intensity under increasing bias voltages,
as seen in our in situ reaction experiments of 1.

Over the course of the measurement during 3−12 h of 1
under 225 mV, 39,000 conductance traces are collected. We
expect four scenarios of the molecular conductance plateaus in
these individual traces: a high conductance state only, a low
conductance state only, both high and low conductance states,
and no conductance feature. We then perform a trace-by-trace
analysis to categorize the traces into these four groups. We find
that ∼31% of the traces are high-state-only (example in Figure
1b, red), ∼42% are high-to-low (example in Figure 1b, purple),
<1% are low-state-only (example in Figure 1b, blue), and the
rest 27% of the traces show no clear molecular plateau features
(high state ∼6.8 × 10−3 G0, low state ∼1.0 × 10−3 G0,
histograms of the grouped traces are seen in Figure S6). This
indicates that an A1 to P2 transition during one junction
formation is not a rare event, suggesting that the C−C
homocoupling reaction likely occurs immediately after two
−Sn(n-Bu)3 groups cleave in proximity. We indeed observe a
broad conductance peak with a tail on the higher conductance

side in measurement of 1 in TCB (Figure 1c); by
categorization of the traces into two groups (Figure S7), we
see a ∼6.8 × 10−3 G0 conductance peak for A1 junction and a
second peak at ∼1.2 × 10−2 G0. In the measurement of 1 in
tetradecane (TD), we observe two peaks at similar
conductance values (Figure S8). We speculate that this ∼1.2
× 10−2 G0 conductance state, around 2 times of the A1
junction conductance, possibly arises from junctions of two
molecules attached between the tip and the substrate in
parallel.35−38 The probability for capturing two molecules in
parallel between the Au electrodes immediately after the
rupture of the Au−Au contact is considerably low, but
nonetheless, the presence of two-molecule parallel-bridged
junctions suggests that two or more −Sn(n-Bu)3 groups cleave
in proximity in the process of forming and breaking junctions.

Next, we carry out STM-BJ measurements of 1 in
tetradecane (TD), 1,3,5-trimethylbenzene (TMB), and 2-
methoxyethyl ether (2-ME) to investigate the effect of the
solvent on the observed Au−C formation and homocoupling
reaction. We find that only the transmetalation reaction, but
not the homocoupling reaction, occurs in TD (Figure S8) and
TMB (Figure S9), and both reactions occur in 2-ME (Figure
S10). We refer to the literature which suggests that in bulk
solution reactions, solvent with high dielectric constant
promotes homocoupling reactions39−41 and conclude that
our results for the most part align with this general
understanding (dielectric constant is ∼2.03 for TD, 2.24 for

Figure 1. (a) Schematic illustration of chemical reactions of 1 that occur in STM-BJ experiments. (b) Representative individual traces showing the
∼0.17 nm high conductance plateau (red), ∼0.39 nm low conductance plateau (blue), and high-to-low transition plateau (purple) observed for 1
measured in TCB. (c) Logarithmically binned 1D and (d) 2D histograms of 1 measured in TCB under a 5 mV tip bias from 0−1 h. (e) 1D and (f)
2D histograms of 1 measured under the same condition as in (c,d) in 1−3 h. (g) 1D and (h) 2D histograms of ex situ synthesized P2 measured in
TCB under a 90 mV tip bias. Arrows in (d,f,h) indicate the molecular junction elongation length determined from 2D histograms. We create 1D
line profiles along the displacement axis by integrating all counts in the 2D conductance histograms and obtain the junction elongation length by
locating where the line profile drops to 20% of its peak intensity.
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TCB, 2.4 for TMD, and 7.3 for 2-ME).42 We note that further
investigation is needed to elucidate the role of solvent in
regulating the transmetalation and homocoupling reactions
observed for 1. Additionally, we compare the experiments
performed with an atomically flat Au-coated mica substrate
with results of using a rough Au-coated steel substrate. We do
not observe a clear conductance peak for P2 junctions for
experiments performed with a flat substrate (Figure S11), in
contrast to the well-defined signatures for P2 junctions when a
rough substrate was used (all experiments in this work except
for Figure S11). We observe the conductance peak for A1
junctions with similar intensity from experiments performed
with either a flat or a rough Au substrate. We thus propose that
the uncoordinated Au atoms present in rough Au surfaces can
act as active catalytic sites for homocoupling reactions, in
agreement with a previous report.10

As a further confirmation of the formation of P2, we next
analyze the solutions from STM-BJ measurements of 1 using
HPLC. We find that after 1 mM 1 was under STM-BJ
measurement with a 5 mV tip bias voltage for 3 h, a new peak
in HPLC spectrum at the same location as the one for ex situ
synthesized P2 appears, indicating the detection of in situ
formed P2 in STM-BJ measurements of 1 (Figure 2, with the

corresponding conductance histograms of the STM-BJ
measurement and a comparison of the HPLC spectra of 1 in
different mobile phases shown in Figures S12 and S13). As
shown in Figure 2b, the relative intensity of the new peak at ∼6
min retention time in comparison to the peak of 1 at ∼3 min
suggests a high efficiency of the homocoupling reaction. By
comparing the integrated area for the peak corresponding to
P2 in the HPLC spectrum for the STM-BJ solution and that
for a pure 0.3 mM P2 solution, we approximate that a starting
50 nmol 1 yields about 13 nmol P2 in this experiment (details
are given in Figures S14 and S15). This result indicates that the

C−C coupling reaction does not happen exclusively in the
metal−molecule−metal junction. We also observe an appear-
ance of a second new peak at ∼3.5 min for the measurement of
the STM-BJ solution (Figure 2b) and confirm that this peak
arises from the TCB solvent that we have used in single-
molecule conductance measurements. As for the resulting n-
butyl-substituted tin fragments from the cleavage reaction, they
are likely bound on the Au surface through Au−Sn bonds, as
shown previously.2,43

We next evaluate whether the applied electric field is a
required condition for the organotin cleavage and homocou-
pling reactions. Previous reports of STM-BJ and X-ray
photoemission spectroscopy measurements2,43 have shown
that the trimethyltin cleavage reaction occurs once the
Sn(Me)3-terminated compound is deposited on the Au metal
surface in the absence of an applied external electric field.
Here, we perform HPLC analysis of a solution of 1 that was
placed on an Au substrate for 3 h and observe no formation of
P2 as no peak is seen at around 6 min retention time (Figure
S16). This result suggests that an applied electric field is
required for the homocoupling reaction.

We next investigate whether the cleavage and homocoupling
reaction can occur when the n-butyl-substituted tin group is
part of the molecular backbone using the molecule 2 (chemical
structure is shown in Figure 3a). We conduct the single-
molecule conductance measurements of 1 mM 2 in TCB
under 900 mV for 6 h. We observe a clear conductance peak
located at around 6.8 × 10−3 G0 (Figure 3b) with a molecular
junction elongation length of 0.19 nm (Figure 3c), consistent
with the high conductance state observed for 1. These results
demonstrate that the organotin group was cleaved, leading to
the formation of a Au−C covalent contact and A1 junction.
Besides, a new conductance peak at 1.6 × 10−5 G0 with a
molecular elongation length of 0.52 nm is observed in the
measurement of 2 (Figure 3b,c). We suggest that this ultralow
conductance peak corresponds to the molecular junctions
formed by 2 itself.

The lack of clear conductance signature at 1.0 × 10−3 G0 in
both 1D and 2D histograms indicates that either the
homocoupling reaction does not occur with a detectable
efficiency, or the biphenyl is formed, but A1 and 2 outcompete
the biphenyl P2 in forming molecular junctions during the
measurement. To distinguish these two possibilities, we
analyze the STM-BJ measurement solution using HPLC and
do not observe a peak for P2 (Figure S17), indicating a very
low efficiency for the homocoupling reactions in the STM-BJ
measurement of 2. We hypothesize that the steric hindrance of
the phenyl ring as well as the presence of a second aurophilic
thiomethyl group in 2 prohibit dual transmetalation reactions
from occurring in proximity, resulting in a significantly lowered
chance for homocoupling reactions. We additionally study the
voltage-dependence for the cleavage and possible homocou-
pling reaction of 2 and observe the same ∼6.8 × 10−3 G0
conductance state and no clear peak at 1.0 × 10−3 G0 under tip
bias voltages of 5 mV (Figure S18), 225 mV (Figure S19), and
900 mV, suggesting similar efficiency of the Au−C formation
and absence of homocoupling reaction under all tested bias
voltages between 5 and 900 mV. This observation, similar to
the results of 1, confirms the proposition that an electric field is
not required for Au−C formation. A summary of possible
single-molecule junctions formed in an STM-BJ measurement
of 2 is shown in Figure 3a.

Figure 2. HPLC results of (a) 1, (b) 1 in TCB subject to STM-BJ
measurements for 3 h under 5 mV, (c) ex situ synthesized P2, and (d)
TCB blank. The intensity in (b) is multiplied by 20 so that the spectra
in (a,b) have similar peak height at 3 min retention time.
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We next test whether the in situ reactions of 1 are specific to
the molecular backbone benzene, therefore we measure the n-
butyl-substituted organotin-terminated biphenyl derivative 3
(chemical structure is given in Figure 4a) in STM-BJ. In detail,
we subject a 0.1 mM solution of 3 in TCB under a 900 mV tip
bias in break junction measurements for 6 h. We observe two
clear conductance peaks located at ∼1.5 × 10−3 G0 and 2.0 ×
10−5 G0, respectively, in the 1D histogram (Figure 4b). The
molecular elongation length corresponding to the high and low
conductance peaks are 0.40 and 0.84 nm, as shown in Figure
4c. We assign the high conductance state to junctions of A2 as
a result of the organotin group cleavage and assign the low
conductance signature to junctions of P4 formed from the C−
C bond homocoupling reactions (illustration of the junctions is
given in Figure 4a). The observed conductance peak values
and junction elongation lengths of the two peaks of 3 are in
good agreement with the previously reported data of the same
A2 and P4 molecular junctions.3,4,33

We additionally perform the single-molecule conductance
measurement of 3 under a −900 mV tip bias and observe the
same conductance signatures monitored during a 6 h
measurement as those seen in the measurement of 3 under
900 mV (Figures S20 and S21). Comparing the measurement
results of 3 under 900 and −900 mV, we conclude that the
polarity of the tip bias potential does not affect the efficiency of
the reactions. Similar to the conductance peak of A1, A2
conductance peak shows an asymmetric distribution with a
broader tail on the high conductance side, which is indicative
of possible junction formations with two molecules bridging in

between the two Au electrodes in parallel35 (analysis is given in
Figure S22) and suggests the availability of two or more
cleaved species in proximity for next-step homocoupling
reactions. This result demonstrates the general application of
this approach in achieving an efficient transmetalation and
homocoupling reaction with varied molecular backbone
designs.

■ CONCLUSIONS

In summary, we have synthesized a series of −Sn(n-Bu)3-
substituted polyphenyl-chain molecules and demonstrated that
the formation of covalent Au−C and C−C bonds can be
achieved by an STM-BJ technique. The formation of the C−C
coupling product is monitored by conductance measurements
in situ at the single-molecule level and confirmed ex situ by
HPLC analysis. Importantly, an applied bias voltage as low as
∼5 mV can efficiently catalyze the C−C homocoupling. We
find that the efficiency of the homocoupling reaction can be
regulated by the use of solvent as well as the chemical structure
of the molecular backbone. Taken together, we envisage that
this method of creating covalent Au−C and C−C linkages will
be further expanded for use in activating chemical bonds and
synthesizing molecules at organic−metal interfaces by an
electric field, offering a toolbox for reaction manipulation.

Figure 3. (a) Schematic illustration of possible molecular junctions formed in STM-BJ experiments of 2. (b) Logarithmically binned 1D histograms
of 1 and 2 measured in TCB under 5 and 900 mV, respectively. (c) 2D histogram of 2 created from the same data that were used to generate the
1D histogram in (b).

Figure 4. (a) Schematic illustration of chemical reactions of 3 that occur in STM-BJ experiments. (b) 1D and (c) 2D conductance histograms of
0.1 mM 3 in TCB measured under 900 mV. To display the intensity of both conductance features, the color scale is adjusted as denoted in the
color bar.
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