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Linking molecules to metal surfaces with
covalent bonds

Weiyi Guo, (2 Yihao Zhang 2 and Haixing Li{2*

Covalent linkage between organic species and metal electrodes is appealing for constructing robust and
highly-conducting molecular junctions. Strategies for creating covalent organic/metal contacts often
involve chemical reactions, which not only offer tools for circuitry design, but also provide rich
information about surface chemistry and reaction mechanism at a molecular and atomic level. This
review showcases methods including transmetalation reactions employing chemical structures such as
organostannanes and boronic acids, and electrochemical redox approaches using diazonium terminal
groups, as well as amines and imine radicals, for forming C—Au and N-Au bonds with Au electrodes.
Other novel strategies such as C(sp®)—C(sp?) bond cleavage in cycloparaphenylenes for C—Au bonds,
and the well-established thiol and acetylene chemical groups for forming S—Au, S—Ag, C-Au and C-Ag

rsc.li/pccp bonds, are also discussed.

1. Introduction

Understanding and harnessing the electronic properties of
individual molecules for potential applications in nanoscale
devices is central to the field of molecular electronics.’™ The
precise characterization and manipulation of the properties of
molecular junctions have been achieved by techniques such as
scanning tunnelling microscope-based break junction (STM-
BJ)*” and mechanically controlled break junction (MCB]),*°
which enables us to create stable single-molecule circuits and

Department of Physics, City University of Hong Kong, Kowloon 999077, Hong Kong
SAR, China. E-mail: haixinli@cityu.edu.hk

Haixing Li obtained her BS in
Physics from the University of
Science and Technology of China.
She then earned her PhD in Applied
Physics at Columbia University in
2017 under the guidance of Prof.
Latha Venkataraman. After
graduation, she worked as a
postdoctoral fellow and later a
Charles H. Revson Senior Fellow
in the laboratory of Prof. Ruben
Gonzalez at Columbia University.
She began her independent career
at City University of Hong Kong in
December 2021 where her research group have been investigating the
fundamental charge transport properties of single-molecule circuits.

B

Haixing Li

This journal is © the Owner Societies 2025

obtain reproducible conductance properties of molecular junc-
tions. Over the years, researchers in this field have been engaged
in designing different chemical structures, anchoring groups,
and metal electrodes for forming stable molecular circuits and
investigating how the chemistry of the molecules relates to their
electronic properties. Organic,'® organometallic,'"** inorganic
cluster,'® peptide,"*'® and DNA'"'® molecules have been inves-
tigated for their single-molecule electronic properties. For metal
materials, besides the commonly used Au, other metal electro-
deS Such as Ag,19_26 Pt,21,24,25,27,28 Cu’25,26,29,30 Ni,25'31'32 Pd,28’33
Co* and Zn* have also been applied for creating metal-mole-
cule-metal junctions.

A significant challenge in fabricating single-molecule devices
is the formation of reliable electrical contacts between target mole-
cules and metal electrode surfaces.**® The molecule/electrode
contact not only provides a physical linkage between the organic
structure and the metal surface but also plays an important role in
mediating the electron transport; therefore, it is critical to under-
stand the chemistry and electronic properties of different organic/
metal interfaces. Among the various types of molecule-metal inter-
actions, including dative bonds, van der Waals interactions,””>°
ferrocene-metal interactions,"*® and the strong carbene-metal
bond,**® covalent bonds have attracted significant attention due
to their ability to create stable molecular junctions with minimal
contact resistance.”*® In addition, when graphene or carbon nano-
tubes are used as the electrodes, covalent bonding at the molecule/
electrode interface has also been achieved,**”® and in some cases,
has shown advantages for robust control of the conductance.’*>!
The strong electronic coupling enabled by a covalent linkage makes
covalent bonding a highly favorable strategy for the development of
practical single-molecule electronic components.
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Table 1 Summary of covalent linkages between molecules and metal electrodes by different methods
Covalent
linkage No. Termination group® Condition Ref.
W\
i b
1 Sri~ )—@s L — 47,48
- t
+_
3 )—Q*N=N Electrochemical gating in an ionic solution 58-60
o with wax-coated tip for ref. 58 and 59
R =TMS or TIPS® .
4 S or TIPS In the presence of tetrabutylammonium fluor- 61.62
t%R ide (TBAF) ’
5 ;%H — 63-65
C-Au
6 i_®7| Ionic condition, wax-coated tip and negative tip 52
bias
OH o) o) HN O
g ! ;
OH o) o] HN Q
Au
8 High bias voltage 66
Aun
9 — 44,4752
H A . . .
10 i_N’ In an ionic solution with wax-coated tip under 67
H high bias voltage
N-Au (o]
1 =6 UV light exposure prior to the experiments in 55
HN_O polar solvent with wax-coated tip
S,
Hbs e F O F
> O O
S-Au 12 OH — 68-70
- . s
FQ;S FQS\AU HO- Q "
) =
— 22,71-
_ ——H _ )
C-Ag 13 =4 -
H
S-Ag 14 bs — 21
16718 | Phys. Chem. Chem. Phys., 2025, 27, 16717-16732 This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp01977j

Published on 10 July 2025. Downloaded on 1/18/2026 3:26:22 AM.

View Article Online

PCCP Review
Table 1 (continued)

Covalent

linkage No. Termination group® Condition Ref.

C-0-Ag 15

Fot, ~ et

Br O-Ag

Inert atmosphere glovebox STM-BJ approach 56

“ The highlighted parts indicate the chemical groups that are cleaved in the experiments. * Regular STM-BJ or MCB]J experiments with Au or Ag
electrodes in a nonpolar solvent. © TMS stands for trimethylsilyl and TIPS stands for tri-isopropylsilyl.

Here, we overview the established covalent attachment of
organic molecules onto commonly used metal electrodes, gold
and silver, in forming molecular junctions. For forming a
covalent bond with gold or silver, termination groups of the
organic compounds undergo chemical reactions. Chemical
structures of such termination groups and the corresponding
reaction conditions are given in Table 1. We find that diverse
chemistries of ~10 methods have been developed for forming
covalent C-Au contacts, and interestingly, not all can work on
both ends of an organic compound; in some systems, the
molecule needs to be functionalized with one aurophilic
anchoring group for an initial attachment onto one electrode
for the formation of the C-Au contact on the other
electrode.”*>* Similar strategies for covalent attachment of
one end of the molecule onto gold electrodes have been
implemented in the formation of a N-Au covalent bond.>”
Among these covalent contacts discussed here, we find that
thiol and acetylene terminal groups are the only ones that can
directly form covalent bonds with either the Au or Ag electrode
once they are brought into contact. The unique catalytic property
of silver as shown in the measurements of o,m-alkanedibromides
will motivate more future studies in investigating the reactions
at the organic/silver interface.>® The diverse chemistry for creat-
ing covalent bonds at molecule/metal interfaces illustrates the
broad applicability of gold and silver as electrode materials in
molecular electronics. In the future, with a deeper understand-
ing of the covalent organic/metal linkage and establishment of
new robust contacts, more designs of molecular-scale devices
will become available.

2. C—Au covalent bonding

2.1 Single-molecule junctions connected through C-Au
covalent bonds on both sides

2.1.1 Cleavage of trimethyl tin terminal groups. A covalent
C-Au bond for anchoring molecules onto Au electrical contacts was
first achieved in 2011 (Fig. 1a)."”*® The formation of C-Au
covalently linked junctions was confirmed by the observation of
the same conductance for SnMe;-terminated alkanes in compar-
ison to those of Au-PPh,-terminated ones (Fig. 1b). The chemical
structure of Au-PPh;, which already carries the C-Au bonds at the
ends, is provided in Table 1 (No. 9). Various trimethyl tin (-SnMej)-
terminated molecules were shown to undergo transmetallation
reaction with Au atoms to yield direct C-Au contact in forming
single-molecule junctions.””*® For the SnMejterminated alkane
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series (Fig. 1a top), an about two orders of magnitude increase in
conductance was observed when compared to the amine-
terminated alkanes (Fig. 1c), indicating a high electronic coupling
between sp® hybridized carbons and Au atoms at the molecule/
electrode interface. In stark contrast, for the SnMes;-terminated
benzene (Fig. 1la middle), conductance was only marginally
increased compared with that of benzene-1,4-diamine (0.03G, vs.
0.008G,), showing that the coupling between sp” hybridized car-
bons and Au atoms was relatively weak. Notably, for the series of
trimethylstannylmethyl-terminated polyphenyls (Fig. 1a bottom),
an about 100x conductance increase, which is similar to that of the
alkane series, was observed in comparison to the amine-terminated
polyphenyls (Fig. 1d). In detail, by adding a methylene group in
between the -SnMe; end group and the polyphenyl n system,
the authors introduced a strongly-coupled C(sp®)-Au contact onto
a © conjugated backbone, thereby obtaining highly conducting
molecular junctions. For example, the single-molecule junction
conductance of 1,4-trimethylstannyl-terminated benzene nearly
approached the conductance quantum (1G,). Taken together, these
results highlight that in the C-Au linkages, electrons mainly
conduct via the ¢ channel of the carbon atoms.

2.1.2 Electrochemical reduction of diazonium terminal
groups. C-Au covalent contacts have also been created at the
molecule/Au interface by the electroreduction reaction of diazo-
nium salts.”®>*7* By applying an electrochemical gate voltage,
Tao and co-workers have demonstrated that the BP molecule
undergoes a reduction reaction at the diazonium end group,
forming C-Au bonded molecular junctions (chemical structure
in Fig. 1e). Specifically, junctions were formed when the applied
electrochemical potential was lower than the reduction potential
of the diazonium groups ~—300 mV (Fig. 1f). These covalently
linked junctions showed a significantly larger junction elonga-
tion length (0.34 nm vs. 0.18 nm) compared with the amine-
terminated analogs, which was attributed to the robustness of
the C-Au covalent bonds. Later, Darwish and co-workers achieved
spontaneous attachment of the same diazonium salt (BP) to a gold
tip and silicon substrate, in which case a negative tip bias voltage is
not required.®® The authors showed that by utilizing the versatile
chemistry of the diazonium salt, they created mechanically stable
metal-single-molecule-semiconductor junctions.

2.1.3 Breaking C(sp’)-C(sp®) bonds in cycloparapheny-
lenes. A series of [n]cycloparaphenylenes ([n]CPPs (n = 6-8))
have been shown to undergo electrophilic aromatic substitu-
tion reaction in forming covalent C-Au contact with Au electro-
des in STM-B]J experiments.®® Under a high tip bias voltage, the
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Fig.1 (a) In situ C-Au bond formation by trimethyl tin cleavage reaction in single-molecule junctions under an applied electric field. (b) One
dimensional (1D) conductance histograms for two SnMes-terminated and two Au—PPhs-terminated alkanes (n = 6 and n = 8). Inset: Chemical structures
for SnMesz- and Au—PPhs-terminated alkanes. (c) Conductance value on a logarithmic scale versus number of methylene groups in the backbone for
SnMes- and NH,-terminated alkanes. (d) Conductance versus number of phenylene groups in the backbone for SnMesz-terminated dimethylene-p-
polyphenyls and NH,-terminated-p-polyphenyls. (e) Schematic illustration of the diazonium reduction reaction. (f) 1D conductance histograms of BP in a
linear scale taken at electrochemical potentials vs. Ag/AgCl ranging from 0 to —600 mV. (g) Schematic illustration of the electric field-catalyzed
electrophilic aromatic substitution reaction on [n]CPP molecules. (h) 1D conductance histograms of [6]JCPPs measured at applied biases in the range of
0.1-1V. Inset: The formation percentage of the low-G junctions against the applied bias. (b) and (c) are adapted with permission from ref. 47, copyright
(2011) Springer Nature. (d) is reprinted with permission from ref. 48, copyright (2011) American Chemical Society. (f) is reprinted with permission from ref.
59, copyright (2013) American Chemical Society. (h) is reprinted with permission from ref. 66, copyright (2023) Springer Nature.

hoop-shaped conjugated m-complex ([#]CPP) underwent an
electrophilic aromatic substitution reaction to form a charge-
separated linear oligophenylene ([#]LPP) that was sponta-
neously linked to the Au tip and substrate through covalent
C-Au bonds (Fig. 1g). As shown in Fig. 1h, under tip bias
voltages of lower than 0.5 V, the conductance peak at ~2 x
102G, (high-G) indicates that a direct Au-n coupled junction
between the Au atoms and the conjugated m-complex was
formed in the measurement of [6]CPP. When the applied
tip bias exceeded 0.5 V, a lower conductance peak (low-G)
at ~5 x 107°G, appeared (Fig. 1h), suggesting that the high
bias-catalyzed C-C cleavage leads to the formation of two
covalent C-Au bonds at both ends, thus the formation of
[6]LPP junctions. It is noteworthy that a highly efficient [#n]CPPs
to [n]LPPs conversion was achieved under ambient conditions
with a bias voltage of ~0.7 V in a nonpolar solvent
environment.

2.1.4 Protected terminal acetylenes. An alternative strategy
to create covalent C-Au contacts involves the use of
alkynes.®’® By exploring a series of trimethylsilyl (TMS)-
terminated oligo-(phenylene ethynylene)s (OPEs), Wandlowski
and co-workers demonstrated that the TMS group attached to
an alkynyl group was cleaved in situ in the presence of tetra-
butylammonium fluoride (TBAF), thereby creating covalent
C-Au bonds (Fig. 2a).°" Distinct conductance peaks were
observed at 1.6 x 102Gy, 2.0 x 103G, and 2.5 x 10~ *G, for
the measurements of OPE1, OPE2, and OPE3, respectively

16720 | Phys. Chem. Chem. Phys., 2025, 27,16717-16732

(Fig. 2b), which were attributed to be signatures for the C-Au
covalently linked single-molecule junctions. These findings,
showcasing examples of three different molecular backbone
designs, demonstrate the use of a TMS group with added TBAF
as a robust method for creating a C-Au contact at the molecule/
metal interface.

Furthermore, Huang et al. designed a cruciform molecule
M1 consisting of two orthogonally arranged m-conjugated
systems.®> Within the structure of the molecule, one linear
arm was terminated with pyridyl groups, which can bind to the
Au surface through a dative N— Au bond to form M1-N mole-
cular junctions. The other arm was capped with tri-
isopropylsilyl (TIPS)-protected acetylene groups. Only when
TBAF was added to the solution in an MCB]J experiment, the
TIPS groups were cleaved, leading to the formation of the C-Au
covalently linked M1-C junctions (illustration of M1-N and M1-
C junctions are shown in Fig. 2¢). The authors also synthesized
a control molecule M2 and realized the desilylation reaction in
MCB] measurements to generate the covalently linked M2-C
junction (Fig. 2d). The conductance peak of M1-C was at the
same position as that of M2-C, providing evidence for the
junction geometry for the M1 measurement in the presence
of TBAF (Fig. 2e). Taken together, the one order of magnitude
increase in conductance for M1 measured in the presence of
TBAF compared to that measured in the absence of TBAF
indicates that two different molecular junctions with distinct
charge-transport properties are achieved.

This journal is © the Owner Societies 2025
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Fig. 2 (a) In situ C-Au bond formation by TMS-group cleavage in the
presence of TBAF in single-molecule junctions. (b) 1D conductance
histograms of OPE1, OPE2, and OPE3. (c) /n situ single-molecule junction
conversion from M1-N to M1-C by TIPS-group cleavage in the presence of
TBAF. (d) Chemical structure of the M2-C single-molecule junction. (e) 1D
conductance histograms of M1-N, M1-C, and M2-C. (f) Schematic illus-
tration of in situ deprotonation of alkynyls in forming C-Au bonds. (g) 1D
conductance histograms for OPA2, OPA3, and OPA4. The dashed lines
represent log-normal fit around the peaks and are used to determine the
conductance value. (h) Chemical structure of the PTM radicals, 1-Rad, 2-
Rad, and 3-Rad. (i) 1D conductance histograms for 2-Rad and 3-Rad. The
blue dashed line represents log-normal fit to the data of 2-Rad around the
conductance region displaying molecular features. (b) is adapted with
permission from ref. 61, copyright (2012) American Chemical Society. (e)
is reprinted with permission from ref. 62, copyright (2015) Wiley-VCH. (g) is
reprinted with permission from ref. 63, copyright (2016) American
Chemical Society. (i) is reproduced with permission from ref. 64, copyright
(2018) American Chemical Society.

2.1.5 Unprotected terminal acetylenes. Pla-Vilanova et al.
demonstrated, for the first time, that unprotected terminal
alkynes can spontaneously bind to the Au surface through C-Au
bonds.®® The authors showed spontaneous formation of C-Au
bonds without the use of deprotonation agents or external
stimuli. In their study, a gold STM tip and self-assembled
monolayers (SAMs) containing 1,4-diethynylbenzenes were
fixed at a specific tunneling distance, and molecular junction
formation was detected by sudden jumps in the measured
tunneling current. Notably, with the same benzene backbone,

This journal is © the Owner Societies 2025
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the lifetime of alkyne-linked junctions was slightly shorter than
that of thiol-linked ones while exceeding that observed for
amine-linked ones, indicating a robust C-Au contact.

Olavarria-Contreras et al. further realized C-Au covalent
contacts without the need for an additional chemical group
to protect the alkynyl carbon on a series of alkynyl-terminated
oligophenylenes (OPAs) (chemical structure in Fig. 2f).®> Single-
molecule conductance measurements were performed using
the MCBJ technique. The well-defined conductance peaks
(Fig. 2g) indicate a robust molecule/metal contact formation
through the use of an alkynyl end group; this was again
demonstrated in later studies by other research groups.”” For
OPA2, two conductance peaks are detected, with the high
conductance state corresponding to the molecular conductance
of the molecule itself, while the low conductance feature is
associated with the formation of dimers of OPA2.

Crivillers and co-workers further expanded the molecular
design of C-Au linked metal-molecule-metal junctions by
including an organic paramagnetic moiety in the center. The
authors employed the perchlorotriphenylmethyl (PTM) radical
as the molecular backbone, and this radical is stable under
ambient conditions (chemical structure in Fig. 2h).°* The
authors applied ex situ characterization techniques including
X-ray photoelectron spectroscopy (XPS), electron paramagnetic
resonance spectroscopy (EPR), and Raman spectroscopy to
study the self-assembled monolayers (SAMs) of 1-Rad on Au,
and confirmed the creation of a covalent molecule-metal
linkage at the SAMs/Au interface. Importantly, the magnetic
character of the functional PTM radicals was demonstrated to
be maintained after the formation of the covalent linkages. The
single-molecule conductance measurement of 2-Rad showed
that robust molecular junctions were formed with the Au
electrodes, likely through the C-Au bond (Fig. 2i). A double-
peak signature was observed in the conductance measurement
of 3-Rad, a compound equipped with thiophene terminal
groups (chemical structure in Fig. 2h). The authors attributed
the two peaks to be resulting from two molecule-metal contact
geometries and weak S-Au linkages. On the other hand, the
narrow peak of 2-Rad indicates a well-defined interface geome-
try of the robust C-Au covalent bond.

2.2 Single-molecule junctions with a covalent C-Au bond on
one end and a dative bond on the other

2.2.1 Oxidative addition of aryl iodides. Certain chemical
groups, such as iodides and boronic acids, when used as linker
groups on both ends of a molecular backbone, cannot sponta-
neously cleave in the presence of Au electrodes for forming
molecular junctions. When the molecule is terminated with a
robust gold-binding group such as thiomethyl on one side, then
equipped with an iodide or boronic acid on the other side,
molecular junctions are formed. Below we discuss such unique
designs of terminating a molecule with two different linker
groups on the two ends for establishing robust interactions
between individual molecules and gold electrodes. In Fig. 3a,
oligophenylenes terminated with an iodide on one end and a
thiomethyl group on the other (I1-14) were studied using the

Phys. Chem. Chem. Phys., 2025, 27,16717-16732 | 16721
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Fig. 3 (a) Schematic illustration of in situ cleavage of aryl iodides in forming junctions with C—Au covalent linkage on one side and a S— Au dative bond
on the other. (b) 1D histogram of 12 measured under 100 mV in TCB. The black line represents a double Gaussian fit to the data. (c) Proposed mechanism
of in situ cleavage of the organoboron group, homocoupling reaction, and proposed molecular junction for the ultra-low conductance peak labeled as
iii. (d) 1D conductance histograms of B2 measured under bias voltages of 200 mV, 100 mV, —100 mV, and —200 mV. (e) 1D conductance histograms of
B1 measured in bis(2-ethylhexyl) adipate solvent under room temperature and 100 °C. (f) Schematic illustration of in situ cleavage of the organotin group
and homocoupling reaction. (g) 1D conductance histograms of Snl and Sn2 measured in TCB under 5 mV and 900 mV bias voltages. (b) is adapted with
permission from ref. 52, copyright (2020) American Chemical Society. (d) is adapted with permission from ref. 53, copyright (2022) Chinese Chemical
Society. (e) is adapted with permission from ref. 54, copyright (2024) American Chemical Society. (g) is adapted with permission from ref. 57, copyright

(2024) American Chemical Society.

STM-B] technique.>® The conductance histogram of 12 mea-
sured in a nonpolar solvent TCB exhibits a broad conductance
peak and is fitted to a double Gaussian function. The authors
proposed that two different junctions contribute to the broad
conductance peak: the low conductance feature arises from
molecular junctions formed through a donor-acceptor I—-Au
bond on one side, and the high conductance feature corre-
sponds to molecular junctions connected through an C-Au
covalent contact on one side (indicated by the two arrows in
Fig. 3b); in both cases the other side of the molecule is attached
to the electrode through a S— Au interaction. This covalent C-Au
bond was created upon the iodide cleavage on the Au surface.
Further conductance measurements were performed in an ionic
environment with a wax-coated tip, as under such conditions, a
dense electric double layer is formed at the tip but not at the
substrate; thereby, reactions are likely occurring at the tip/
solution interface. Under this assumption, these experiments
revealed that the formation of an I— Au dative linkage on the tip
is favored when a positive tip bias is applied, and a negative tip
bias promotes the formation of the covalent C-Au bond. The
authors explained that the tip is electron deficient at positive
bias, and both I-Au and C-Au contacts exist at the tip. Con-
versely, under negative bias, the tip becomes electron-rich, which
is more likely to engage in oxidative addition with the aryl iodide
group, leading to the formation of the C-Au bond. Therefore,
this iodide cleavage reaction can be regulated by adjusting the
applied bias polarity in an electrochemical environment.

16722 | Phys. Chem. Chem. Phys., 2025, 27,16717-16732

2.2.2 Transmetalation of aryl boronic acids. Furthermore,
Li et al. reported, for the first time, that by using the thiomethyl
linker group on one side and a boronic acid group on the other,
a transmetalation reaction of boronic acid group occurs, lead-
ing to the formation of a C-Au covalently linked product
(labeled as i in Fig. 3c), as was monitored in situ by the STM-BJ
technique.>® As shown in the histograms of B2 in Fig. 3d, the
authors additionally show that only when a tip bias voltage was
increased to above 200 mV, a second low conductance peak
appears, which is attributed to a junction of a homocoupled
dimer (labeled as ii in Fig. 3c). The authors suggested the
following reaction mechanism as laid out in Fig. 3c. The
charged Au tip first interacts with the adsorbed O, to form
the oxidized Au. A boronic acid group was then replaced by the
positively charged Au and produces the initial transmetalation
intermediate i. Due to the increased electrophilicity of the Au
tip under a high bias voltage, a second transmetalation occurs
at this intermediate and leads to the formation of an Au
bridged intermediate (labeled as inter-2). This inter-2 under-
goes a reductive elimination step, yielding the homocoupling
product ii. This reaction was further studied in a later work by
Inkpen and co-workers.>® The authors showed that although for
B1, homocoupling reaction does not seem to occur in room
temperature STM-BJ experiments, agreeing with the Li et al.
results, this homocoupling reaction occurs at a reasonable
efficiency under 100 °C as indicated by the clear single-
molecule conductance signature (Fig. 3e). Additionally, an
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ultra-low conductance peak (labeled as iii) was observed, which
was ascribed to the junctions formed by two m-m stacked
homocoupling products (illustration of the iii junction is
shown in Fig. 3c). This result highlights that the use of heat
is another effective means for promoting chemical reactions in
single-molecule junctions.

2.2.3 Cleavage of n-butyl-substituted tin groups. Based
upon prior work of using the cleavage of a trimethyltin group
for creating C-Au contact, Li and co-workers achieved both an
effective C-Au bond formation and C-C homocoupling reaction
with a group of polyphenylene molecules terminated with an
n-butyl-substituted tin group on one end and a thiomethyl group
on the other (Fig. 3f).”” In the conductance histograms shown in
Fig. 3g, Sn1 and Sn2 both show two peaks, arising from the
efficient formation of the covalently linked monomer (high con-
ductance) and a homocoupled dimer junction (low conductance).
In the case of Sn1, a biaryl compound was formed from homo-
coupling reaction under a bias potential as low as 5 mV.

3. N—Au covalent bonding
3.1 Oxidation of amines

In addition to C-Au covalent linkages, several methods have
been successfully established for creating another type of
covalent linkage: N-Au bonds. Venkataraman and colleagues
demonstrated the formation of a stable N-Au bond within an
ionic environment by utilizing oligophenylene molecular wires
terminated with amine groups.®” These amine-terminated com-
pounds were previously shown to exhibit one conductance
peak,”>”” corresponding to single-molecule junctions linked
by amine-Au donor-acceptor bonds. Research by Venkatara-
man and co-workers here revealed that in an ionic environ-
ment, these molecular systems showed three distinct
conductance states, which were assigned to single-molecule
junctions with altered chemical interactions at the molecule/
metal interface (Fig. 4a). A semilogarithmic plot of conductance
value versus the number of phenylene units in the molecular
backbone (Fig. 4b) showed a decay constant of f ~ 1.8 per
phenyl unit for all three states, indicating that charge transport
is predominantly governed by the n-conjugated oligophenylene
backbone across all conductance states. Therefore, the distinc-
tion between the three conductance states lies in the metal-
molecule contact configuration. The high-G state occurred under
a high positive tip bias (~360 mV) in an ionic environment,
whereas the ultra-high-G state appeared at even higher biases
(~720 mV). The authors proposed that, under high-bias voltage,
nitrogen’s lone pair donates one electron to Au, resulting in the
loss of a proton from the amine group. This process of removing
one electron and one proton from the junction leads to the
transformation of a dative N— Au bond into a more conductive
N-Au bond. The emergence of the ultra-high-G state was thus
explained by the transformation of both dative N— Au bonds
into covalent N-Au contacts. Through the formation of robust
molecular junctions in an oxidizing ionic medium with primary
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Fig. 4 (a) Schematic illustration of the formation of the novel N-Au contact
upon oxidation of a dative N—Au bond under high bias voltage in an ionic
environment with a wax-coated STM tip. (b) The most probable conductance
values, determined from Gaussian fits to peaks in 1D conductance histograms,
as a function of the number of phenylene units in the molecular backbone.
Data were acquired at a constant tip bias of 90 mV for low-G, either 360 or 720
mV for high-G, and 720 mV for ultra-high-G. Dashed lines are linear fits to
these data. (c) Illustration of the iminyl radical-Au covalently bonded single-
molecule junctions. 1D conductance histograms of (d) Al-2 and (e) UV-light-
treated Al-2 measured in propylene carbonate (PC) with a wax-coated STM tip
under a tip bias voltage of 0.5 V. (b) is reprinted with permission from ref. 67,
copyright (2017) American Chemical Society. (d) and (e) are adapted with
permission from ref. 55, copyright (2023) American Chemical Society.

amine linkers, the authors demonstrated a new method for
achieving low contact resistance in single-molecule devices.

3.2 Iminyl radicals

The reaction between organic radicals and transition metals
can also lead to the formation of a covalent contact. For
instance, using the STM-BJ technique, Zang and co-workers
reported that a N-Au covalent contact was formed from the
reaction between iminyl radicals and Au electrodes at the single-
molecule level. The authors demonstrated that the photochemi-
cal homolysis of the N-O bond produces free iminyl radicals,
which subsequently forms a N-Au bond when brought into
contact with Au electrodes (Fig. 4c).>> The 1D conductance
histograms depicted in Fig. 4d and e corroborate that highly
conductive single-molecule junctions were formed only when the
molecules were treated with UV light irradiation prior to the
measurements, indicating that the iminyl radicals generated
upon UV exposure were indispensable for junction formation.

4. S—Au covalent bonding

4.1 Varied substituent groups in aryl thioethers

It has been widely reported that thiol- (-SH)>*>®*' as well as
thioacetyl- (-SAc)**™® terminated compounds form S-Au covalent
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variation is visible. The arrows indicate the locations of the molecular conductance peaks. (c) Structures of the chemical groups that form S(R) — Au dative
bonds with Au electrodes. (d) 1D conductance histograms of Tr, C;H;, Bn and H analytes (biphenyl backbone terminated with corresponding terminal
groups) measured in TCB under a tip bias voltage of 100 mV. (e) 1D conductance histograms of Ac, H, and Me analytes (biphenyl backbone terminated
with corresponding terminal groups) measured under the same condition as that in Fig. 5d. (f) The relation between junction breaking probability and the
applied bias voltage for analytes equipped with covalent (blue) or dative (orange, yellow, and purple) end groups. (g) 1D conductance histograms of
dodecane-1,12-dithiol obtained from STM-BJ experiments on a solution or self-assembled monolayers (SAMs) under a tip bias voltage of 345 mV. Inset:
Chemical structures of the single-molecule junctions formed in the solution and SAMs. (b) and (e) are adapted with permission from ref. 68, copyright
(2024) American Chemical Society. (d) is adapted with permission from ref. 69, copyright (2025) American Chemical Society. (f) is adapted with

permission from ref. 78, copyright (2015) American Chemical Society. (g) is adapted with permission from ref. 79, copyright (2019) Springer Nature.

contacts with Au electrodes. The mechanism for the formation of
covalent S-Au contact using -SR functionalized compounds is
illustrated in Fig. 5a. A prerequisite for the creation of a covalent
S-Au bond is the formation of a stable carbocation leaving group.
In a recent work, Prana et al. studied a wide range of substitution
groups (R) in the terminal thioether (-SR) group and identified a
new thioether group, tert-butylthiol (‘Bu), that can form covalent
bonds with gold surfaces.®® The experimental results for 4,4'-
bis(tert-butylthio)-biphenyl reveal three distinct conductance
features, as indicated by the arrows in Fig. 5b. The authors
attributed the high conductance peak to be the signature for
junctions with covalent S-Au bonds on both sides (CC), the low
conductance peak to junctions with two intact dative S(‘Bu)-Au
linkages (DD), and the intermediate conductance feature to ‘Bu
junctions consisting of one dative and one covalent linkage (DC).
Additionally, MTh-pre (structure is given in Fig. 5a) was suggested
to undergo a ring closing reaction, followed by a ring opening
reaction, and ultimately form a S-Au covalent contact (detailed
discussions are provided in ref. 68). Importantly, the results show
significant variations across independent measurements, which
the authors ascribed to a phenomenon due to differences in gold
surface roughness, i.e. different number of undercoordinated Au
atoms present at the molecule/Au interface. In a follow-up study

16724 | Phys. Chem. Chem. Phys., 2025, 27,16717-16732

from the same team, the authors further explored two additional
-SR anchoring groups where the substitution group (R) is triphe-
nylmethyl (Tr) or cycloheptatrienyl (C,H,).%® The results revealed
that in both cases, molecules are attached to the Au electrodes
through covalent S-Au bonds (Fig. 5d). Notably, junctions formed
from C,;H; showed an even higher conductance value than those
formed from H, which needs further investigation. In a separate
study, another cyclic thioether Th (structure is given in Fig. 5a)
was shown to undergo a ring opening reaction and form a
covalent S-Au bond after 24 h in the presence of tetrahydrofuran
(THF) or immediately with the addition of trifluoroacetic acid
(TFA).”® Reaction schemes for the ring opening of Th in forming
the S-Au bond with Au electrodes were discussed extensively in
previous works.®*”°

From measurements of Ac, H, and Me, 4,4"-biphenyl backbones
terminated with thioacetyl, thiol, and thiomethyl linker groups
respectively, the authors showed that both Ac and H exhibit
conductance values higher than that of Me by a factor of 6
(Fig. 5e), suggesting that a S-Au covalent linkage is more con-
ductive than a S(R)-Au dative linkage. Consistent with prior
observations for Me, a low-conductance feature was identified at
~107%G, in the measurement of the benzyl-terminated derivative
(Bn), suggesting the formation of dative contacts between the
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molecules and gold electrodes (Fig. 5d). In addition to thiomethyl,
the authors investigated other -SR groups where only dative S(R)-
Au bonds are formed (chemical structures are provided in Fig. 5c¢);
for example, when the substituent (R) is methyl (Me), ethyl (Et),
isopropyl (*Pr), phenyl (Ph), dodecyl (Cy), or benzyl (Bn) as well as
cyclic thioether groups such as 3,3-dimethyl-2,3-dihydrobenzo-
[b]thiophene (MTh) and 4,4-dimethylthiochromane (Tc). Impor-
tantly, after the authors investigated all of the above-mentioned
sulfur-based anchor groups, they found that the single-molecule
conductance is influenced by the choice of the substitution R
group, even when the same type of S(R)-Au dative contact is
formed between the molecule and the gold atoms.

Furthermore, Venkataraman and co-workers examined the
stability of various molecule/gold contacts in single-molecule
junctions by evaluating the breaking probability of single-
molecule junctions under an applied voltage.”® A single-
molecule junction was held at a fixed electrode-electrode
distance for 150 ms under an applied bias and junctions with
a conductance value lower than the noise floor at the end of
this 150 ms period were determined to be broken. Thousands
of junctions were analyzed by this method, and among the four
tested molecules, junctions formed from thiol-terminated hex-
ane exhibited the lowest rupture probability, which remains
low up to an applied voltage of 1.4 V (blue dots in Fig. 5f). In
contrast, analogous junctions with different linkage groups,

Alkynes for C-Ag contact
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including amine (yellow), thiomethyl (orange), and diphenyl-
phosphino (purple), showed considerably higher rupture prob-
abilities, which increase with an increasing applied voltage.
This difference highlights the increased stability of a S-Au
covalently linked junction under an applied electric field.

4.2 Special dative SH— Au contacts in self-assembled
monolayers

Self-assembled monolayers (SAMs) are a powerful system for
studying the interfacial properties of metals and semiconduc-
tors, and thiols and disulfides are the classic molecules for use
in creating SAMs.**®" A study conducted by Inkpen et al.
reached an intriguing postulation: when thiol-terminated com-
pounds form SAMs on a gold surface, the interaction between
the molecule and the gold substrate is predominantly through
SH—Au dative bonds rather than S-Au covalent bonds.”® As
shown in the 1D histograms in Fig. 5g, single-molecule con-
ductance measured for a solution of dodecane-1,12-dithiol is
higher than that observed for SAMs of the same compound,
suggesting different gold-sulfur binding mechanisms. As the
conductance for covalently linked junctions is higher than that
for junctions linked by dative bonds (Fig. 5¢),>” this observation
suggests that in solution-based measurements, covalent S-Au
bonds are formed as the hydrogen is displaced upon bond
formation; conversely, in the SAM measurements, a dative
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Fig. 6 (a) Chemical structures of OPA1-OPA3 and the corresponding molecular junctions formed with Ag electrodes. (b) Conductance plotted against

molecular length for OPA1-OPA3 measured with Au (orange) and Ag (grey) electrodes. (c) Magnified SERS spectra of the relevant C=C stretching
regions (1800-2400 cm™?) for OPA1-OPA3 on Au (left) and Ag (right) in comparison to the results of metal surface only. (d) Chemical structure of AFluo
and 1D logarithmically binned conductance histograms of OPAL (red), OPA2 (blue), and AFluo (purple). (e) 1D conductance histograms of OPA1l
measured with 0-50% increasing amount of Ag* ions added in the solution. Inset: The yield of formed molecular junctions plotted as a function of Ag*
ion percentage. (f) A schematic of Ag* ions-coupled in situ reaction. (g) High-resolution STM image of two organometallic chains on Ag (110) measured
under 4.2 K and with a CO-modified tungsten tip. (h) The proposed chemical structure of the molecular chain. (b) and (c) are reprinted with permission
from ref. 22, copyright (2020) American Chemical Society. (d) is reprinted with permission from ref. 71, copyright (2023) American Chemical Society. (e) is
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SH — Au bond is formed where hydrogen remains on the sulfur.
The authors performed a series of experiments and showed
substantial evidence that the SAMs formed on gold surfaces
using thiols do not primarily consist of covalent S-Au bonds,
but dative SH— Au contacts.

5. C-Ag covalent bonding by
unprotected terminal acetylene

C-metal covalent linkage does not only occur with Au metal,
but also with Ag. Having been applied as a metal contact for
forming stable single-molecule junctions with various
molecules,'*?* silver has also been demonstrated to form
C-Ag covalent linkages with organic structures. In 2020, Li
et al.”® reported that unprotected acetylene-terminated oligo-
phenylenes spontaneously form robust and covalent -C = C-Ag
contacts with silver electrodes (Fig. 6a). By performing the STM-
BJ experiments on OPA1-OPA3, the authors showed that the
molecular conductance values for C-Ag linked junctions are
nearly ten times those measured for C-Au linked junctions, as
shown in Fig. 6b. The authors further extrapolated the data in
Fig. 6b to zero molecular length and estimated the contact
resistance of acetylene-Ag oligophenylene junctions to be 6 kQ,
which is significantly smaller than the one of acetylene-Au
interfaces (36 kQ). Surface-enhanced Raman spectroscopy
(SERS) experiments provided direct evidence for the rapid

Thiols for S-Ag contact
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formation of covalent C-Ag bonds.***"°> As shown in Fig. éc,
for OPA2 and OPA3, the bond signal ¥(C = C)young around 2000
cm ' was observed on both Au and Ag substrates, which
indicates the formation of covalent C-Au and C-Ag contacts
(the peak at 2117 cm™ " is attributed to a C =C stretching mode
for unbound species).

In 2023, Song et al.”* found that the molecular wires contain-
ing the -C=C-Ag-C=C- structure were likely formed when
Ag was used as the STM electrode, a result of the strong
organometallic C(sp)-Ag-C(sp) bonding between alkyne
ligands and surface Ag atoms. In the 1D conductance histo-
grams of OPA1, OPA2, and AFluo (Fig. 6d), two conductance
peaks were observed for each molecule. The high G state
(yellow background) indicated that one molecule was con-
nected between two Ag electrodes, and the low_G state (blue
background) was explained as the formation of organometallic
-C=C-Ag-C=C- wires driven by in situ coordination reac-
tions. The authors performed DFT-based transport calculations
and showed that the transmissions of the ligand junctions are
~3 orders of magnitude higher than those for the junctions
composed of organometallic dimers, consistent with the STM-
BJ experiment results.

Furthermore, the same research group developed a more
flexible method to in situ construct similar organometallic
nanostructures by supplying Ag’ ions to the conductance
measurements performed with Au electrodes.”” In the absence
of Ag' ions, the authors observed no well-defined molecular
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Fig. 7 (a) Chemical structures and formed molecular junctions of TSi2—TSi4 and TSi6-TSi9. (b) Conductance plotted against the number of silicon

atoms in the backbone for TSi2—TSi4 and TSi6—TSi9 measured with Au (orange), Ag (grey), and Pt (blue) electrodes, and lines showing linear fits to the
data following the G = Gee ™" equation. (c) Calculated transmission curves for Au-TSi7-Au (orange) and Ag—TSi7-Ag (grey) junctions. Inset: Gateway
state orbitals. (d) Calculated current—voltage curves of Au-TSi7—-Au and Ag—TSi7—Ag junctions. Two binding configurations V and H for Au-TSi7-Au
junctions are included in the calculation. (e) Optimized geometric structures of molecular junctions for the Ag(111) electrode with one protruding Ag
atom surface, and Au(111) electrode with the vertical/horizontal configuration of a double atomic surface (Au_V/Au_H). (b) and (c) are adapted with
permission from ref. 21, copyright (2017) Wiley-VCH. (d) and (e) are adapted with permission from ref. 96, copyright (2023) The Royal Society of
Chemistry.
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conductance peak for OPA1 measured with Au electrodes, as
shown in Fig. 6e, grey line. However, after a dilute solution of
silver salt AgPFs was added to the molecular solution, clear
molecular conductance plateaus appeared at ~10 2G,, sug-
gesting that the introduction of Ag' ions facilitated the for-
mation of single OPA1 molecular junctions. The authors
proposed that the Ag" ion-coupled in situ reaction with OPA1
results in ~-C=C-Ag bond formation, and the robust C-Ag
contact is anchored on the surface of the Au electrodes by
metallic bonding, and thus an Au/Ag-molecule-Ag/Au junction
is formed, as illustrated in Fig. 6f.

Years before the establishment of C-Ag contact in STM-BJ
experiments, one-dimensional organometallic chains formed
with covalent C-Ag bonds on Ag(110) surfaces were observed
under 4.2 K by STM in 2015.”* A high-resolution STM image of
the 1D chains (Fig. 6g) showed that a round dot was located
between two adjacent molecules and was connected to the
nearby molecules by alkynyl groups, indicating the involvement
of Ag atoms in the chain formation (chemical structure of the
1D chain in Fig. 6h). The perfect match between the periodicity
of the organometallic chain and the Ag(110) substrate lattice
constant, as well as the robust C-Ag contact, taken together,
result in the formation of the stable organometallic products.

In summary, C-Ag contacts form spontaneously under
ambient conditions. The use of Ag metal (or Au metal with
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Ag' ions) provides strategies to create unconventional mole-
cule-metal interfaces and opens new avenues for building
molecular wires with low contact resistance.

6. S—Ag covalent bonding from
thiol-terminated silanes

Besides the C-Ag covalent contact, another S-Ag covalent bond has
also been established for linking molecules with Ag electrodes.
In 2017, Li et al.** measured a series of thiol-terminated silanes
(structures in Fig. 7a) using the STM-BJ technique and first
demonstrated that the S-Ag linked silane junctions display a
higher conductance than those of S-Au linked ones. Single
molecule junction conductance as a function of the number of
silicon atoms in the backbone for silanes connected with Au, Ag,
and Pt electrodes through thiol linker groups, are shown in Fig. 7b.
We see that junctions with S-Ag covalent contacts show a con-
ductance ~3 times those for S-Au or S-Pt linked ones. In the
calculated transmission curves of junctions of TSi7 bound to Au
(orange line) and Ag (grey line), as shown in Fig. 7c, an extra
resonance appeared at 400 meV below the Fermi energy in Ag-
based junctions, but this feature was not visible as a separate
resonance in the transmission for Au-linked junctions. This
resonance peak is attributed to a S-Ag orbital gateway state (inset

C-0-Ag covalent bonds from bromide-terminated alkanes
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molecular junctions formed with Ag electrodes. (b) Overlaid 1D histograms

obtained of 0.1 mM CnBr solutions in tetradecane at 750 mV bias (n = 4—12) with Ag electrodes. The arrows indicate assigned high (black dotted) and low
(blue solid) conductance peaks for C8Br. (c) A plot of conductance versus number of repeat units (n) for alkane junctions comprising covalent C—Au
linkages (Au—Cn) (gold circles, solid line) and proposed C-O-Ag linkages (silver triangles, dashed line). The conductance for the proposed C-O-Ag
linked junctions was determined from the main conductance features observed for Ag—CnBr junctions shown in Fig. 9(b). (d) 1D histograms for iodide-
(C8I, purple), bromide- (C8Br, red), chloride- (C8CL, green), and trimethylstannyl-terminated (C8SnMe3, pink) 1,8-octane wires measured with Ag
electrodes. (e) Overlaid 1D histograms for C10SH, C10Br, and C10SMe measured with Ag electrodes. (f) Calculated transmission spectra of C10 junctions
with two oxygen (C100), thiomethyl (C10SMe), and thiol (C10S) terminations attached to Ag electrodes. (b)—(f) are reprinted with permission from ref. 56,
copyright (2024) American Chemical Society.
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in Fig. 7c), which has been observed in calculations of other
covalent metal-organic contacts such as C-Au and S-Au
bonds,” % though sometimes the gateway state is not as promi-
nent due to broadening of the nearby frontier orbitals.

Recently, Wang et al.°® further investigated these junctions
through first-principles calculations and found that the inter-
facial configuration difference is possibly the main reason for
the observed higher conductance for S-Ag linked silane junc-
tions than that of S-Au linked ones. As an example shown in
Fig. 7d, in the applied voltage range of —1 V to 1 V, the current
of the Ag-TSi7-Ag molecular junction (blue) increased approxi-
mately exponentially when the applied bias voltage was
increased, while that of the Au-TSi7-Au junction (red and
purple for two binding geometries) only slightly increased,
almost linearly. In particular, the authors identified quite
different atomic configurations for the Ag and Au electrodes.
Ag forms a monoatomic point contact whereas Au preferentially
forms a double-atomic contact with two binding geometries
vertical or horizontal to the silane backbone (illustrated in
Fig. 7e). Although it is difficult to test the metal atomic
configuration experimentally, different properties such as snap
backs and molecular junction elongation lengths have been
observed between Au- and Ag-linked junctions.'®*" The authors
further showed that in comparison to S-Au, the S-Ag interface
state is closer to the Fermi level, and thus more likely to enter
the bias window to contribute a higher junction current.

In these examples of a silicon chain as the backbone,
covalent S-Ag contacts are more conductive than S-Au contacts
when metal-molecule-metal junctions are formed under ambi-
ent conditions. The calculations of the S-Ag linked systems
provide further insight into the different configurations of the

a Cl

NKN{ }N N{
O

N—

M = Au, Ag, or Cu

0
N
Mo

Fe  405nm laser

. —_—
@ or 450 mV

700 mV 1
Au M?*

%U

Fig. 9 (a) Schematic illustration of in situ electrochemical reduction of
NHC-M-Cl complexes in forming C-M-Au bonds. (b) Formation of an
Fe—Au bond in single-molecule junctions upon oxidation of ferrocene by a
405 nm laser or 450 mV applied voltage in an ionic solution. (c) Formation
of oxidized ruthenocene and osmocene junctions in a polar solvent
environment through Au—metal bonds on one end and an Au-m inter-
action on the other.

M =0Os or Ru

16728 | Phys. Chem. Chem. Phys., 2025, 27,16717-16732

View Article Online

PCCP

S-Au and S-Ag contacts and how these conformational differ-
ences affect the transport properties of molecular junctions.

7. C-0O-Ag bonding from a,®-
alkanedibromides under an inert
atmosphere

Recently, Czyszczon-Burton T. M. et al.>® reported a new C-O-
Ag covalent contact formed from the reaction of chemisorbed
alkyls with co-adsorbed oxygens on the silver surface. The
authors performed conductance measurements of a series of
a,w-alkanedibromides (chemical structures are shown in
Fig. 8a) with silver electrodes using an STM-BJ setup housed
inside an inert atmosphere glovebox. Comparing the main
conductance state for Ag-CnBr junctions (black dotted arrow,
Fig. 8b) with the alkane junctions comprising covalent C-Au
linkages, these two families of junctions differ in conductance
by a factor of ~30 (Fig. 8c).

Octanes with iodide, bromide, chloride, and trimethylstan-
nyl terminal groups (C8I, C8Br, C8Cl, and C8SnMe3) were
studied, and the major conductance states for these four
molecules were found to be nearly identical, as shown in
Fig. 8d. The authors concluded that the junctions in each case
result from the in situ cleavage of the terminal groups to form
junctions of similar composition and geometry, particularly
given that the trimethylstannyl group had been demonstrated
to cleave in forming a covalent C-Au contact with Au
electrodes.”” In addition, the conductance of C10Br junctions
is intermediate between junctions comprising physisorbed
(C10SMe) and chemisorbed (C10SH) sulfur linkers, as shown
in Fig. 8e. Taken together, given the low junction conductance
observed experimentally, the authors proposed that in mea-
surements of a,m-alkanedibromides, C8I, C8Cl, and C8SnMe3,
alkoxides (CnO) on the silver surface were trapped and mea-
sured, comprising an interfacial C(sp*)-O-Ag contact, which is
expected to be less conducting than the C(sp*)-Ag contact. As it
was a great challenge to provide direct experimental evidence to
confirm this hypothesis, the authors performed density func-
tional theory (DFT) calculations to evaluate the conductance of
C-0O-Ag linked junctions. Notably, for junctions formed with
silver electrodes, the calculated conductance for the C100
(Fig. 8f) junction lies between the computed values for
C10SMe and C10S junctions, which agrees with the experi-
mental results seen for C10Br, C10SMe, and C10SH, supporting
the C-O-Ag contact proposition.

8. Emerging novel bonding strategies

In addition to covalent metal-molecule interactions, alternative
robust interfacial bonding strategies have emerged. N-
Heterocyclic carbenes (NHCs), neutral divalent carbon ligands
with a six-electron configuration, have been shown to form
stable bonds with metal surfaces.””*® NHC-M-Au (M = Au, Ag,
and Cu) interfacial moieties were generated by electrochemical
reduction of NHC-M-CI complexes under ambient conditions,
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achieving enhanced binding strength compared to traditional
dative linkages (Fig. 9a).** This study enables investigation into
the electronic properties of a broad range of carbene-electrode
interfaces, including those involving heterometallic contacts.

Another type of robust binding scheme is metal-metal bond,
which has been realized by the use of metallocenes with gold
electrodes.*"™  Specifically, ferrocene derivatives, either
through photooxidation by 405 nm light irradiation or through
electrochemical oxidation under a high applied bias voltage,
have been shown to bind to Au electrodes by metal-metal
bonds between the formal Fe’" centers (oxidized ferrocene
contains a formal Fe®" center and neutral ferrocene contains
a formal Fe®* center) and Au electrodes (Fig. 9b)."> A similar
approach has been applied for creating metal-metal contacts
between other metallocenes, such as ruthenocenes and osmo-
cenes, and Au electrodes.*® Ruthenocenes and osmocenes have
been demonstrated to form single-molecule junctions through
a direct Au-n interaction on one side and an Au-metal bond on
the other when the metal center is oxidized by a high applied
bias voltage (Fig. 9c). The authors suggested that upon oxida-
tion of the metallocene, one cyclopentadienyl ring undergoes
slippage isomerization, which is a critical step for enabling the
metal-metal contact on one side and Au-m coupling on
the other.

9. Conclusion and outlook

Covalent bonding between molecules and metal electrodes
offers exciting possibilities for the development of stable and
robust nanoscale devices. We provide a comprehensive over-
view of chemical reactions that enable the formation of cova-
lent bonds between molecules and metal surfaces. Chemical
reactions have facilitated the formation of molecule-gold lin-
kages of C-Au, N-Au, and S-Au bonds, as well as molecule-
silver linkages of C-Ag, S-Ag, and C-O-Ag bonds. These dis-
coveries not only expand the types of linkers that we can use in
creating molecular electronic devices, but also provide appeal-
ing examples of chemical reactions that occur when organic
compounds bridge nanogaps between metal contacts under an
applied electric field.

In some of the systems where reactions occur at the mole-
cule/metal interface for forming novel linkages, additional
reactions can further be induced in generating new organic
species*”*>***7 and organometallic chains.”* Such develop-
ments, on the other hand, also motivated studies on forming
molecule-metal contacts under an inert atmosphere to elim-
inate reactions or promote alternative reactions.>*>*'° Cryo-
genic temperature, which is considered to hinder chemical
reactions, has also been applied in studies of metal-mole-
cule-metal junctions,>**%:10

Looking ahead, new covalent molecule-metal linkages will
continue to be discovered. Given the fact that covalent anchoring
moieties enable highly conductive junctions in some
structures*”*®°>°* while yielding conductance similar to the
dative-bonded analogs in others,”>*” it is critical for researchers
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to investigate various backbones for identifying the chemical
principles that guide these conductance properties. For example,
for the C-Au bond, carbon could be either sp®, sp® or sp
hybridized, and this carbon could also be part of a =n-
conjugated structure such as a benzene; all of these could
influence the overall charge transport properties, and thus there
might not be the same C-Au contact resistance for all junctions.

Moreover, in situ characterization techniques combined
with the break-junction technique can enable in situ identifi-
cation of the formation of a covalent bond and new chemical
species in confined nanoscale environments, potentially pro-
viding further information about the reaction mechanism.
To exemplify, single-molecule surface-enhanced Raman spectro-
scopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have
been demonstrated to show capabilities in resolving molecular-
scale reactions and real-time tracking of bond evolution
at nanoscale interfaces,'®>'%* and in situ Raman spectroscopy
has been successfully implemented in break-junction
experiments.'®%7 Additionally, covalent linkages have been
utilized for constructing molecular rectifiers®'°® and high
power factor (GS*, G is the conductance and S is the Seebeck
coefficient) electronic components.® The robust binding by the
covalent bond between the molecule and Au electrodes also
enables molecular switches under mechanical modulation, as
shown in the demonstration of switching events between
closed and open ring forms of spiropyran and merocyanine
attached to Au electrodes.'®® With increasing integration of
covalent molecule-metal interactions into molecular device
architectures, these findings will guide the future design of
molecular electronic components.
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