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ABSTRACT: The metal—thiol interface is ubiquitous in nano-
technology and surface chemistry. It is not only used to construct
nanocomposites but also plays a decisive role in the properties of
these materials. When organothiol molecules bind to the gold surface,
there is still controversy over whether sulthydryl groups can form
disulfide bonds and whether these disulfide bonds can remain stable
on the gold surface. Here, we investigate the intrinsic properties of
sulthydryl groups on the gold surface at the single-molecule level using
a scanning tunneling microscope break junction technique. Our
findings indicate that sulthydryl groups can react with each other to
form disulfide bonds on the gold surface, and the electric field can
promote the sulthydryl coupling reaction. In addition to these
findings, ultraviolet irradiation is used to effectively regulate the
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coupling between sulfhydryl groups, leading to the formation and cleavage of disulfide bonds. These results unveil the intrinsic
properties of sulthydryl groups on the gold surface, therefore facilitating the accurate construction of broad nanocomposites with the

desired functionalities.

Bl INTRODUCTION

The self-assembly of organic sulfides or thiol derivatives on
metal surfaces, due to their strong interaction with various
metals such as gold and silver, is crucial for constructing
nanocomposites,l_3 chemical sensors,””” and molecular-level
electronic devices.”™'” It is generally believed that thiol groups
adhere to the gold surface via gold—sulfur bonds, and this
binding mechanism persists even in the presence of disulfide
bonds, which can break to facilitate the formation of gold—
sulfur bonds."*~"* Although the gold—sulfur interface has been
studied using surface-enhanced Raman scattering spectrosco-
py, surface electrochemistry, and X-ray photoelectron spec-
troscopy, ®™'? it is unclear whether sulfhydryl groups can
interact with each other to form disulfide bonds and whether
disulfide bonds can exist stably on the gold surface. Hence, it is
necessary to conduct a comprehensive study on the state of
sulthydryl groups on the gold surface and their precise
regulation at the single-molecule level.

Sulthydryl groups are crucial for constructing single-
molecule junctions as anchoring groups, making the single-

BJ) measurement in solution.”’ In addition, the disulfide-
mediated dimerization process in benzene-1,4-dithiol has been
investigated using mechanically controllable break junction
and in situ surface-enhanced Raman spectroscopy.”’ However,
the universality of sulthydryl coupling reactions and the
stability of disulfide bonds on gold surfaces need to be further
investigated. Moreover, applying external stimuli to the
junction, such as light or electric fields, can easily trigger
reactions, allowing control over the reactivity and selectivity of
the interfacial reactions.””

In this study, the STM-BJ technique is utilized to
systematically investigate the binding states between the gold
surface and sulthydryl groups of a series of organic aromatic
thiol compounds. The corresponding disulfide compound is
used as a control, and the disulfide bond-breaking reagent is
employed to disrupt disulfide bonds to ascertain whether
disulfide bonds can form and remain stable on the gold surface.
In addition, local electric fields and ultraviolet (UV) irradiation

molecule break junction technique an ideal method for Received: February 23, 2024 LANGMUIR
characterizing the properties of sulfhydryl groups in organic Revised:  March 8, 2024
sulthydryl compounds. For instance, it has been demonstrated Accepted:  March 8, 2024

that the gold—sulfur interface coupling primarily occurs
through chemical adsorption rather than physical adsorption
during scanning tunneling microscope break junction (STM-
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Figure 1. (a) Schematic of M1 and Mzl single-molecule junctions. (b) 2D conductance—distance histogram of M1 measured at +100 mV. The
individual conductance traces are shown in the insets. (c) 2D conductance—distance histogram of Mz1 measured at +100 mV. The insets show the
conductance traces. (d) Corresponding 1D conductance histograms of M1 and Mz1. (e) Relative displacement distributions for the LC states of

M1 and Mz1; peak centers are labeled by Gaussian fitting.

are introduced into the junctions to regulate the formation and

breakage of disulfide bonds.

B MATERIALS AND METHODS

Materials. 4-Aminothiophenol (M1, 97% purity), 4-mercaptopyr-
idine (M2, 96% purity), 1,4-benzenedithiol (M3, 98% purity),
biphenyl-4,4'-dithiol (M4, 98% purity), 4,4'-dithiodianiline (Mz1,
98% purity), 1,4-benzenediamine (98% purity), 4-(methylmercapto)-
aniline (98% purity), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, 98% purity), and propylene carbonate (99% purity) were
purchased from Macklin.

STM-BJ Measurements. Molecular junctions were created and
analyzed using an Xtech STM-BJ from Xiamen University. Au
substrates were obtained by vaporizing ~10/200 nm Cr/Au on a
silicon wafer. During the STM-BJ experiment, 3 uL of the 0.01 mM
analyte solutions in propylene carbonate was directly dropped onto
the surface of the Au substrate, which served as the foundation for
subsequent experiments. The Au STM tips were made by electro-
chemical etching of 0.25 mm gold wires. To minimize background
current, the used Au STM tips were coated with apiezon wax.>®
During single-molecule conductance measurements, the bias voltage
between the Au substrate and the Au STM tip was 100 mV. The data
analysis was conducted using the XMe open-source code.”*

I-V Characterizations. The characterization of I-V curves was
performed using the hovering mode.”® When the conductance was
within the preset conductance range (107*° Gy—107>* G,), the Au
STM tip was halted and the bias voltage was scanned from —1 to 1V,
with a step of 0.5 mV. Finally, the individual I-V traces were collected
to build a two-dimensional (2D) I-V histogram, and the fitting line
was obtained by Gaussian fitting.*®

Flicker Noise Analysis. For the noise measurement, we employed
the hovering mode of the STM-B] equipment, maintaining the
junction elongation for a duration of 200 ms after forming the
molecular junction. Simultaneously, the conductance was collected at
a certain bias voltage (100 mV) while applying a stretching rate (v) of

9.3 nm/s. Only the traces with a sufficient junction duration were
eligible for extraction and subsequent analysis through discrete
Fourier transformation. During this transformation, these traces were
squared to derive the noise power spectra density (PSD). The study
range of flicker noise typically falls within the frequency band of 100—
1000 Hz, primarily due to constraints related to the mechanical
stability of the experimental setup and the presence of background
noise. Then, the PSD was integrated over the frequency range of
100—1000 Hz to obtain the normalized flicker noise power (noise
power/G,yg)- Finally, the 2D histograms of noise power/G,yg and
noise power/Guyg" versus Gayg were plotted to directly reflect the
correlation between the two variables, where # is called the scaling
exponent of the Gayg.”” > In a through-space coupled system, the
flicker noise power scales with Gayg* The noise power distribution is
a slanted ellipse, and the scaling exponent # is 2. In a through-bond
coupled system, the flicker noise power scales with G,yg. The noise in
2D histograms of noise power/Gayg presents an orthogonal elliptic
distribution, and the scaling exponent # is 1.

Theoretical Calculations. The transmission spectra of M1 and
Mz1 molecular junctions were calculated after geometry optimization
employing density functional theory (DFT) within the non-
equilibrium Green’s function (NEGF) formalism.>**" The calcu-
lations were performed using the Atomistix Toolkit (ATK) package.
FHI pseudopotentials (double-{ polarized) were employed in the
NEGEF-DFT calculation at the PBE level, with a cutoff energy of 150
Ha and a k-point grid of 4 X 4 X 150. For the transmission spectrum
calculation, the k-point sampling was set to 7.

B RESULTS AND DISCUSSION

Exploring Single-Molecule Sulfhydryl Coupling Re-
actions on the Gold Surface. Specifically, the 4-amino-
thiophenol (M1) molecule (Figure la) is first used to
characterize the possible states of sulfhydryl groups. Exper-
imental details of STM-B] measurements are described in the
Materials and Methods section. Over 10,000 individual
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Figure 2. (a) 2D conductance—distance histograms of M1 measured under different bias voltages, where the tunneling traces are screened out. (b)
Corresponding relative displacement distributions, where the peaks are fitted by the Gaussian function. Peaks labeled as H and L come from the
traces containing HC and LC states, respectively. (c) Schematic illustrating the coupling of two M1 molecules driven by the local electric field in
the molecular junction. (d) 2D conductance versus voltage (G—V) histogram of the LC state for M1. (e) Transition voltage spectra (TVS)
constructed from the fitted I-V curve (black line) in Figure S4. The inset shows the corresponding I-V curve.

conductance—distance traces are collected to construct the 2D
conductance—distance histogram for M1 (Figure 1b). This
histogram reveals two conductance plateaus circled by dashed
lines at ~107%° G, (*775.0 nS) and ~1073>° G, (~24.5 nS),
which correspond to high-conductance (HC) and low-
conductance (LC) states, respectively, where G, represents
quantum conductance (2¢*/h, 77.5 uS).”> Two types of
individual conductance traces involving HC and LC states are
shown in the inset of Figure 1b. Notably, the molecular plateau
of the LC state (~0.60 nm) exceeds that of the HC state
(~0.15 nm). The HC state aligns with some previous reports
of the M1 single-molecule junction (Figure 1a).*

There are two most probable hypotheses for the origin of
the LC state: one is the formation of 4,4'-dithiodianiline
(Mz1) via sulthydryl coupling reactions and the other is the
formation of 4,4’-dimercaptoazobenzene through amino
coupling reactions. To prove whether the former is reasonable,
single-molecule conductance experiments on Mz1 are carried
out. The 2D conductance—distance and 1D conductance
histograms show that Mzl exhibits almost identical con-
ductance characteristics to M1 (Figure 1c,1d). The con-
ductance values of LC states in both M1 and Mz1 are almost
identical, which are around ~107>° G, (224.5 nS). To further
confirm that HC and LC states come from M1 and Mzl single-
molecule junctions (Figure la), respectively, DFT in
combination with the NEFG method is employed to simulate
the transport behavior of M1 and Mzl single-molecule
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junctions at zero bias voltage. The transmission spectrum
(Figure S1) reveals that the conductance of M1 is
approximately 2 orders of magnitude larger than that of
Mz1, which is in accordance with the experimental
conductance difference. In addition, the most probable relative
displacements of the LC states in M1 and Mz1 are also
analyzed, and the results show that the corresponding plateau
lengths for the LC states in both M1 and Mz1 are ~0.6 nm
(Figure le). Notably, a high-conductance feature similar to
that of M1, ranging from ~107>* G, (~338.4 nS) to ~107"*
G, (~1228.3 nS), is observed in Figure 1c,1d. This suggests
that Mzl may also form a stable junction in another
configuration with an amino group and a sulfur atom anchored
to the two gold electrodes, respectively.

To further verify the existence of the S—S bond, propylene
carbonate-dissolved saturated tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) solution, capable of triggering the
cleavage of disulfide bonds, is added into the M1 and Mzl
solutions during the single-molecule conductance measure-
ments.”* As shown in Figure S2, the LC states of M1 and Mzl
almost disappear after the addition of TCEP, while the HC
states remain unchanged. Furthermore, a series of aniline
derivatives that are not modified by sulthydryl groups are also
studied to rule out the occurrence of amino coupling reactions.
Figure S3 illustrates that no new conductance peaks can be
found in 2D conductance—distance histograms except for
those of the molecules themselves, indicating that the coupling
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Figure 3. (a—c) Schematic of the M2—M4 single-molecule junctions, where M2—M4 represents 4-mercaptopyridine, 1,4-benzenedithiol, and
biphenyl-4,4'-dithiol, respectively. (d—f) 2D conductance—distance histograms of M2—M4. (g—i) 2D conductance—distance histograms of M2—
M4 after the addition of TCEP. (j—1) 1D conductance histograms of M2—M4 before (up) and after (down) the addition of TCEP.

reaction between amino groups on the Au substrate does not
occur at the test bias voltage. Note that previous studies” have
shown that the conductance of 4,4’-dimercaptoazobenzene fell
within the range from ~107>% G, (~122.8 nS) to ~107* G,
(~1228.3 nS), exceeding the conductance value of the LC
state in MI1. Moreover, the Au-catalyzed amino oxidative
coupling reactions can only be driven when the electro-
chemical potential of the Au STM tip is sufficiently high. All of
this evidence confirms that the newly formed LC state in M1
comes from the Mzl single-molecule junction, which is the
result of the sulthydryl coupling reaction of M1.

Electric Field Regulated Sulfhydryl Coupling Reac-
tions on the Gold Surface. It is widely recognized that an
oriented external electric field can be generated within the
nanogap between the two STM electrodes. The application of
a strong external electric field can alter the potential of the gold
surface, thereby regulating the interfacial sulthydryl coupling
reaction.”” To substantiate this assumption, bias-dependent
measurements of M1 are carried out. In the measurements, the
bias voltage changes from 10 to 100 mV. Figure 2a illustrates
the 2D conductance—distance histograms under different bias
voltages. At low bias voltages, the proportion of the LC state
originating from the sulfhydryl coupled product is small; with
the increase of the bias voltage, the LC state becomes more
pronounced. To quantitatively analyze the formation proba-
bility of sulthydryl coupled product, the displacement
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distribution is further extracted (Figure 2b). Two peaks appear
in the displacement distribution, where the peaks labeled with
L and H come from traces containing HC and LC states,
respectively. Thus, the probability of sulthydryl coupling can
be determined by the proportion of the peak L. When the bias
voltage increases from 10 to 100 mV, the junction formation
probability (JEP) of the LC state increases from 21 to 80%
(Figure 2b), indicating that the local electric field can promote
the sulfhydryl coupling reaction. Corresponding control
experiments of Mzl are performed to eliminate other
influencing factors (Figure S4). The JFP of the LC state for
Mz1 remains almost constant as the bias voltage increases. It is
evident that the enhancement of the local electric field
promotes the sulthydryl coupling reaction, consequently
increasing the JFP of the LC state for M1 (Figure 2c).

To prove that S—S bonds can stably exist on the gold surface
under high bias voltage, the I-V and G-V characteristics
based on the LC state of M1 are investigated (Figures S4 and
2d). According to the 2D G—V histogram, it is evident that the
conductance of the LC state remains constant regardless of the
bias voltage, indicating that the S—S bond remains highly
stable even under high bias voltage conditions, displaying
excellent conductivity. To obtain a deeper understanding of
charge transfer characteristics, the transition voltage spectrum
(TVS), which is the Fowler—Nordheim plot (In(I/V?*) versus
1/V), is analyzed (Figure 2e). The transition voltage (Vi) is
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Figure 4. (2) Schematic of the M1 molecular junction measured under UV irradiation. (b) 2D conductance—distance histogram of M1 after 20 min
of UV irradiation. (c) 1D conductance histograms of M1 at different UV irradiation times. (d) 2D histogram of flicker noise power versus average

conductance for M1 junctions corresponding to the LC state in (b).

identified as the minimum point in the TVS.>*~*" It can be
observed that the absolute V,,,,; value of the LC state in M1 is
about 0.8 V, indicating that the G—V data in Figure 2d
originate from the Mzl molecular junctions.

Universality of Sulfhydryl Coupling Reactions. To
explore the generality of the sulfhydryl coupling reaction, other
thiophenol derivatives (M2—M4) with different backbones and
terminal groups are studied (Figure 3a—3c). The 2D
conductance—distance histograms for M2—M4 show two
conductance features (Figure 3d—3f). Similarly, the formation
of S—S bonds is further verified by the addition of the disulfide
bond-breaking reagent TCEP during the single-molecule
conductance measurements. As shown in Figure 3g—3l, the
LC states of M2—M4 almost disappear after the addition of
TCEP, while the HC states still exist, indicating that the
presence of low-conductance peaks circled by dashed lines
represents the formation of Mz2—Mz4 (molecular structures
shown in Figure S5) via the sulfhydryl coupling reaction.

Effect of UV Irradiation on Sulfhydryl Reactions.
Disulfide bonds can be formed or broken under specific
conditions, including heating, pH, and light.38 Among these
conditions, light is an effective means of triggering and
controlling chemical reactions. Studies have demonstrated that
molecules containing disulfide bonds (~240 kJ/mol) can
exchange with each other when exposed to UV irradiation, a
process known as photodissociation.”® To achieve precise
control of these photochemical reactions, a UV light source at
~254 nm is employed for irradiating the analyte solution
containing M1 during the STM-BJ measurement (Figure 4a).
Before UV irradiation, the 2D conductance—distance histo-
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gram displays two distinct conductance plateaus, denoted as ‘@’
and ‘b’ in Figure S6a. Here, ‘a’ corresponds to the conductance
state of the M1 junction, while ‘b’ represents the conductance
state of the Mzl junction, arising from the sulfthydryl coupling
reaction between MI, as described above. After 1 min of
irradiation, compared to the nonirradiated condition, the
intensity of the ‘b’ conductance peak increases (Figure S6b).
This is because UV light can induce photochemical reactions
of M1 to produce sulfenyl radicals, which have high reactivity
to form disulfide bonds. With an extended illumination time of
20 min, a new low-conductance peak labeled ‘c’ emerges,
registering a conductance value of ~107*' G, (~6.2 nS).
However, the high-conductance peak ‘a’ remains constant
(Figure 4b,4c). This observation suggests that UV light can
further break the previously formed disulfide bonds, leading to
gold—sulfur binding, akin to what occurs with ‘a’ in Figure 4a.
Concurrently, 7—7 stacking between M1 molecules may occur
during the break junction process, represented by ‘c’ in Figure
4a. To further verify that the low-conductance peak °c’
originates from stacked molecular junctions formed through
the intermolecular 7—7 stacking effect involving M1, flicker
noise analysis on the low-conductance peak ‘c’ is performed. As
shown in Figure 4d, it can be observed that the noise power
scale for ‘¢’ is G'°, indicating that the 7— stacked molecular
junction is the main charge transport pathway.”” >’

B CONCLUSIONS

In summary, the properties of sulthydryl groups on the gold
surface have been explored at the single-molecule level
Extensive experiments have proven that sulthydryl groups in
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various molecules can indeed react with each other to form
stable disulfide bonds on the gold surface. It is found that the
electric field applied to the molecules can accelerate the
coupling reaction between sulthydryl groups. In addition, UV
irradiation has been shown to effectively modulate the
formation and cleavage of disulfide bonds. These findings
establish a foundation for precise control over the reaction and
self-assembly of organic aromatic sulthydryl molecules,
facilitating a wide range of applications, including nano-
electronic device fabrication, surface modification, nanoma-
terial synthesis, and molecular recognition and detection.
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