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The pivotal role of non-covalent interactions
in single-molecule charge transport
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Integrating multidisciplinary efforts from physics, chemistry, biology, and materials science, the field of
single-molecule electronics has witnessed remarkable progress over the past two decades thanks to the
development of single-molecule junction techniques. To date, researchers have interrogated charge
transport across a broad spectrum of single molecules. While the electrical properties of covalently
linked molecules have been extensively investigated, the impact of non-covalent interactions has only
started to garner increasing attention in recent years. Undoubtedly, a deep understanding of both
covalent and non-covalent interactions is imperative to expand the functionality and scalability of
molecular-scale devices with the potential of using molecules as active components in various
applications. In this review, we survey recent advances in probing how non-covalent interactions affect
electron transmission through single molecules using single-molecule junction techniques. We
concentrate on understanding the role of several key non-covalent interactions, including n—n and 6-c
stacking, hydrogen bonding, host—guest interactions, charge transfer complexation, and mechanically
interlocked molecules. We aim to provide molecular-level insights into the structure—property relations
of molecular junctions that feature these interactions from both experimental and theoretical
perspectives.
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bio-sensing. The idea of using individual molecules as active
units in nanoscale devices was originally motivated by the
exhaustive functionalities of molecules and robust molecular
synthetic flexibility."” Over the past two decades, one of the
major focuses in the field has been to interrogate how single
molecule charge transport responds to different environmental
conditions, including electrical, structural, optical, mechanical,
magnetic, and thermal stimuli.>”® Along this line, collaborative
efforts between experimentalists and theorists have led to the
successful creation of various single-molecule devices that
mimic the conventional solid-state devices,®” such as conduc-
tive wires,®** diodes,**™** switches,®*° transistors,?*>* and
memory devices.>*® This remarkable progress was made
possible thanks to the development of nanofabrication-based
methods in the early days and later the invention of the now
mainstream single-molecule junction (SMJ)-based techniques,
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including scanning tunneling microscope break junction (STM-
BJ),>’*' mechanically controlled break junction (MCBJ),****
conductive atomic force microscope break junction (CAFM-
BJ),>*” electromigration break junction (EBJ),>**° and gra-
phene-molecule-graphene junction (GMG]J).*'™** These SM]J
techniques allow one to trap a single molecule between two
conductive electrodes to form an electrode-molecule-electrode
junction reliably and repeatably.*>*® Researchers are also able
to establish concrete charge transport mechanisms for differ-
ent categories of molecules driven by careful conversion of
chemical information to electrical signals in both theoretical
and experimental observations.>*” So far, extensive results
from SMJ measurements have indicated that charge transport
through single molecules is fundamentally determined by the
nature of bonds/interaction(s) in the molecules.*®*°

Covalent and non-covalent interactions can be distin-
guished by the nature and origin of their bonds. Covalent
bonds involve the hybridization of partially filled orbitals of
interacting atoms consisting of a shared pair of electrons.*®
Therefore, they are considered short-range (<3 A) and strong.
On the other hand, non-covalent interactions are usually long-
range (several angstroms), and do not require the sharing of
electrons.”™> Molecular design principles and synthesis
strategies that harness both the covalent and non-covalent
interactions have offered vast opportunities to create more
complex molecular structures and functionalities, which
could potentially expand the breadth of applications and scal-
ability of molecular-scale devices. Experimentally, a majority of
past SMJ studies have focused on exploring covalently
bonded molecules, like organic homologous series,>™>°
organometallics,*®*™® etc. It is only very recently that molecular
species involving non-covalent interactions have started to
garner increasing attention.’® This is catalyzed by several
reasons: (i) the rapid advances in the fields of supramolecular
chemistry and molecular machines have enabled the integra-
tion of molecular systems with carefully tailored non-covalent
interactions into the SM] setup;®® (ii) the technical
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development of robust SM]J characterization protocols, e.g.
flicker noise analysis and time-dependent dynamics, have
made it possible to detect weak non-covalent interactions that
are otherwise challenging using conventional techniques;®* (iii)
non-covalent interaction is quite ubiquitous as it can be found
in natural biosystems, such as peptides, proteins, and DNA,
and electrically recognizing such interaction with high sensi-
tivity holds promise for transforming next generation bioelec-
tronics and biosensing technologies;**®® (iv) harnessing self-
assembly processes driven by non-covalent interactions
between multiple molecules or sub-molecular components
represents a promising route for scaling up future molecular-
scale devices.

In general, non-covalent interaction is a collection of inter-
molecular binding forces consisting of halogen bonds, London
dispersions, hydrogen bonds, steric repulsion, electrostatic
interactions, stacking interactions, and dipole-dipole interac-
tions, which governs multiple chemical and biochemical pro-
cesses, such as DNA base pairing, protein-drug interactions,
molecule-substrate interaction, and self-assembly complexa-
tion of supramolecules.®>®®> Over the years, key accomplish-
ments have been achieved in the synthetic protocols of non-
covalent molecules. Also, the high degree of reversibility and
flexibility enables the tunability of non-covalent molecules
using several external stimuli (e.g., light, temperature, chemical
environment, electric field, molecular density, and mechanical
force).® Despite the flourish in the synthesis of exotic non-
covalently interacting molecular and supramolecular struc-
tures, knowledge about how these non-covalent interactions
affect charge transport through single molecules remains to be
developed.® In this review, we aim to survey recent advances in
probing charge transport through single molecule systems
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Fig. 1 Schematic of different non-covalent interactions featured in a
single-molecule junction.
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containing non-covalent interactions. We focus our attention
on elucidating the impact of a range of non-covalent interac-
tions on the resulting electrical properties of the SMJ from both
experimental and theoretical perspectives. Fig. 1 highlights the
key interactions that will be discussed. The rest of this article is
categorized into five sections: m-n and c-c stacking interac-
tions, hydrogen bonding, host-guest interactions, charge trans-
fer complexation, and mechanical bonds (present in
mechanically interlocked molecules (MIMs)). The first section
focuses on SMJs featuring n-n and o-o stacking effects in the
transport pathway. In the second section, we discuss the impact
of hydrogen bonding on charge transport through SMJs. In the
third section, we highlight charge transport in a variety of host-
guest configurations and how the interaction between the host
and guest molecules or components alters the molecular junc-
tion conductance. The fourth section summarizes the donor-
acceptor charge transfer complexation and its potential to tune
conductance at the single molecular level. In the fifth section,
we examine the rarely studied mechanical bonds in MIMs.
Finally, we present potential new opportunities of employing
non-covalent interactions in the design and realization of
desired molecular functionality in future molecular-scale elec-
tronics and sensing applications.

n—n and ¢—c¢ stacking

The primary means of investigating charge transport in aro-
matic molecular systems is to capitalize on the covalent intra-
molecular m-electron delocalization that exists in molecular
cores where charge transport is “through-bond”. The emergence
of novel experimental designs and extreme flexibility displayed
in molecular synthesis have introduced yet another unique
charge transport medium - “through-space”: where charge
transport is dominated by non-covalent, intermolecular de-
localization of proximate m-electrons of adjacently stacked
aromatic units.®®®” n-r stacked molecules have great potential
in advancing molecular electronics because they represent one
unique way to simultaneously harness multiple conducting
channels (through-bond and through-space) to aid molecular
conductance at the single molecular level.****®° Naturally
inspired, n-n stacking is also popular for providing desirable
stability to biomolecules such as DNA and tertiary protein
molecules.”® Recently, the rarely studied c-c stacking was also
reported to have comparable conductance with n-n stacked
molecules.”” Therefore, understanding the detailed mechanism
of charge transport in n-n and o-c stacking is crucial to
advancing the field of molecular electronics. Experimentally,
n-T or 6-0 stacking can be realized using different approaches:
(i) intra-molecular n-n stacking: a situation where a single
molecular core is designed to stack n-electrons of two or more
adjacent aromatic rings,”>”* (ii) n-r stacking foldamer: careful
mechanical modulation enables researchers to repeatably fold
a single-molecule in situ, aiding the stacking of m-delocalized
aromatic rings within the same molecular core,”* and (iii)
stacked dimer: two identical and individual molecules (having
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Fig. 2 (a) Schematic of S-OPE molecules connected to one Au-electrode, each dimerizing through n—n stacking. (b) Two-dimensional conductance

histogram of dimerized S-OPE (left) and single S-OPE-S (right) connected to both electrodes. Reprinted with permission of ref. 75. Copyright 2016
Springer Nature. (c) Schematic of anthanthrene monomer bonded to two Au-electrodes (left) and single molecules of anthanthrene bonded to one and
separate electrodes dimerized via n—n stacking (right). (d) Two-dimensional conductance histogram of anthanthrene monomer (red) and dimer (green).
Reprinted with permission of ref. 76. Copyright 2022 American Chemical Society. (e) Three-dimensional reversible structural configurations of diketone
flanked phenyl rings. (f) Two-dimensional conductance-displacement map of diketone flanked phenyl rings showing high (syn) and low (anti)
conductance states (left). Two-dimensional density map of mechanically reversible conductance switch of diketone flanked phenyl rings (right).
(9) Noise power heat maps of anti (left) and syn (right) conformation. Reprinted with permission of ref. 81. Copyright 2020 American Chemical Society.

a single linker to covalently bond to an electrode) are brought
close to each other to form n-r or 6-c stacking.®® For instance,
Frisenda et al. used the MCBJ method to experimentally show
the tunability of destructive quantum interference along the
breaking tracks of n-stacked dimers of oligo-phenylene-
ethynylene (OPE) (Fig. 2a).”” They investigated three-unit ringed
OPE3 with sulfur anchors on one (S-OPE3) and both ends
(S-OPE3-S). Theoretical and experimental results of S-OPE3-S
are in good agreement with previously reported data with a
clear and single-stage conductance plateau around 10 *G,
(Fig. 2b right panel). Interestingly, the theoretical results of
S-OPE3 showed a strong quasiperiodic conductance that is
dependent on the n-stacking geometry. Experimental data of
S-OPE3 showed two stages of conductance at 10 °G, (1 nm) and
107G, (1.7 nm) which corroborate the theoretical findings
(Fig. 2b left panel). Since the S-OPE3 can only connect to the
electrode on one end, it is safe to conclude that any observable
phenomena are inherently sponsored by non-covalent inter-
action between m-electrons of the aromatic rings of the mole-
cules. The result of their experiment demonstrated the
possibility of tuning quantum interference (QI) in weak non-
covalent interactions. Li et al. controlled QI and conductance by
switching connection sites of m-stacked anthanthrene using
STM-B] (Fig. 2c).”® Contrary to the similar and previously

Mater. Chem. Front.

reported studies where monomer units have higher conduc-
tance as compared to the conductance of n-stacked
dimers,®®’”’® they reported counterintuitive non-classical
room temperature constructive QI (originating from anchor
site tuning) whose monomer (M) conductance is 25 times lower
than the conductance of the n-stacked dimer (D) (Fig. 2d). Their
results indicated that anchor groups and connection sites are
key parameters that can effectively manipulate QI and the
inherent conductance of non-covalent molecules. The quest
to manipulate n-n stacking in situ spurred Stefani et al. to
carefully design a spring-like single molecule with an intra-
molecular n-m stacking core to imitate the less probably inter-
molecular n-r stacking.”® In their experiment, they used MCB]
to manipulate n-n stacking in a carefully designed [2.2]para-
cyclophane (consisting of two stacked benzene rings, mechani-
cally stabilized by two non-conjugated linkers) single molecule
at room temperature. They reported one order of magnitude
conductance modulation due to shear displacement of the n-n
stacked core of the mechanosensitive molecule. Contrary to the
conventional intermolecular approach to probing n-n stacking,
their work suggests an alternative means to design and manip-
ulate m-n stacking with precise control.

Inspired by an early theoretical study of Franco et al.*® that
predicted the possibility of mechanically folding a propyl chain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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to switch the conductance on and off, Wu et al. presented an
experimental report of a mechanically responsive single mole-
cule of diketone chain flanked by two phenyl rings.®! They took
advantage of the conformational flexibility that exists between
the carbonyl groups to mechanically fold (syn) and unfold (anti)
the molecule using STM-BJ (Fig. 2e). The anti-conformation
behaves like a sheet with lower conductance while the syn-
conformation brings the two phenyl rings close enough to
establish n-n stacking with higher conductance (Fig. 2f left).
Relying on mechanical modulation of the stable junction, they
achieved a reversible conductance switch between the anti (low)
and syn (high) conformations (Fig. 2f right). To establish the
origin of the rise in conductance observed in the syn-
conformation, they conducted a flicker noise analysis and
showed that the noise power of the anti-conformation is
independent of conductance, which depicts that charge trans-
port is through-bond. However, the noise power of the syn-
conformation is strongly dependent on the conductance, which
revealed that through-space is contributing to charge transport
(Fig. 2g). The result of their experiment showed that n-n
stacking can be achieved using molecular functionalities to
induce mechanoresistivity.

Recently, Feng et al introduced o-c stacking at the
interplay of nanostructured electrodes using STM-BJ.”!
They employed careful experimental design to study and com-
pare charge transport in unsaturated benzenethiol, saturated

View Article Online
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cyclohexanethiol, and 1-adamantanethiol with one anchor
(Fig. 3a). The benzene ring showed two conductance (high
and low) plateaus corresponding to charge transport through
n-7 stacking of adjacent and proximate benzene rings (Fig. 3b
left). Surprisingly, similar and comparable conductance pla-
teaus (high and low) were reported for the unsaturated rings,
which denote charge transport through c-c stacked rings of
cyclohexanes (Fig. 3b right). The high and low conductance
plateaus were associated with different configurations of the
stacked rings. In the case of saturated adamantane, three
conductance plateaus (high, medium, and low) relating to
charge transport through one monomer of adamantane and
two different 6-c stacking orientations were reported (Fig. 3c).
To further establish the nature of charge transport in high,
medium, and low configurations, they conducted flicker noise
analysis for the three conductance scenarios. In general, the
flicker noise power (NP) is proportional to the nth (scaling
indicator of electronic coupling) power of conductance (G) i.e.,
NP is proportional to G”. When n = 1.0, the charge transport is
said to be through-bond. When n = 2.0, charge transport is
though space. In their flicker noise analysis, they obtained
scaling indicators to be 1.8 or 2 for 1-adamantanethiol, ben-
zenthiol, and cyclohexane, which suggests that the dominant
transport in the junctions is through space (Fig. 3d). Their
results further establish the relevance of non-covalent interac-
tions through the rarely studied o-c stacking.

- (b)
(a) “o— S
;') ~ - Benzenethiol !
o] ®
o5 7\ ¢ 8
Y 7 Y I = .
O~ BN A) ST % B
Ny oaf le T % | =
> @) A Cyclohexanethiol ‘g’ 3
o UK > 5 3 £
3 : : = Pt © 3
o i 5
e 33;,?;?,3,‘:,‘3??:) A
":":::;L:«J‘“’ Iz ~’\,~ . , 3 - S S | : ' - 2 i i :
‘ JJr— 1-Adamantanethiol 7 6 5 4 8 2 41 0 -7 6 5 4 3 2 1 0
Conductance, log (G/G,) Conductance, log (G/Gy)
(c) (d) B
3
o
g
g’.l & 1074 4 10730 | 100 | G,
1] ~
c G O 32 4.0 |
§ s 5 10 10 1059 |
o G, G H 5.0
M H 8 10740 | 1077 A IZO
D 1n48 10780 4 10789 -
-7 6 5 4 3 -2 -1 0 2 107 4 o o = Wy
z
Conductance, log (G/G,) -35 -30 -25 -20 -50 —4.0 -30 -20 60 -55 -50 -45

Conductance, log (G/G,)

Fig. 3 (a) Schematic of o—o stacking in STM-BJ and typical structures of benzenethiol, cyclohexanethiol, and 1-adamantanethiol. (b) One-dimensional
conductance histogram of benzenethiol (left) and cyclohexane (right). (c) One-dimensional histogram of 1-adamantane showing high, medium, and low
conductance plateaus. (d) Schematics of three charge transport configurations of 1-adamantane (top) with their corresponding flicker noise profile
(bottom). Reprinted with permission of ref. 71. Copyright 2022 Springer Nature.
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Hydrogen bonding

Hydrogen bonds (a short range and weak electrostatic force of
attraction that exists between hydrogen atoms which are
covalently bonded to a “donor” - a more electronegative atom
or group and another ‘“‘acceptor” - another electronegative
atom/group having a lone pair of electrons) represent a unique
and ubiquitous form of non-covalent interaction that hold
several natural relevancies. Many naturally occurring biologi-
cal, chemical, and physical processes rely on hydrogen bonds
for stability. Therefore, understanding the details of charge
transport in hydrogen bonds at the single molecule level
could potentially impact the broad fields of supramolecular
chemistry, molecular electronics, and biosensing. Nishino et al.
functionalized both the tip and substrate with w-carboxyl
alkanethiols and measured charge transport through hydrogen
bonds between two individual molecules using STM-BJ.**> They
observed that although the electronic conductance of the
hydrogen bond decays rapidly as the chain length of the
hydrogen bonded molecules increases, it conducts better than
a covalent o-bond. Their work implies that hydrogen bonds can
independently mediate charge transport with non-trivial trans-
mission efficiency.

Solvent and temperature are two important parameters that
have been determined to influence the formation and strength
of hydrogen bonds.®®®? Specifically, protic (proton donor)
solvents are known for breaking hydrogen bonds due to the
formation of more intermolecular interactions.®* Ge et al. took
advantage of protic solvents to induce electrostatic gating and
hydrogen bond formation using STM-BJ.®*> They interrogated
the possibility of using protic solvent to tune hydrogen bond-
mediated charge transport and even switch between destructive
quantum interference (DQI) and constructive quantum inter-
ference (CQI) in a SM]J. Specifically, they used zwitterionic (BIT-
Z) and neutral (BIT-N) forms of [2,2-Bi-1H-indene]-3,3'-
dihydroxy-1,1-dione (BIT-OH,) because theoretical calculations
predicted that in the absence of solvents charge transport
through BIT-Z and BIT-N is controlled by DQI and CQI, respec-
tively. 1,2,4-Trichlorobenzene (TCB) (aprotic) and ethanol
mixed with propylene carbonate (PC:EtOH) (protic) solvents
were used to tailor the conductance of the target molecules
(Fig. 4a). BIT-Z showed a single-stage conductance plateau in
TCB around 10>*’G, (Fig. 4bi) while PC:EtOH showed a lower
conductance plateau at 10 >°°G, (Fig. 4bii). These results
showed that the conductance of BIT-Z in TCB is higher com-
pared to that of PC:EtOH. However, the conductance of the
BIT-N form changed from 10 **° to 107*°°G, when the
solvent changed from TCB to PC:EtOH. The change in con-
ductance of the neutral form of the sample in a protic solvent
was associated with the changes from DQI to CQI resulting
from the conformational change from planar to folded. Their
work highlighted the impact of solvents on manipulating QI
associated with hydrogen bonds. Zhou et al. used GMG]J to
investigate the effect of solvent on hydrogen bonding dynamics
in ureido pyrimidine at different temperatures.®® They mea-
sured the current profile of hydrogen bond formation in
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1,1,2,2-tetrachloroethane (TCE) and diphenyl ether (DPE) sol-
vent at temperatures: 273 K, 293 K, 313 K, and 323 K, 333 K,
343 K, respectively. The current profile in TCE shows similar
and bimodal current with large amplitude at all temperatures
(Fig. 4c(i-iii)). In contrast, the current profile of DPE solvent
shows multimodal distribution (Fig. 4d(i-iii)). As the tempera-
ture increases, the frequency of hydrogen bond formation
increases. The different conductance spikes were attributed to
distinct solvent-dependent intermolecular hydrogen bonding
mechanisms at different temperatures. Their work established
the dominant role of temperature and solvent in the formation
dynamics of hydrogen bonds at the single molecule level.

In another experiment, Chang et al. used STM-BJ to examine
the strength of three hydrogen bonds in guanine-cytosine
(G-C) and two hydrogen bonds in adenine-thymine (A-T)
DNA base pairs.?” Their results showed that the triple hydrogen
bond contact in G-C was stronger than the double bond contact
of A-T. They associated weaker attractive interactions with
transient hydrogen bonds and used signature sensitivity to
differentiate hydrogen bonds from Au-S bonds. Their work
demonstrated the possibility of quantifying the strength of
weak hydrogen bonds that are otherwise impossible to quan-
tify. Although hydrogen bonds are often considered weak, their
response to external stimuli can have a non-trivial influence on
the electronic properties of molecules. The above-mentioned
studies clearly imply that one can take full advantage of
hydrogen bonds in the future design of molecular electronic
materials.

Host—guest interaction

Host-guest interaction is an aspect of non-covalent interaction
that involves the complexation of two or more molecules or
ions transiently or permanently. The increasing complexity of
supramolecules comprising host and guest molecules has been
harnessed in developing new computing technologies.?®%%*
Therefore, a deep understanding of electron propagation,
pathways, and mechanisms at the single molecule level in
host-guest structures can enhance our understanding of the
intrinsic nature of these molecules and, by extension, suggest a
more promising way to design single supramolecular electronic
and sensing components. A single molecule scale channel is
associated with pronounced quantum effects meaning a higher
degree of freedom to manipulate charge transport. Therefore,
this has led researchers to investigate quantum rings, known
as conjugated macrocycles, that can introduce multichannel
electronic pathways taking advantage of the wave nature of
electrons.

Host-guest systems have enabled more flexibility to not only
deliberately perturb the electron transmission channels on the
macrocycle but also introduce new charge transport pathways.
Host-guest complexation/decomplexation has also been
applied in various disciplines, including biosciences,” *°
nanosciences’” > and molecular machines.'**%* Interest-
ingly, single-molecule label-free investigation of reaction

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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dynamics has benefited from accurate temporal information
collected in host-guest complexation at the single molecule
level, namely molecular recognition, which is crucial to biolo-
gical functionalities. However, controlling and monitoring the
dynamic processes is still challenging due to the complexity of
host-guest configurations and the interdependence of different
components within the system.'®™'% Experimentally, three
different configurations have been developed to probe the
charge transport and dynamics of a molecule hosting a
guest(s) in an SMJ setup.

Firstly, the host molecule (usually a macrocycle cavity)
bridges two electrodes while accommodating the guest. The
precise control over the size of the cavity provides enough
affinity/driving force for complexation,'® consequently result-
ing in a considerable change in the charge transport properties
of the host backbone. In the second experimental approach, the
guest molecule is typically terminated by anchoring groups at
both ends to complete the contact with the two electrodes.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Upon encircling the guest backbone by a ring-like host, the
conductance could vary owing to non-covalent interactions
inside the cavity.'®”'°® Apart from a change in the conductance,
introducing the host molecule can screen electrostatic repul-
sions and suppress the intermolecular interactions, giving a
well-defined conductance feature consistent with the length of
the guest.'® In the last scenario, availing the stability of the
molecular junction in GMGJ,""* a molecular wire equipped with
a pendant ring can convert the stochastic and dynamic beha-
vior of the guest into electric signals. This platform has enabled
direct real-time measurements at single-molecule sensitivity
levels,'* which is absent in other detection methods, such as
nuclear magnetic resonance (NMR) and UV-vis spectroscopy or
labeling techniques.**>™***

Host-guest interaction has also been studied through the
mentioned experimental approaches by investigating charge
transport in a macrocycle when incorporating the guest inside
its cavity. The metallocyclic molecule, made by coordination-
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driven self-assembly, allowed Tang et al. to have precise control
over the shape and size of the host cavity incorporating the Cg,
guest molecule.'® In this work, they synthesized three different
host organoplatinum(u) metallocycle molecules with different
cavity sizes (Fig. 5a). After the addition of Cgy, the STM-BJ
conductance measurements revealed a new conductance pla-
teau one order of magnitude higher in the two host molecules
with a smaller cavity size of 10.84 and 14.10 A for molecules 1
and 2, respectively (Fig. 5b), while no change was observed
in the molecule with the largest cavity [3] with cavity size of
22.85 A. These results indicate that only host molecules 1 and 2
can interact with Cg, due to the suitable size match. The
representative current-distance trace in Fig. 5b shows that
the conductance switches from high to low upon molecule
elongation. This switching behavior was attributed to the
release of the guest during the mechanical stretching. The
results and control experiments elucidated that host-guest
formation is due to donor-acceptor Coulombic interaction
between the electron-rich metallocyclic skeleton and electron-
deficient Cg.

In the following configuration, the guest molecule is
threaded inside a ring-like host and completes the circuit by
anchoring to both electrodes. In this regard, Zhang et al. have
studied viologen (bipyridinium) wire when it is threaded into
the cucurbit[8]uril (CB[8]) cavity.'® As shown in Fig. 5c, they
immobilized the three different viologen-CB[8] host-guest
systems on the gold surface to form single-molecule junctions.
Numerous studies before,'0%107:1081157117 haye shown that
the dipole-dipole and hydrophobic interaction between these
two molecules is responsible for high inclusion constants.

Mater. Chem. Front.

Statistical results derived from STM-B] measurements showed
that changing the environment of the viologen by CB[8] leads to
a noticeable conductance increase as high as three-fold.
Furthermore, based on the positioning of the bipyridinium
moiety inside the CB[8], different conductance states were
observed. Controlling the environment through electrochemi-
cal gating further showed that the noticeable conductance
change results from a change in the reorganization energies
of the outer sphere.

As a ubiquitous type of interaction that has garnered atten-
tion recently, cation-n interaction plays a significant role in
molecular aggregation and supramolecular assembly."' "2
The electrostatic interaction between the negatively charged n
system and positively charged cation can give rise to cation-n
interaction as a relatively strong non-covalent interaction.
Wang et al. have studied the influence of cation-n interac-
tion on the charge transport properties of the viologen deriva-
tive in a host-guest system.'* In their supramolecular
compound, the interaction takes place between the n system
of the pillar[5Jarene ring and the positively charged core
of VSMe (1,1'-bis(4-(methylthio)phenyl)-[4,4’-bipyridine]-1,1'-
diium hexafluorophosphate). They observed that the complexa-
tion resulted in a two-fold conductance enhancement, which
was attributed to the HOMO-LUMO narrowing and planariza-
tion of the VSMe component induced by the cation-n
interaction.

The recognition tunneling technique has also been carried
out using STM in which CB[7] was used to functionalized both
contacts as host molecules. Xiao et al. identified drug mole-
cules such as camptothecin (CPT) and their conductance

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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response to pH and concentration variation by monitoring the
current through the guest molecules trapped within two CB[7]
cavities (Fig. 5d).">® The molecular interconversions are deter-
mining factors in obtaining the physiologically active form in
solutions with different pH. Therefore, temporally resolved
information about such molecular conversions can deepen
our understanding of the physical properties at a particular
molecular state, which conventional techniques cannot
achieve. It was shown that the frequency of the tunneling
recognition signal could identify the pH-sensitive molecular
state. Furthermore, they studied the effects of external stimuli
on complexation. Increasing the concentration of NaCl in the
solution could significantly inhibit the host-guest formation
by displacing the CPT from the junction (Fig. 5e). However,
the non-covalent interactions upon encapsulation of the
guest molecule do not always lead to a considerable molecule
conductance change, as seen in the works mentioned above.
These interactions have also proven advantageous when the
molecule insulation from the environment is of interest. The
advantage of this system is two-fold. Firstly, the encapsula-
tion can cause lower aggregation leading to well-defined, less
distributed statistical conductance results,'*® and secondly,
it suppresses the influence of intra and intermolecular
interactions."®>1°

The application of non-covalent interactions in host-guest
systems is not limited to conductance change or isolation.
It can also provide a reaction chamber by maintaining
space proximity between two individual molecules, and give
information about reaction kinetics."?”**° By this means, Yuan
et al. showed that single-molecule junctions formed in an STM-
BJ setup could provide a testbed to detect temporal signals
from reactants in ultra-low concentrations, which are invisible
to methods such as mass spectroscopy.'*’ They used host-
guest assembly to study the conductance change during com-
plexation of 1,2-bis(4-pyridinyl)ethylene (BPE) monomer and
CB[8], and finally the dimerization product to BPE2@CBJ[8]
upon UV irradiation. As seen in Fig. 5f, the negligible conduc-
tance change after encapsulation implies that bulky CB[8]
hinders the formation of SM]. After irradiation for a certain
time, the dimerization reaction is complete, and the product
exhibited a significant conductance decrease. By host-guest
assembly in an SMJ one can maintain multiple molecules in
certain proximity giving the opportunity of tracking the dimer-
ization process with reactant concentrations as low as 0.5 X
10 ° M.

In the last experimental approach, the host-guest complex is
chemically gated by a pendant covalently bonded to the mole-
cular backbone. Therefore, non-covalent interactions can be
monitored in real-time since the guest molecule shuttling can
momentarily perturb the carrier density of the conducting
pathway, which is reflected as spikes in current. Using ration-
ally designed molecules, the platform can quantify binding
energies and recognize the interactions in complex
biosystems.*®"'*> To better understand the current distribution
passing through the host molecule in this system, especially
when it comes to sensing at the molecular level, a high stability

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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and long lifetime of the junction is necessary. GMG] has
successfully provided the junction stability required for real-
time probing of the gating effect and conductance changes
under external stimuli.**>™*3* Taking advantage of such a plat-
form, Wen et al. have established nanogap contacts capable of
probing the temporal non-covalent interactions."*® As schema-
tically represented in Fig. 6a, the electrical characterization was
performed in a solution consisting of host molecules with a
conjugated backbone with an electron-rich bisp-
phenylene[34]crown-10 (BPP34C10) side arm and the electron-
deficit methyl viologen (MV>") as the guest. The bimodal
current distribution shown in Fig. 6b and c suggests that the
transient complexation increases the conductance. They used
the changes in thermodynamic and kinetic parameters to
confirm the temperature-dependent pseudorotaxane (de)for-
mation processes. The introduced system by non-invasively
monitoring the molecular dynamics has unfolded new oppor-
tunities for label-free bio detections, such as DNA sequencing
and enzymatic activity.

The same technique has also been adopted by Liu et al. to
identify different amino acids by unveiling their dynamics at
the single-event level.'™" They formed the junction by using a
conjugated organic molecule as a rigid molecular backbone
and a permethylated-B-cyclodextrin (PM-B-CD) pendant as the
recognition chamber. The selection of (PM-B-CD) was rational-
ized by the fact that the absence of intermolecular hydrogen
bonds in this molecule can slow down the recognition process,
consequently leading to significant chiral discrimination in the
macrocycle.”* """ As shown in Fig. 6d and e, their studies
showed that the reaction rate obtained from dwell time and
current fluctuations monitored in real-time could be used to
recognize each amino acid. Current-time data from the
solution containing the chiral molecule along with the kinetic
data can resolve the chirality, which promises novel approaches
for single-molecule level bio-detection. In another work, Su
et al. monitored the stochastic binding dynamics in a system
involving a light-sensitive azo compound.''® They used high
temporal resolution of current data captured in a GMG] plat-
form to detect transient states at the single molecule level,
which is beyond the limitations of conventional techniques like
NMR,"**!*? and fluorescence spectroscopy.'*® In this work, the
azobenzene moiety was utilized as the guest since it could
switch reversibly between ¢rans and cis form under irradiation
(Fig. 6f). Under low bias I-¢ measurements, trimodal and
bimodal conductance states were observed, which were further
attributed to the different binding states at ¢rans and cis
conformation, respectively (Fig. 6g and h). The dynamics of
the light-sensitive guest molecule threaded inside the host
can be easily visualized in real-time and compared in differ-
ent light-induced motion modes. The host-guest interactions
have unfolded single events in a single-supramolecular level
by its influence on the charge transport. Supramolecular
chemistry can take advantage of this precise control over
conductance to deepen and rectify the understanding of
host-guest complexation in novel applications such as drug
discovery and catalysis.
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Charge-transfer complexation

Charge-transfer (CT) complexation refers to a molecular inter-
action between a donor (electron-rich) molecule and an accep-
tor (electron deficient) molecule, in which electron(s) are
transferred from the donor to the acceptor. Exchanging
charges between a donor(s) and an acceptor(s) molecule can
create a new supramolecular system with different electronic
and physical properties than individual conglomerate mole-
cules. The unique charge transport characteristic in bulk
systems consisting of organic CT complexes has been adopted
to realize organic materials with metallic behavior and
superconductivity."**"*’ For instance, electron donor-acceptor
complexation of tetrathiofulvalene  (TTF):tetracyano-p-
quinodimethane (TCNQ) with the ratio of 1:1 has exhibited
metallic behavior in a wide temperature range."*® An organic
conductor consisting of CT salt of di-(tetramethyltetraselena-
fulvalene)-hexafluorophosphate ([TMTSF],PF,) has been proven
to exhibit superconductivity.'*® In general, the effect of CT
complexation on charge transport properties has been studied
at the single molecular level. Formation of a CT complex by
introducing m-acceptors such as tetracyanoethylene (TCNE) or
tetrafluoro-tetracyanoquinodimethane (F,TCNQ) to a single
molecule junction can considerably enhance the conductance
by creating new resonance in the transmission window. Garcia
et al. studied the charge transport properties of a molecular

Mater. Chem. Front.

wire containing a m-extended tetrathiafulvalene (exTTF) and its
CT complex with F,TCNQ."*° Based on their experimental
results, the conductance of neutral exTTF was below the
measurement limit; however, upon complexation, the CT
complex exhibited more than two orders of magnitude higher
conductance. The conductance increase was concluded to be
owing to the planarization of the molecule once it is oxidized by
the acceptor in the CT complex.

Vezzoli et al. reported over an order of magnitude conduc-
tance enhancement in an aromatic donor moiety (dialkyl-
terthiophene, dialkylbenzene) through CT complexation with
TCNE."®" Theoretical calculations revealed that the high con-
ductance was due to the appearance of Fano resonance close to
the Fermi level. To further investigate the evolution and geo-
metry of the CT complex-based molecular junction, Vezzoli
et al. used bis(thiaalkyl)arene as a donor molecule to measure
charge transport with and without complexation with TCNE."*?
The uncomplexed molecule revealed three individual peaks
accounting for low, medium, and high range conductance,
which was later attributed to different S-Au binding locations.
After CT complexation with TCNE, these three peaks were
increased by factors of 70, 70, and 46, respectively. Calculations
showed that the conductance enhancement is the largest for
the configuration with the lowest conductance since the posi-
tion of the Fano resonance is pinned to the Fermi energy in the
CT complex. Moreover, Wang et al. studied the conductance

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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histogram for isolated molecules T2, T3 and T4. (d) 1D conductance histogram for CT complex molecules. (e) The conductance as a function of length
for isolated molecules T2 to T4 (blue) and CT complex molecules T2: TCNE to T4:TCNE (red). (f) Calculated transmission function for T4 and T4:TCNE.
Reprinted with permission of ref. 153. Copyright 2019 Royal Society of Chemistry.

change in thiophene-based molecular wires upon CT complexa-
tion with electron-deficient TCNE.'>® Using the STM-BJ
approach, they reported almost two orders of magnitude in a
~2 nm long o-quaterthiophene wire after CT complexation.
Based on their study, CT complexation can introduce construc-
tive quantum interference in conventional, fully conjugated
molecules. Fig. 7a demonstrates the series of thiomethyl-
terminated oligothiophenes (T2-T4) used in this study and
complexation with TCNE. The change in the energy levels with
respect to the electrodes before and after complexation is
schematically shown in Fig. 7b. They measured the conduc-
tance before and after complexation as shown in Fig. 7c and d.
The exponential decay of conductance indicates the off-
resonance, length-dependence charge transport of non-
complex molecules (T2-T4) with the decay constant of
5nm . Albeit the result of the charge transfer complex exhibits
higher conductance with weak length dependence (Fig. 7e).
The calculated transmissions shown in Fig. 7f explain
the higher conductance at the CT complex as an additional
Fano resonance is created. They attributed the Fano resonance
to the partly filled orbitals on the molecular backbone and
TCNE, acting as a scattering center. These partly filled orbitals
associated with the CT complex can also give rise to spin
splitting in the transmission profile. A distinct transmission
characteristic has been widely sorted for the design of mole-
cular thermoelectric devices that possess a high Seebeck coeffi-
cient and figure of merit. This investigation underscores the
significance of quantum interference characteristics in the
transmission profile, where slight supramolecular interactions
can significantly alter the transport behavior of molecular
junctions.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Non-covalent interactions in
mechanically interlocked molecules

Mechanically interlocked molecules (MIMs) consist of spatially
entangled sub-molecular components such that the final struc-
ture is dictated by the topology and architecture of the
constituents.>***® Thanks to the entanglements, multiple
molecules that are linked together cannot be separated unless
the covalent bond of conjoined molecules is broken. During the
past two decades, the flourishing of a large variety of mechani-
cally interlocked molecules has paved the way to the design and
construction of artificial molecular machines."*® In general, the
non-covalent interactions have been widely explored in two
typical MIMs, namely catenanes and rotaxanes, to develop
switches,'®*'%  transistors,"**'%® logic gates,'*®'®” and
memories.'®® These two kinds of MIMs serve as typical repre-
sentations of mechanical bonds and have thus attracted atten-
tion in the past few decades.'®®'®® Aside from the distinctive
physical and chemical properties, these molecules are able to
show switching behavior arising from the displacement of
components over different recognition sites by external
stimuli.’’® This has allowed researchers to monitor the
dynamic processes in the systems involving mechanical bonds.

In an oligoyne system (Hexayne) inside a macrocycle
mechanically trapped by two 3,5-diphenylpyridine stoppers at
both ends, Milan et al. showed that the use of non-covalent
interaction in terms of ‘“rotaxation” could make an insulated
molecular wire (Fig. 8a).'”" They combined sterically shielding
end groups with rotaxation (threading the molecule inside a
macrocycle) to stabilize the notoriously unstable long oligoyne
molecules. STM-B] measurements demonstrated that the

Mater. Chem. Front.
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Fig. 8 (a) Schematic representation of conductance measurement in the STM single-molecule junction. (left) Oligoyne guest molecule (right) after
rotaxation. Reprinted with permission of ref. 171. Copyright 2017 Royal Society of Chemistry. (b) Current—time measurement based on which the signal is
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complete shuttling from the high-conductance state to the middle-conductance and then to the low-conductance state and (IV) from the low-
conductance state to the middle-conductance and then to the high-conductance state. Reprinted with permission of ref. 172. Copyright 2019 Wiley.
(c) Structure of the molecular shuttle threaded inside a crown ether. The axle features MTA and DBA units and two intermediate TA1 and TA2 binding
sites. (d) (top) Real-time current measurement conducted for 1-SMJ inside the DMSO environment at 338 K. (bottom) Expanded region of the current—
time curve indicated by yellow lines. The intermediate conductance states corresponding to TA1/TA2 binding sites are labeled purple. These short-lived
co-conformers occur during transitions of the macrocycle between DBA (green) and MTA (orange). Reprinted with permission of ref. 173. Copyright 2022
Elsevier. (e) Schematic of the cantilever retraction process at a constant velocity. The mechanical elongation leads to the breaking of the non-covalent

interaction between a DNP and adjacent ring, and consequently, mechanical unfolding. (f) Force—distance curve recorded at a low speed of 40 nm s~

1

demonstrating a sawtooth profile with existing second peaks. Reprinted with permission of ref. 176. Copyright 2018 Springer Nature.

presence of a macrocycle lowered the possibility of forming a
single molecule junction, suggesting that the bulky macrocycle
hinders different contact geometries. The addition of the
macrocycle had a marginal influence on the conductance of
the molecular bridge.

Mechanically bonded units can shuttle over different bind-
ing sites and change the transmission by local electrostatic
gating. In a timescale of a millisecond, Zhou et al. explored
the stochastic movement of mechanically interlocked alkyl
chains inside a macrocycle.’”” They observed bimodal fluctua-
tions in the current, which is highly dependent upon tempera-
ture and local charge. This measurement enabled them to
monitor the transient shuttling in a rotaxane system for the
first time in real-time. A pseudo-rotaxane was formed in
solution by threading the alkylene axle inside a permethylated
a-cyclodextrin (PM-oCD) macrocycle. The shuttling unit was
designed to have positive, negative and amphoteric-charged
terminals at both ends to investigate the electrostatic
gating effect on the conductive channel providing real-time
information about shuttling. In analogy to conventional field
effect transistors, the shuttling event can act similarly to
electrostatic gating, which changes the charge density distribu-
tion on the conducting pathway, leading to a noticeable change
in the conductance. As depicted in Fig. 8b(I) and (II), the
transitions between two high consecutive conductance states
or two consecutive low conductance states imply that the
rotaxane is shuttling incompletely around one of the axle ends.
The introduced platform offers new opportunities for nano-
devices capable of having precise control over biomolecular
dynamics.

Mater. Chem. Front.

The measurements of MIMs using SM]J also enabled the
studies of molecular machines at the single molecule level.
Recently, while studying the dynamics of MIMs shuttling in
GMG]J with a high temporal resolution, Chen et al. detected
weak intermediate binding states between the triazole units on
the axle and the crown ether."”® As shown in Fig. 8c, the
rotaxane formation was established once the two ends of the
axle were terminated by a relatively large molecule of 3,5-di-tert-
butylbenzyl groups, blocking the further dethreading of the
macrocycle from the axle. As the ring resides on two major
equilibrium sites of the dibenzylammonium motif (DBA) and
methyl triazolium group (MTA) with different affinities, the
current fluctuates between high and low conductance states
with different lifetimes. Besides, various parameters, such as
shuttling kinetics and thermodynamics, were investigated in
different solvents and temperatures. Although DMSO is a
strong hydrogen-bond-disrupting solvent, it is weakly able to
solvate crown ether while the ring moves over hydrogen-
binding sites, resulting in a slow shuttling rate compared to
that in acetonitrile. Slowing down the process allowed them to
identify the intermediate weak binding states, which happen
when the ring resides over triazole units TA1 and TA2 (Fig. 8d).
Revealing the weak transient states could be used to under-
stand the effects of each component in a rotaxation process,
making this system preferable to the techniques with time-
averaged results.

Intermolecular interactions in MIMs have also been studied
74175 Sluysmans
et al. took advantage of the exquisite complexity of mechani-
cally interlocked rotaxanes and catenanes to unveil the

in terms of their mechanochemical properties.
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mechanochemical properties of oligorotaxane foldamers using
an atomic force microscope.'’® Their system consists of [5]
rotaxane with dithiolane ends and serpentine flexible dumbbell
featuring 1,5-dioxynaphthalene (DNP) (donor) threading inside
four cyclobis(paraquat-p-phenylene) (CBPQT4+) (acceptor)
rings (Fig. 8e). Owing to multiple n-stacked donor-acceptor
interactions, the molecule converts to a secondary folded
structure. Molecular dynamics simulations revealed that
although the entropy works against the folding, the molecule
tends to fold due to the dominating energetic contributions.
The equally spaced peaks in the sawtooth-like force-distance
curve (Fig. 8f) were explained based on the sequential rupture
of the intermolecular interactions between the ring and the
DNP balls on their sides. They also observed rapid fluctuations
during the pulling and relaxation process, which implies that
immediately after breaking, the molecule tends to reform the
broken bond again and exerts an opposite force. Their results
show that oligorotaxanes have the potential to outperform the
natural folding proteins.

Conclusion and outlook

Before a perfect marriage between structure and functio-
nality can be achieved in molecular electronics, a thorough
understanding of the role of non-covalent interactions in
single-molecule charge transport is imperative and requires
increasingly collaborative efforts from researchers specialized
in molecular design and synthesis, experimental characteriza-
tion, and theoretical simulation and prediction. As discussed
above, recent research has evidently revealed the unimaginable
promise of non-covalent interactions in tuning charge trans-
port in a variety of molecules.’>>>°® The remarkable develop-
ment of supramolecular chemistry has enabled the synthesis of
hundreds, if not thousands, of amazingly complex molecular
structures through self-assembly as a result of the elegant
mixture of covalent and non-covalent interactions. It has been
well accepted that harnessing molecular self-assembly might be
the most promising route to circumvent the scalability issue in
future molecular-scale devices. There is little doubt that now is
the perfect time to examine many of these emerging supramo-
lecular systems with the well-developed SMJ techniques. We
note that an important step towards making key progress in
this direction is to foster close and continuous communication
between different counterparts involved: namely, chemists and
materials scientists need to design and synthesize molecules
suitable for SM] measurements; experimentalists should
attempt to enrich the information that can be detected in an
SMJ and, hopefully, collect electrical, mechanical, optical, and
chemical signals simultaneously with high temporal resolu-
tion; equally importantly, theoreticians need to develop models
that can explain experimental observations quantitatively
under the real measurement conditions, and ideally, make
reliable predictions and suggest future directions.

What can we do with non-covalent interactions? Before one
can give a concrete answer to this, the field should focus on

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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addressing several existing hurdles and open questions
ahead. First, can the contribution of a specific non-covalent
interaction in a molecular bridge be isolated in an SMJ
measurement? This requires careful molecular design and
delicate experimental characterization, such as creating an
SMJ in which non-covalent interactions are on the dominant
transport pathway, instead of on the side chain or acting as a
perturbation to the main covalent conduction channel. Then,
similar to how the covalent molecules were studied, one
needs to understand how charge transport through such
non-covalent pathways responds to different external sti-
muli, such as light, heat, electric field, magnetic field, and
electrochemical environment. Second, built upon the knowl-
edge of traditional covalent molecular wires, we should
develop strategies to harness the interplay of the coexisting
covalent and non-covalent interactions in a molecular
bridge. In this regard, there are already several excellent
candidates worth investigating immediately, including
supramolecules, MIMs (e.g., molecular knots), and bio-
molecules (e.g., DNA, peptides, and proteins). A potential
challenge one may face is: how to extract universally applic-
able physical and chemical insights from data obtained
using different experimental platforms and how to utilize
these insights to better the design of next generation mole-
cular systems and experimental methods? Third, can a clever
use of non-covalent interactions resolve the thorny issues
researchers have been dealing with in covalent molecular
wires? For instance, could appropriate non-covalent interac-
tions help to enhance the performance of a molecular recti-
fier (e.g., lower the onset voltage while increase the
rectification ratio), the on/off ratio of a molecular switch or
transistor, and the efficiency of thermoelectric energy con-
version. Fourth, at some point, if not now, the promising
molecular candidates need to be integrated into a scalable
device fabrication. It would be best if extra attention is given
to the stability and robustness of molecular junction devices
in future research. In fact, extra credit should be given to the
effort of developing revolutionary device architectures that
easily accommodate molecular components in an integrated
system. Fifth and last, the fundamental single-molecule
studies of non-covalent interactions may pave the path
toward understanding some of the most sophisticated yet
fascinating biological processes, such as photosynthesis and
radical-pairing magnetoreception. More single-molecule
experimental and theoretical investigations along this line
should be devoted as well.

While we focus on addressing the above questions, one
can also expect that both exciting opportunities and new
challenges will unfold as single-molecule electronics actively
interface with the communities of supramolecular chemistry,
molecular machines, and biomaterials. We believe the intimate
communication and collaboration among researchers in rele-
vant areas will continue to make remarkable progress, as we
have seen in recent years, which will subsequently unveil
roadmaps for future application and expansion in every aspect
of the field.
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