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SUMMARY

Single-molecule atomic force microscopy (sm-AFM) is a state-of-the-
art AFM involving single-molecule tip functionalization, character-
ization, and manipulation. The pioneering work of tip functionaliza-
tion with a CO molecule in 2009 realized an unprecedented atomic
resolution, allowing the elucidation of chemical structures in real
space with a superior single-molecule sensitivity. Furthermore, as
an atomically precise manipulation tool, sm-AFM realizes both
lateral and vertical movements of single molecules and even single
atoms. Meanwhile, as a compatible on-surface reactor, sm-AFM
enables the creation and in situimaging of novel molecules and rad-
icals that has never been achieved via conventional approaches. En-
dowed with these extraordinary capabilities, sm-AFM takes us into
the atomic world. In this review, we reveal the principle and working
condition of sm-AFM, provide up-to-date understanding on charac-
terization, atomic manipulation, and on-surface reactions using sm-
AFM, evaluate current methods for image simulation, and further
outline the challenges and future perspectives for the development
of sm-AFM.

INTRODUCTION

Atomic force microscopy (AFM), which works based on the interactions between the
tip and the molecule-substrate system, was invented by Binnig, Quate, and Gerber
in 1986." Despite the high z-axial resolution, the resolution for the x axis and y axis
remained low until the exploitation of the tip functionalization with a CO molecule at
~5 K by Gross and coworkers in 2009.? Owing to the atomically well-defined tip apex
and its mechanical flexibility, unprecedented atomic resolution was achieved, allow-
ing a clear visualization of the chemical structure of individual pentacene molecules.
This demonstrates the capability of AFM as a direct characterization technique to
reveal the molecular structure in real space with a rare single-molecule sensitivity,
outperforming conventional approaches by which the molecular structure can only
be speculated from molecular mass, crystallinity, vibration, magnetism, etc., and
only an ensemble property is provided. This breakthrough has created a new gener-
ation for AFM, single-molecule AFM (sm-AFM), which uses a single molecule for tip
functionalization and/or is used for characterization and manipulation of single
molecules.

Stimulated by this excellent work, a number of efforts have been made to unveil the
mysterious atomic world. In 2012, it became possible to discriminate the order of in-
tramolecular C-C bonds even with a tiny bond length difference of 0.03 A,* while
later, in 2013 and 2017, the real-space visualization of intermolecular hydrogen
bonds and halogen bonds were realized, respectively.” In addition to widely inves-
tigated organic compounds, the internal structure and adsorption geometry of
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metal single atoms and clusters have been revealed as well.* More importantly, since
the pioneering work in 2013, sm-AFM has enabled the elucidation of the pathway of
single-molecule chemical reactions by capturing images of the elusive intermediate
species.” This method also allows the identification of the physical transition mech-
anism, as demonstrated in a recent report on 2D hexagonal ice growth.” As a result,
a deep mechanistic understanding down to the atomic level has been developed.

Furthermore, sm-AFM provides the possibility to manipulate single molecules and
even single atoms, such as pulling, pushing, lifting, and charging, revealing a num-
ber of intriguing physical phenomena.”” "> Among these approaches, lifting has
received the most attention over the last 5 years, ranging from conductance mea-
surement'® and friction evaluation” to fabrication of single-electron field emitters'®
and electrostatic catalysis.'' Moreover, very recently, an atomic-scale origami was
achieved by precisely folding and unfolding nanographene with a controllable
twisting angle."” Another important aspect of single-molecule manipulation is to
induce on-surface reactions to create novel molecules and radicals by bond dissoci-
ation and skeleton rearrangement.'®?? Also, insights into on-surface reactions are
acquired, enabling accurate real-space characterization of single-molecule
switches.”® In comparison with single-molecule manipulation, thermal annealing is
advantageous for synthesizing larger defect-free molecules with repeating units,
such as polymers”*?* and graphene nanoribbons.”>~?®

As the most promising equipment, sm-AFM has undergone rapid development in
atomically precise characterization, manipulation, and on-surface reactions in the
last few years. Despite the publication of some well-written review articles,”” "
they mainly focus on a certain aspect of sm-AFM application, but a comprehensive
overview of this advanced technique is still lacking. Moreover, a series of break-
throughs have been made since 2017, such as the elucidation of molecular structures

3233 and the on-sur-

with charge-state control,’* the detection of spin distribution,
face synthesis of the first pure carbon ring,'® which were not included in previous re-
views. Here, with an emphasis on the progress since 2017, we (1) reveal the origin of
atomic contrast and the aspects determining the atomic resolution, (2) thoroughly
discuss the application of sm-AFM as a characterization tool to elucidate the molec-
ular structure, interatomic bond, and adsorption geometry for both pure chemicals
and complex mixtures, (3) provide state-of-the-art understanding and technique of
atomic manipulation from both physical and chemical perspectives, (4) elucidate the
main types of thermally induced on-surface reactions, (5) evaluate current methods
forimage simulation, and finally (6) outline the challenges and future research direc-
tions for the application and development of sm-AFM.

HOW TO ACHIEVE ATOMIC RESOLUTION?

In general, atomic resolution is achieved by sm-AFM with a CO-functionalized tip,
using frequency modulation at a constant height, in ultrahigh vacuum, at ultralow
temperature, and using a gPlus sensor (as shown in Figure 1). In this section, the
origin of the atomic contrast in sm-AFM images is revealed first, followed by a dis-
cussion on the factors determining the atomic resolution, and then the general oper-
ational procedure for atomic imaging and the concerns for data extrapolation are
presented.

Origin of atomic contrast
The atomic contrast originates from the atomic forces as well as the mechanical
response of the atoms to these forces.*® Pauli repulsion, caused by the overlap
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Figure 1. Schematic sm-AFM imaging

(A) Image before picking up a CO molecule (as indicated by the red arrow).

(B) Image after picking up a CO molecule.

(C) Constant-height sm-AFM image of pentacene obtained with a CO-functionalized tip. Reprinted
with permission from Gross et al.” Copyright 2009, The American Association for the Advancement
of Science.

between the electron densities of the imaged molecule and the tip apex, is the main
contributor to the atomic contrast. This results in a positive shift of the oscillation fre-
quency of the cantilever, thus showing as bright features in the constant-height sm-
AFM images (see Figure 1C for an example).? Typically, the brighter the region is, the
higher electron density it possesses, by which the molecule structure (i.e., atom po-
sition and bonding) can be clearly identified. In contrast, the attractive interactions,
which include van der Waals force and electrostatic force, cause negative frequency
shifts. The local attractive interactions induce the formation of a dark halo surround-
ing the bright molecule, while the non-site uniform interactions between the tip and
the substrate provide a gray background in the constant-height sm-AFM images.*”

Frequency-modulated mode at constant height

sm-AFM using frequency modulation at a constant height is preferred for atomic im-
aging. In this mode, the tip held by the cantilever oscillates at resonance in a con-
stant amplitude as controlled by two feedback circuits (one for resonance frequency
and the other for constant amplitude).>* The tip-sample interaction results in a fre-
quency shift, which can be measured by the equipment. To achieve atomic resolu-
tion, the oscillation amplitude must be down to ~1 A to ensure the sensitivity to
short-range forces, while the tip height is generally set as ~4 A above the sample.”’
Within a small amplitude, the frequency shift is in direct proportion to the gradient of
the force between the tip and the sample.** Such a non-contact frequency-modu-
lated mode at a constant height is advantageous due to the following aspects. On
the one hand, destruction of the tip and the sample can be avoided. On the other
hand, compared with the constant-frequency-shift mode, operational stability and
signal-to-noise ratio are improved because there is no need for feedback circuit to
control the tip height.?*> However, it should be mentioned that the constant-height
operation may fail on non-planar molecules due to complex image contrast and un-
desirable contact.

Ultrahigh vacuum

Ultrahigh vacuum, typically below 107'° mbar, ensures the formation of a clean
atomically flat substrate, which not only avoids contamination of the tip but also
enhances the resolution of the target molecule.'® Furthermore, when inducing
an on-surface reaction via atomic manipulation, ultrahigh vacuum can effectively
exclude the side reactions with the substances in the environment and, meanwhile,
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offer an accurate temperature control, which is particularly important for tempera-
ture-sensitive surface reconstruction.®® However, the use of the ultrahigh vacuum
limits the introduction and further investigation of volatile species.

Low temperature

A temperature as low as 5 K, achieved by using a liquid helium bath cryostat, is
generally required. First, a low temperature can freeze and thus isolate and stabilize
the molecules, including the one to be imaged and the one for tip functionalization.
Second, the vacuum is improved at low temperature, ensuring the cleanliness of the
sample. Third, the quality factor of the sensor as well as the mechanical stability are
enhanced.?’ Due to the above aspects, ensuring a low temperature is the key to
atomic imaging.

Tip

The exploitation of an inert atomically sharp tip is of vital importance to achieve
atomic resolution. Cu and Ptlr are the most widely used raw materials for the sm-
AFM tip.”"® Due to the high reactivity of metals, chemical bonding can be easily
formed between the metal tip and the molecule, which will result in the lateral or ver-
tical manipulation of the molecule.? This is desirable for inducing on-surface reac-
tions but adverse to atomic imaging. To achieve atomic imaging, the metal tip is
functionalized by picking up an inert atom or molecule, which not only prevents un-
intentional movement of the target molecule but also enhances the resolution
because the tip radius is lowered down to the atomic scale (equal to the radius of

the terminating atom).?”*

So far, CO,> NO,*¢ Cu0,*” Gi,*® halogens (Cl, Br, and 1),%¢ and noble gases (Xe and
Kr),?**? have been explored for tip functionalization. Compared with single atoms,
diatomic molecules are advantageous to achieve high resolution due to their easy
tilting at the tip apex, which results in very sharp features in the sm-AFM images.?
Furthermore, the type of the second-frontmost atom and the stability of the func-
tionalized molecule can directly influence the atomic contrast.*® Combining all of
these aspects, CO has been widely utilized to acquire atomic-resolution sm-AFM
images.

The images before and after picking up one CO molecule are shown in Figures 1A
and 1B, respectively, where the appearance of the other CO molecule changed
from a depression to a protrusion. The CO molecule adsorbs with its carbon atom
connected with the metal tip, with certain mechanical flexibility.? The tilting of CO
induced by Pauli repulsion and van der Waals force causes apparent distortions
and thereby the sharp bond features. This amplifies the difference in bond lengths
by nearly one order of magnitude, rendering it possible to discriminate the bonds
with a length difference down to 0.03 A.° However, CO tilting might also result in
artifacts appearing as bonds,* which actually represent the ridge of the potential
energy landscape caused by neighboring atoms.** Fortunately, the approach to cor-
rect the distortion effects has been developed by connecting the lateral distortion
and the force.*’

qPlus sensor

The force sensor is the core of sm-AFM. The gPlus sensor, which is built from
quartz, is capable of self-sensing due to the piezoelectricity effect.*” The stable fre-
quency (~30 kHz), small oscillation amplitude (<1 A), and stiffness of quartz
contribute to the enhancement in the signal-to-noise ratio. With such an accurate
sensor, the conservative and dissipative interactions can be separated, with the
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former inducing the frequency shift and the latter altering the feedback circuit to
maintain a constant oscillation amplitude.*’ Also, the simultaneous scanning
tunneling microscopy (STM) measurement is realized without deterioration of the
performance.

General operational procedure

The general operational procedure is as following. First, clean the substrate, i.e., the
single metal crystal with a low index plane, such as Cu(111), Au(111), and Ag(111), by
repeated sputtering and annealing cycles. Second, shape the tip by in situ indenta-
tions into the metal substrate. Third, transfer NaCl onto the metal substrate (at ~270
K) via sublimation, forming inert NaCl islands. Fourth, introduce CO into the cham-
ber (2 x 1078 mbar) to allow its adsorption on the substrate (at 10 K). Fifth, deposit
the sample (with a molecular mass of 100-10,000 Da) to the substrate (at 10 K) via
evaporation or sublimation from a flash-annealed Si wafer. Sixth, use the tip to
pick up one CO molecule (at 5 K) for tip functionalization. Seventh, image the sample
in the constant-height mode (at 5 K). The third, fourth, and sixth steps may be skip-
ped or modulated in some cases.

Data extrapolation

Since sm-AFM is conducted under an extreme condition and the sample is adsorbed
on a certain surface, any extrapolation of acquired results should be treated
cautiously. First, although the use of ultralow temperature shows little influence on
the chemical bonding thus being able to provide a reliable chemical structure, it
can affect the physical configurations and properties (electrical conductivity, magne-
tism, etc.) of the sample.**~*® For example, the magnetism would be enhanced at
ultralow temperature due to the suppressed para-magnetism resulting from the
reduction of the kinetic energy. Second, because the sample is adsorbed on a sub-
strate, its structure and properties are directly affected by the substrate, making it
different from free molecules and molecules in solution. Third, the main role of ultra-
high vacuum is to ensure the cleanliness of the system while it can also quickly re-
move the volatile species and gas molecules. The above three aspects must be taken
into consideration before data extrapolation.

SEEING SINGLE MOLECULES

The most straightforward application of sm-AFM is to image the molecules, by which
the molecular structure, composing element, interatomic bond, and adsorption ge-
ometry can be directly seen. Besides, sm-AFM is capable of visualizing multiple in-
termediates and products in chemical reactions as well as naturally occurring
mixtures. Extension of sm-AFM techniques further realizes the detection of the elec-
tronic and magnetic properties. These aspects will be amply discussed in this section
with an emphasis on recent progresses.

Molecular structure

sm-AFM is a powerful tool enabling us to directly see the structure of the molecule,
outperforming conventional approaches by which we could just speculate the struc-
ture. In their pioneering work, of 2009, Gross et al.” demonstrated imaging of pen-
tacene with an unprecedented atomic resolution by functionalizing the tip with a CO
molecule, where the five hexagonal carbon rings and even the C-H bonds of penta-
cene were clearly seen (Figure 1C). Motivated by this great breakthrough, a number
of efforts have been made to image a wide range of molecules, including hydrocar-
bons,”*’~*? nanographene,”*?*°% graphdiyne,”’ polyyne,'”*? cyclocarbon,'®>?
C60,°* borophene,SS'56 h-BN,*” WS,,°® and metal single atoms and clusters.®

Matter 4, 1189-1223, April 7, 2021 1193



- ¢? CellP’ress Matter

5, . z
EEconnection

<

Az=+11A M

Figure 2. sm-AFM images of carbon allotropes
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A) Zigzag graphene nanoribbon. Reprinted with permission from Ruffieux et al.“® Copyright 2016, Springer Nature.

B) w-Extended [5]triangulene. Reprinted with permission from Su et al.*” Copyright 2019, The American Association for the Advancement of Science.
C) Defects in trigonal nanographene. Reprinted with permission from Zuzak et al.”” Copyright 2019, The Royal Society of Chemistry.

E) Graphene nanoribbon with non-hexagonal rings. Reprinted with permission from Liu et al.®® Copyright 2018, American Chemical Society.

(
(
(
(D) B- and N-doped graphene. Reprinted with permission from Kawai et al.*” Copyright 2018, The American Association for the Advancement of Science.
(E)

(F) Junction between graphene nanoribbons. Reprinted with permission from Dienel et al.® Copyright 2015, American Chemical Society.

(G-1) (G) 6-membered graphdiyne macrocycle, (H) 10-membered graphdiyne macrocycle, and (I) 12-membered graphdiyne macrocycle. Reprinted with
permission from Liu et al.”’ Copyright 2018, American Chemical Society.
(J and K) (J) Hexayne (sp-hybridized carbon chain) and (K) its Laplace-filtered image with ball-and-stick model. Reprinted with permission from Pavlicek

et al.'” Copyright 2018, Springer Nature.

(L and M) Cyclo[18]carbon (sp-hybridized carbon ring) imaged at (L) large and (M) small tip offsets. Reprinted with permission from Kaiser et al."®

Copyright 2019, The American Association for the Advancement of Science.

Owing to the stabilization effect of low temperature and the atomic resolution of sm-
AFM, a series of nanographene materials have been successfully imaged, such as
graphene nanoribbon (Figure 2A) and triangulene (Figure 2B).?*°° Furthermore,
sm-AFM enables the direct visualization of the specific structural features of gra-
phene, including defects, dopants, non-hexagonal rings, and interconnections.
First, defects, which are generally deduced from Raman spectra, can be directly
seen in the sm-AFM images (Figure 2C).>”° More importantly, the observed struc-
tural distortion around the defect implies some unique chemical and physical prop-
erties (e.g., electrical conductivity and magnetism).(’o'61 Second, B and N dopants in
graphene and the resultant adjustment of nearby bond lengths, have been illus-
trated via sm-AFM (Figure 2D), attributed to the different van der Waals radii of
atoms and the changing local electron density, respectively.”>¢?¢? In contrast, O
and S atoms can only locate at the edge of graphene due to their divalent nature.®*
Third, non-hexagonal rings, as a type of defects breaking the sublattice symmetry
but still keeping the sp? hybridization, have also been detected in graphene
(Figure 2E).®® Here, since the carbon ring transformation is thermally sensitive, tem-
perature-adjustable sm-AFM offers an effective approach to investigate the thermal
stability and the structural transition of non-hexagonal rings in graphene.®® Fourth,
the structural mismatch at the interconnection of armchair and zigzag graphene
nanoribbons (Figure 2F) has also been revealed, where the non-hexagonal carbon

rings appear, which further leads to the structural non-planarity within the junction.®®

Graphdiyne, which is composed of sp?- and sp-hybridized carbon atoms, is even more
intriguing than graphene, due to its high 7 content, rich pores, and diverse struc-
tures.®” As a novel approach, a series of graphdiyne macrocycles were in situ synthe-
sized by assembling and coupling reactions on Au(111) in sm-AFM (the images are

51

shown in Figures 2G-2I)."" More importantly, sp-hybridized carbon, which is the

most mysterious member in the carbon family due to its high chemical reactivity, has
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Figure 3. sm-AFM images and corresponding models of water molecule assemblies, metals, and
natural compounds

(A) Cyclic water tetramer on NaCl(001) (white, H; red, O). Reprinted with permission from Peng
et al.®® Copyright 2018, Springer Nature.

(B) 1D water chain composed of pentagonal rings on Cu(110) (white, H; red and yellow, O).
Reprinted with permission from Shiotari et al.”® Copyright 2017, Springer Nature.

(C) 2D water network on Ni(111). Reprinted with permission from Shiotari et al.®” Copyright 2019,
American Physical Society.

(D) 2D water network on Au(111) (white and light blue, H; red and dark blue, O). Reprinted with
permission from Ma et al.® Copyright 2020, Springer Nature.

(E and F) (E) Cu single atom and (F) Fe clusters. Reprinted with permission from Emmrich et al.®
Copyright 2015, The American Association for the Advancement of Science.

(G) Cephalandole A (white, H; gray, C; blue, N; red, O). Reprinted with permission from Gross

et al.”’ Copyright 2010, Springer Nature.

(H) Hydrozoan Thuiria breitfussi (white, H; gray, C; small blue, N; large blue, I; small purple, O; large
purple, Br). Reprinted with permission from Hanssen et al.”? Copyright 2012, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

been captured by sm-AFM.'®'? Both carbon chain (Figures 2J and 2K)'” and carbon
ring (Figures 2L and 2M)"®°® were successfully created and seen on an inert NaCl sur-
face at 5 K, where the polyynic structure can be clearly identified based on the charac-
teristic nodes in the triple bonds, which is further discussed in Interatomic bond.

Interestingly, similar to carbon atoms, water molecules can arrange in various man-
ners via hydrogen bonds, as controlled by the surface type and temperature.®¢%~7°
The weak high-order electrostatic interaction between the CO-functionalized tip
and the strongly polar water molecules allows the atomic imaging with little distur-
bance.®® Four water molecules could combine into a cyclic water tetramer on
NaCl(001) at 5 K, in which each water molecule contributes one H atom to form
the hydrogen bond while the other H atom points obliquely upward (Figure 3A).%
Moreover, the 1D water chain that is composed of pentagonal rings was observed
on Cu(110) at 78 K (Figure 3B).”% In the composing pentagonal unit, one water mole-
cule vertically bonds to Cu at the hollow site while the others lie horizontally on Cu at
the top sites. With further increase of water coverage, a 2D water network can be

formed, consisting of pentagonal, hexagonal, and/or heptagonal water rings.?¢77°
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On Ni(111) at 78 K, the basic unit of the water network contains a central hexagonal
ring and surrounding alternating pentagonal and heptagonal rings (Figure 3C),*’
while on Au(111) at 120 K, a 2D bilayer water network with a well-ordered hexagonal
structure was demonstrated (Figure 3D).% In each layer, half of the water molecules
lie flat while the others lie perpendicular to the substrate with the formation of in-
plane hydrogen bonds. The vertically aligned O-H bonds could form hydrogen
bonds across the layer. The growing mechanism of the water network is revealed
in Intermediate species.

On top of the attractive carbon allotropes and fantastic water architectures, imaging
an individual atom has been achieved on metals.® Both Cu and Fe single atoms pre-
sent similar toroidal structure (Figure 3E), arising from the electrostatic attraction at
the atomic center and the Pauli repulsion in the edge. Fe clusters are shown in Fig-
ure 3F, each of which contains one Fe atom on the top. The top atom shifted during
imaging, shown as a streak. Moreover, similar to organic compounds, the edges of
Fe clusters appear strongly distorted.

In addition to identifying the molecular structure of above-discussed elaborately
synthesized substances, sm-AFM also enables the accurate recognition of natural
compounds, such as cephalandole A (Figure 3G)" and hydrozoan Thuiria breitfussi
(Figure 3H).”? For these unknown substances, sm-AFM not only allows the character-
ization with a very small amount of sample, but also, more importantly, directly de-
termines the connecting positions of both carbon skeleton and substituent groups.

Composing element

Since the constant-height mode is generally used, the interaction between the tip
and the atom is directly affected by the van der Waals radius of the atom. Namely,
a smaller atomic radius will lead to a larger tip-atom distance, then a weaker interac-
tion, and thereby a darker feature in sm-AFM images.®” For example, the reported
van der Waals radii of B, C, and N are 192, 170, and 155 pm, respectively,73 thus
the N atom is darker and the B atom seems brighter than C atoms in B- and/or
N-doped graphene.’®¢%¢? Such an atomic contrast has been also demonstrated
on h-BN.”* Here, choosing an appropriate tip height is of vital importance.

In addition to the van der Waals radii, the effects of the modulated local charge den-
sity, bonding geometry, and substrate interactions also should be carefully consid-
ered.®”’® The combination of the local contact potential difference detected by
Kelvin probe force microscopy (KPFM) (which is further discussed in Electronic prop-
erties) and the result of DFT calculations assists with element discrimination.”*
Despite the fact that B, N, O, and S have been discerned from the dominant C atoms,
more efforts are still expected to further extend the element scope and enhance the
contrast between different elements.

Interatomic bond

There are two types of bonds, intramolecular and intermolecular bonds, both of
which have been visualized by high-resolution sm-AFM. Typically, as revealed in
How to achieve atomic resolution?, a greater electron density of a bond results in
a stronger Pauli repulsion, which enhances the brightness of this bond, while the tilt-
ing of the CO molecule adsorbed on the tip further amplifies the difference of
apparent bond lengths.? In 2012, the discrimination of the order of intramolecular
C-C bonds was first achieved, allowing the identification of the length difference
down to 0.03 A.® In the meantime, the angular symmetry of chemical bonds was re-
vealed by connecting the force and potential energy with the angle.”®
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Figure 4. sm-AFM images and corresponding models illustrating the intramolecular and
intermolecular bonds

(A) Cumulene-containing polymer (white, H; others, C). Reprinted with permission from Urgel

et al.”® Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA.

(B) Phenazine-Au-phenazine complex (white, H; gray, C; blue, N; yellow, Au). Reprinted with
permission from Albrecht et al.* Copyright 2013, American Chemical Society.

(C) 8-Hydroxyquinoline assembled cluster (white, H; green, C; blue, N; brown, O). Reprinted with
permission from Zhang et al.* Copyright 2013, The American Association for the Advancement of
Science.

(D) CsFs assembled network (gray, C; yellow, F). Reprinted with permission from Han et al.®
Copyright 2017, The American Association for the Advancement of Science.

The covalent bond is the most important intramolecular bond. Most impressively, in
2019, the bond length alternation of the first sp-hybridized carbon ring, cyclo[18]car-
bon, was revealed."® As shown in Figure 2L, at a moderate tip height, nine bright lobes
were observed, which then turned into corners when the tip height was reduced (Fig-
ure 2M). The lobes and corners correspond to the triple bonds, thereby demonstrating
the polyynic structure of cyclo[18]carbon, in good agreement with the image of linear
carbon chain (Figure 20).7 This provides the first experimental evidence against the
long-lasting debate about the way sp-hybridized carbon materials bond.”” Very
recently, cumulene-like bonds were generated and imaged as the bridge between tri-
benzoazulene molecules.”® Namely, as shown in Figure 4A, the sharp lines linking the
tribenzoazulene molecules are assigned to three consecutive C=C bonds, as sup-
ported by DFT calculations. The lengths of the middle bond and the neighboring
bonds are 1.32 and 1.44 A, respectively, indicating a stronger similarity to cumulene
than polyyne. The length and order of C-C bonds have also been discriminated in ar-
yne,20 tetra|oyrro|e,79 indeno[1,2-blfluorene,® some polymers,m'gw'82 etc.

The coordination bond, which is a special type of covalent bond, has also been iden-
tified via sm-AFM. Coordination bonds were formed between Au and two aromatic
N atoms upon applying a bias voltage, which can be clearly seen in Figure 4B, lead-
ing to the formation of a phenazine-Au-phenazine complex.®® Here, the complex for-
mation was reversible by simply breaking one of the Au-N bonds.

Not only the intramolecular bonds, but also the elusive intermolecular connections,
have been directly identified by high-resolution sm-AFM. By quantifying the atomic
force, it was found that the intermolecular contrast arises from the short-range repul-
sive force rather than the long-range electrostatic interactions, which enables the
parallel imaging of the inter- and intramolecular features.®* However, special atten-
tion must be paid since the intermolecular contrast might be caused by the flexibility
of the tip-terminated molecule (CO in most cases).>*
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The hydrogen bond is the most representative of intermolecular bonds, and was first
visualized in 2013, with its bonding site, orientation, and length revealed (Fig-
ure 4C).* The observed O-H---N and O-H- - -O hydrogen bonds are due to the co-
valent charge in H---N or H---O and the charge transfer from H to N and O atoms.
Similar bond features are dominant in water assemblies, as discussed in Molecular
structure. Interestingly, unconventional C-H---N and C-H---F hydrogen bonds
have also been captured, although showing a less evident charge accumulation ef-
fect.*®48> Furthermore, C-H---O=C, as a special hydrogen bond, can be formed
between the hydrocarbon molecule and the tip-adsorbed CO, as a powerful tool
to detect the intangible H atoms.®®

The halogen bond is another important form of intermolecular interaction. When
halogen atoms are contained in a molecule, they tend to be negatively charged
due to their strong electronegativity; thus, they can attract other negatively charged
species, leading to the formation of intermolecular halogen bonds.> As shown in Fig-
ure 4D, C¢F¢ molecules self-organize in such a manner that each F atom joins a trian-
gular windmill structure with F atoms in two nearby C¢F, molecules, almost identical
to the halogen-3 synthon.> A similar bonding arrangement was also observed in
Ce¢Bre and C¢H3F3 assemblies, owing to both London dispersion and electrostatic
repulsion between the terminating halogen atoms.

Some technical improvements have been made recently to realize a more accurate
visualization of interatomic bonds. By using a rigid O-terminated Cu tip for imaging,
the resolution for interatomic interactions can be enhanced and, more importantly,
the image distortion and the systematic overestimation of the bond length are effec-
tively avoided.?” Furthermore, a very recent report demonstrated that, other than
generally used vertical tip oscillation, lateral tip oscillation can strum the chemical
bond, allowing a clear visualization and, moreover, producing measurable energy
dissipation.®”

Molecular adsorption

Molecular adsorption is the most common phenomenon in sm-AFM imaging.
Namely, the target molecule to be imaged is adsorbed on the substrate while the
CO molecule is adsorbed on the tip. The interaction between the tip and the mole-
cule also can be regarded as adsorption. Here, it should be noted that the structure
and properties of the molecule are affected by the substrate, and also the apparent
sm-AFM images are influenced by the tip-terminating molecule, so any extrapola-
tion must be cautiously conducted.

Metal and metal oxide substrates generally show relatively strong interactions with
the molecule, influencing the adsorption strength, site, direction, etc. For metal sub-
strates, a wider and closer d-band to the Fermi level leads to a stronger broadening
of the molecular orbital and thereby a stronger adsorption.®? While chemisorption
causes molecular deformation, physisorption shows less influence on the molecular
structure. Chemisorption and physisorption may co-exist in a single molecule due to
the property difference of the composing atoms, which induces a non-planar config-
uration of the molecule; although with the same adsorption type, the adsorption
height of different parts of the molecule also can be varied.?”*%%2:57.7 As shown
in Figure 5A, the adsorption of the pentacene molecule on Cu(111) exhibits a valley
shape with a height difference of ~0.3 A,*” similar to that of the anthracene unit in
the oligomers.®” Moreover, even 2D materials can be non-planar.”” For example,
the h-BN layer possesses corrugations that are 0.3-0.7 A closer to the Cu(111)
substrate.”’
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Figure 5. sm-AFM images and corresponding models of molecular adsorption

(A) Adsorption height of pentacene on Cu(111). Reprinted with permission from Schuler et al.®?

Copyright 2013, American Physical Society.
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(B) Adsorption of 4,4”-diamino-p-terphenyl on Cu(111) and Au(111) (white, H; gray, C; blue, N). Reprinted with permission from Zhong et al.”’ Copyright

2018, Springer Nature.

(C) Adsorption of indeno[1,2-bfluorene on Cu(111) and bilayer NaCl-covered Cu(111). Reprinted with permission from Majzik et al.®” Copyright 2018,

Springer Nature.

(D) Adsorption structure of the enantiomers of [123]tetramantane on Cu(111) (blue, H; red, C). Reprinted with permission from Ebeling et a

2018, Springer Nature.

| 92

Copyright

(E) Experimental and calculated forces between the tip-terminating CO molecule and the Fe atom anchored on Cu(111). Reprinted with permission from

Huber et al.”? Copyright 2019, The American Association for the Advancement of Science.

Some other factors of the metal/metal oxide substrates also influence the molecular
adsorption. First, the lattice of the substrate can guide the adsorption site and
direction of the molecules (or atoms).”>?° Second, the lattice match degree of the
molecule and the substrate plays an important role. For example, 4,4”-diamino-p-
terphenyl adsorbed on Cu(111) in an asymmetric manner while on Au(111) the
symmetry was well maintained (Figure 5B).”" Third, when metal oxide substrates
are used, the surface structure and the oxygen termination may also affect the

adsorption configuration.”

The interaction between the molecule and substrate can be weakened by depositing
an inert NaCl film onto the metal surface, making the target molecule much closer to
a free one and leading to different structure and properties.'? As shown in Figure 5C,
in contrast to the open-shell configuration of the indeno[1,2-blflucrene molecule ad-
sorbed on Cu(111), a closed-shell configuration with antiaromaticity was observed
on a bilayer NaCl-covered Cu(111).2° However, there are also cases where the mol-
ecules are bound to the NaCl thin film via the interaction between the molecule and
Na* or CI~ in NaCl.”> Therefore, the molecule-substrate interaction should be
analyzed case by case.

In addition, owing to the high resolution of sm-AFM, the on-surface chirality of the
adsorbed molecules can be facilely identified,*” 77" which effectively addresses
the issue of difficult assignment of enantiomers without chromophores in conven-
tional techniques. Ebeling et al.?>7¢ revealed the enantiomers of [121]tetramantane
and [123]tetramantane successively. The adsorption structures of [123]tetramantane
are shown in Figure 5D, where the features of two top H atoms could be clearly
seen.”” Namely, in the (M)-type molecule the top H atoms locate at the right side

above the Olympic ring, while in the (P)-type molecule they are at the left side,
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thereby the enantiomers of [123]tetramantane can be easily distinguished. Further-
more, advanced sm-AFM also enables the elucidation of the pathway of enantiomer

interconversion.*”

As well as the above-discussed molecular adsorption on the substrate, the interaction
between the tip-terminating CO and the target molecule/atom is another important
aspect. Both physisorption and chemisorption may exist. For example, the Si atom
shows a physisorption state with CO while the Cu atom interacts with CO via chemi-
sorption.”® Interestingly, when imaging the Fe atom, a transition from physisorption
to chemisorption was found. The experimental force versus distance curve is shown
in Figure 5E, where a physiosorbed force minimum at 420 pm is followed by a
maximum chemisorbed attractive force at 250 pm, with a force barrier of +17 pN at
310 pm. The top-view force map at a constant height of 280 pm also reveals the tran-
sition from van der Waals attraction to Pauli repulsion and then to attraction again, from
middle to sides, in good agreement with the calculated results. Similar phenomena
have also been demonstrated in Fe clusters in a very recent study.”® These works indi-
cate that the CO molecule adsorbed on the tip might not be chemically inert, so the
observed structure and properties must be prudently explained.

3D molecules

Accurate visualization of 3D molecules remains a great challenge. In the typically
used constant-height scan, different parts of the 3D molecule will produce different
atomic contrasts due to the different distances to the tip, making it hard to interpret
the molecular structure.®*?%?? The background force resulting from the surrounding
atoms and the flexibility of the tip-terminating CO molecule further limit the preci-
sion of imaging. Moreover, an undesirable contact between the tip and the target
molecule may occur, causing contamination and even destruction of the tip.

So far, five approaches have been developed to image molecules with 3D configu-
rations. First, separately scan different parts of the molecule at different
heights.”®"°° Second, apply a custom height profile for imaging.”” Third, combine
with mapping in a plane perpendicular to the sample surface.'®' Fourth, use a
two-pass imaging mode.>* Namely, the molecular topography is recorded in the first
pass, where parameters are optimized via the tip-molecule distance feedback, while
the preset height profile is followed in the second pass in an open feedback loop
with parameters optimized to realize high resolution. Fifth, as an improvement of
the fourth approach, utilize the tunneling current to track the molecular topography
and meanwhile record the frequency shift to achieve atomic contrast.”” Of these ap-
proaches, the firstis less preferred since it is laborious, while the fourth and fifth ap-
proaches are most promising for accurate 3D molecule imaging.

Furthermore, a recently developed machine learning method based on a deep con-
volutional neural network achieved the reliable and rapid interpretation of sm-AFM
images of complicated 3D molecules.'% This model can accurately identify molec-
ular adsorption configurations, which significantly reduces the possible solutions of
molecules from a series of sm-AFM images. Nevertheless, further studies are highly
desirable, mainly to add more atoms to the training set, improving the model robust-
ness, including non-spherical electrostatics and molecular displacements in the
model, etc.

Intermediate species

Owing to the stabilization effect of the low temperature used in sm-AFM, the reac-
tive molecules can be frozen, enabling the image capturing of the intermediate
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species, from which the pathway of the chemical/physical processes can be re-
vealed. Compared with generally used diffuse reflectance infrared (IR) Fourier trans-
form spectroscopy, nuclear magnetic resonance spectroscopy, isotope tracer, etc.,
this approach provides a direct route toward a deep mechanistic understanding
down to the atomic level.

The pathway of the on-surface reactions has been identified by sm-AFM. Radicals, as
the most common intermediates, are generally formed in tip-induced on-surface re-
actions,'”%%?” and also in some thermally induced cases.'?® Despite the high chem-
ical instability of the radicals due to unpaired electrons, the chemical structure and
even the dissociation and rearrangement of the radicals on the surface have been
visualized via sm-AFM.87:77:100 Fqr example, as shown in Figure 6A, induced by
the voltage pulse, 9,10-dibromoanthracene lost two Br atoms successively to form
3,4-benzocyclodeca-3,7,9-triene-1,5-diyne, during which two radicals, namely,
non-planar 9-dehydro-10-bromoanthracene monoradical and planar 9,10-didehy-
droanthracene diradical, were clearly resolved.?’

In contrast, identification of the intermediate species in thermally induced on-
surface reactions is more complicated. The reaction must be quenched because a
cooling process down to ~5 K is indispensable for high-resolution sm-AFM
imaging.”-#>"9%1% Figure 6B illustrates the pathway of the Ullmann reaction from
bromotriphenylene to bistriphenylene through a triphenylene radical and an
organometallic intermediate, which were demonstrated using separate heating
procedures.’® The statistical analysis of the substances at different temperatures
(Figure 6C) further demonstrated this pathway. Here, such a statistical approach is
reliable and accurate, which should draw more attention for reaction pathway
exploration.

Seeing how a physical process occurs can be even more interesting. Very recently,
the intermediate edge structures involved in the growth of 2D bilayer water networks
were successfully captured by real-space sm-AFM imaging, by which the growing
process was revealed.® The structure of the water network was discussed in Molec-
ular structure. Here, the zigzag and armchair edges showed distinct growing mech-
anisms. As shown in Figure 6D, the growth of a zigzag edge was achieved by forming
a periodic pentagon array (steps 1-3) and their subsequent bridging into a 56665-
type structure (step 4). In contrast, for the armchair edge (Figure 6E), the 575-type
rings were converted into 656-type rings by two water pairs (steps 1 and 2), followed
by the lateral growth to form a 5656-type edge (step 3). Due to the strain accumula-
tion, the length of the 5656-type edge was restricted, which can be partially released
by adding a water pair into the hexagon (step 4), turning back to the initial 575-type
structure. Such a process involves local seeding and edge reconstruction, and thus is
less efficient. This great work challenges the conventional thought and should
inspire more efforts into growth of water/ice.

Molecular mixture

sm-AFM is a powerful tool to detect, identify, and quantify the individual molecules
in a complex mixture. Not only the multiple products in a chemical reactions but also
the naturally occurring mixtures, such as petroleum, have been discriminated via sm-
AFM. In contrast to conventional techniques that just give an ensemble property,
sm-AFM allows the exact molecular identification of each component, and the rela-
tive proportion of those components can be obtained via statistical analysis. In gen-
eral, acquiring an atomically resolved sm-AFM image takes about 10 min, which
limits the imaging molecule number to a few hundreds.*’
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Figure 6. sm-AFM images and corresponding models of the precursor, intermediate species, and
product in on-surface chemical and physical processes

(A) Bergman cyclization reaction induced by voltage pulses. Reprinted with permission from
Schuler et al.”" Copyright 2016, Springer Nature.

(B and C) (B) Ullmann reaction induced by thermal energy (white, H; gray, C; brown, Cu), and (C)
corresponding statistical analysis of substances. Reprinted with permission from Zint et al.'*
Copyright 2017, American Chemical Society.

(D and E) Growing process of a 2D bilayer water network at (D) zigzag edge (image size, 3.2 X
1.9 nm) and (E) armchair edge (image size, 3.7 X 2.2 nm). Red arrows suggest the addition of one
bilayer water pair, which will lead to the structure in the following image, while red balls and sticks
represent the newly formed bilayer water pairs. Reprinted with permission from Ma et al.®
Copyright 2020, Springer Nature.

In 2015, Gross and coworkers'®® first utilized sm-AFM to reveal the constituents of
one of the most complex natural mixtures, asphaltene. Surprisingly, the constituent
molecules of both petroleum- and coal-derived asphaltenes were found to be larger
than previously expected. Moreover, very recently, the semicentennial structure
puzzle of the petroleum pitch was explored at the molecular level.' A wide range
of cata- and peri-condensed polycyclic aromatic hydrocarbons (PAHs) with a few
short alkyl chains and/or five-membered alicyclic rings constitute the petroleum
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pitch M-50. More importantly, the single-core and multi-core architectures were
demonstrated to simultaneously exist, contradictory to the widely held belief of
the presence of only one type.

Furthermore, a novel multidisciplinary methodology integrating sm-AFM with other
analytical tools has been developed for identifying and quantifying new PAHs."?’
Four steps are involved. First, identify an unknown PAH via sm-AFM. Second, synthe-
size this PAH. Third, confirm the molecular structure of the synthesized PAH via sm-
AFM. Fourth, analyze this PAH by liquid chromatography/UV-vis spectroscopy. This
method has been demonstrated to be effective for the pyrolysis products of

n-decane, which in essence provides a reliable reference for subsequent analysis.

Spin and magnetic properties

As an extension of sm-AFM, the spin and magnetic properties of molecules can be
detected by adsorbing a magnetic molecule Ni(cyclopentadienyl), (NiCp,) onto the
tip.*?*? The NiCp, molecule retains its S = 1 spin triplet ground state when adsorbed
on the Cu tip, thus being able to serve as a molecular spin sensor. The strength of the
exchange interaction (Ee,) can be probed and mapped via changes in the spin exci-
tation spectrum of NiCpy, revealing atomic-scale regions where the quantum states
of the tip and the target molecule strongly mix with each other.**? So far, the ex-
change field and spin polarization of NiCp, molecule,?” Fe atom,** and Co film,*”
have been elucidated. Furthermore, the simultaneous excitation of spin and vibra-
tion quanta was revealed with single NiCp, molecules, providing a new route for

identifying the pathway of spin relaxation.’*®

Such an advanced technique allows the regulation of spin state, spin coherence life-
time, as well as the direction and magnitude of magnetic anisotropy, etc., simply by
tuning the sensor functionality.*”'” For example, reproducible Kondo resonance
can be generated and regularized by tip functionalization with single Co(cyclopen-
tadienyl), (CoCp,) and Co(isoindole), (CoPc) molecules, respectively.”o'111 As an
analog of the force-sensing CO-functionalized tip for structural imaging, the spin-
sensing NiCp, (CoCp, or CoPc)-terminated tip will undoubtedly be widely adopted
in the near future for atomic-scale spin and magnetic research, accelerating the
development of signal transmission, digital data storage, catalysis, drug delivery,
cancer therapy, etc.

Electronic properties

sm-AFM mainly probes the total electron density distribution. To get more informa-
tion about charge distribution and molecular orbitals, other techniques, such as
KPFM'"? and STM,?**%113 are needed. In this subsection, we briefly discuss these
supplementary techniques, with which a comprehensive overview of the electronic
properties of the target molecule can be obtained.

Charge distribution is generally analyzed via the electrostatic field of the molecule.
KPFM, as an offspring of sm-AFM, is capable of reflecting the charge state and
charge distribution by recording the external voltage applied to get the maximum
frequency shift (minimum electrostatic field) at each site."'” The major difference be-
tween sm-AFM and KPFM lies in the fact that, while sm-AFM is mainly based on
short-range forces, KPFM relies on long-range electrostatic forces.'">""® KPFM is
particularly useful for element identification, which is difficult to be realized by sm-
AFM.”* Furthermore, the exploitation of KPFM also enables the study of the charge
distribution of the tip for a better understanding of the sm-AFM results.""” In addi-
tion, the operando KPFM has been increasingly used as a powerful tool to
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investigate surface defects, adsorption state, and energy band structure, as well as
charge transfer, polarization, and trapping, thus showing a broad application in
catalysis, solar cells, sensors, microelectronics, etc.! 161187120 pop example, the cat-
alytic reactivity of Pd nanoparticles dispersed on a highly oriented pyrolytic graphite
surface was revealed by KPFM based on the changes in work function.”'® However, a
chemical bond is formed within such a small tip-molecule distance, thus lowering the
accuracy of the data. Recently developed scanning quantum dot microscopy
(SQDM), which utilizes the quantum dot to detect and image the electrostatic poten-
tial, effectively addresses this issue.'?’ The screening effect of the tip-molecule sys-
tem causes an exponential decay of the electrostatic potential with the lateral dis-
tance from the tip, leading to a high resolution for quantitative imaging of the
surface potential. Also, owing to the single-molecule sensitivity and the vibrational
Stark effect, tip-enhanced Raman scattering-relayed molecular force microscopy
(TERS-MFM) can realize the accurate imaging of the electrostatic field as well."??

Molecular orbitals, particularly the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), are an important aspect of the
structural and electronic properties. Typically, molecular orbitals (mainly HOMO
and LUMO) are resolved via STM by applying a voltage between the tip and the
target molecule and then measuring the tunneling current.'?® The constant-current
mode is generally used with adjustable tip height. Combined with scanning
tunneling spectroscopy, the local density of states of the sample can be facilely ob-
tained.”®’® Also, the positive and negative ion resonances derived from HOMO and
LUMO can be visualized, and the energy gap can be quantitatively extracted.®
Furthermore, the singly occupied molecular orbital of a radical, and even its nodal
plane structure, can be probed by mapping the spatial distribution of Kondo reso-
nance.'?* However, the use of the conductive substrate for STM imaging inhibits
the redox-state transitions." ' Fortunately, this has recently been solved by synchro-
nizing short voltage pulses (to steer electron tunneling) with cantilever oscillation at
the resonance frequency, leading to a novel single-electron alternate-charging STM
technique.'™ As a result, the influence of electron transfer and polaron formation on
molecular orbitals was successfully visualized.

Coupling sm-AFM with other techniques

Besides STM, KPFM, SQDM, and TERS-MFM, which were discussed in Electronic
properties, IR and Raman spectroscopy could also be coupled with sm-AFM to
obtain more information about the chemical composition down to the atomic
scale.'???°71?7 |n sm-AFM-IR, a tunable IR laser is focused on a region of the sample
right below the sm-AFM tip. When IR light with the characteristic wavelength is ab-
sorbed, thermal expansion results, leading to a force impulse on the sm-AFM tip.
Thereby, the absorption wavelength of the sample can be mapped.’?* Here, the res-
olution is determined not only by the sharpness of the sm-AFM tip but also by the
focal spot size of the IR laser.

The technique combining sm-AFM and Raman spectroscopy is known as TERS.
While AFM-IR relies on IR light absorption, TERS measures the light scattering,
with an emphasis on the use of a field-enhancing metal tip to enhance the Raman-
shifted light scattered from the small region below the tip because of the excitation
of surface plasmons.'?” Furthermore, equipping pulsed excitation sources for TERS
is highly expected to achieve both ultrafast temporal and ultrahigh spatial resolu-
tions."?® From the other perspective, when a CO molecule is adsorbed on the tip,
TERS could optically relay its vibration signal, by which the structure and charges
of the sample can be revealed.'”” Integrated characterization techniques will
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undoubtedly deepen our understanding of emerging materials and further promote
their wide application.

MANIPULATING SINGLE MOLECULES/ATOMS

There are seven manipulation types, as illustrated in Figure 7, namely, pulling, push-
ing, lifting, folding, charging, bond dissociation, and strain-induced rearrangement.
Pulling, lifting, and folding rely on the attractive interaction between the tip and the
molecules/atoms, whereas pushing is realized with the repulsive interaction.
Charging results in the switching of the charge state by electron attachment and
detachment, while tip-induced bond dissociation involves the removal of atom(s)
and subsequent atomic rearrangement or intermolecular coupling. Atomic rear-
rangement may result because of substrate-induced strain as well. In this section,
each type of manipulation will be thoroughly discussed from the perspective of
manipulation principle and application. STM manipulation is included as needed,
since it is generally coupled with sm-AFM.

Pulling

Single molecules/atoms can be pulled by the tip (either with or without single-mole-
cule functionalization), owing to the attractive interaction between them (Figure 7A).
As early as 1990, IBM researchers realized the movement and arrangement of Xe
atoms into an IBM logo on Ni(1 10)."%? This was achieved via the following four steps.
First, use imaging mode to find the position and destination of the target atom.
Second, lower the tip toward the atom by increasing the tunneling currentin a closed
loop. Third, move the tip to the desired destination across the surface while drag-
ging the target atom. Fourth, withdraw the tip by decreasing the tunneling current.
What is even more impressive, in 2013, using a similar technique, IBM researchers
created the world’s smallest movie entitled A Boy and His Atom, by moving CO
molecules with a Cu tip to generate images and then assembling them into a film.
Stimulated by these excellent works, some interesting atomic patterns and physical
phenomena have been created and discovered.'? "'
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The interaction between the target molecule/atom and the substrate plays an impor-
tant role for atom movement, since it directly determines the moving resis-
tance.'**"32 In general, a stronger interaction requires a larger pulling force and
thereby a smaller tip-atom distance. This allows us to quantitatively investigate
the atomic-scale friction force and the diffusion barrier.'>>'33 However, it should
be noted that the attractive interaction between the tip and the target molecule/
atom can lower the diffusion barrier, thus leading to a smaller threshold force
compared with that obtained from the lateral derivative of surface potential.”** In
addition, elevating the temperature can thermally assist the dragging process by
lowering the threshold force.'®> While a larger pulling force enables a continuous
sliding behavior with a constant tip-atom distance, a smaller pulling force can only

make the target molecule/atom perform hops to follow the attractive tip.'?%'3%13°

Furthermore, recently, long-distance pulling has been exploited to investigate the
interfacial transport of Na* hydrates.’** Namely, with the assistance of hot electrons
for activation, in-situ-fabricated Na* hydrates diffused toward the Cl~-functionalized
tip on a NaCl(001) surface because of the electrostatic attraction. Interestingly, Na*
hydrated with three water molecules showed the highest diffusion rate, which is or-
ders of magnitude higher than others. This provides an atomically precise method
for studying interfacial molecular diffusion.

Pushing

In general, large molecules are preferentially moved via pushing, in contrast to the
manipulation of single atoms where pulling is preferred. While the pulling mode re-
lies on the attractive interaction, pushing a molecule works via repulsive interaction:
within a small tip-molecule distance, the wave function of the molecule overlaps with
that of the tip, generating repulsive force to push the molecule across the surface

40,137 or rotate

and, in some cases, cause the tilting of the vertically aligned molecule
the molecule (Figure 7B)."*® Typically, pushing is achieved with a molecularly passiv-
ated tip, which exhibits an evidently suppressed interaction with the target

molecule.

Pushing a molecule is prone to cause its destabilization due to the high degree of
mechanical freedom. Therefore, when targeting at moving a molecule along a
certain direction, a highly anisotropic substrate is desired to confine the adsorption
of the target molecule.”*° The orientation, length, and position of the path must be
properly defined to avoid complex manipulation patterns. Moreover, the occurrence
of the relaxation of the molecule or tip, which can be reflected in the frequency shift
curve, should be carefully dealt with. If the pushing force is not large enough or the
molecule-substrate interaction is very strong, the molecule cannot be moved;
instead, it can only be tilted, particularly for vertically aligned molecules.*®"*’

From another perspective, pushing serves as an effective way to reversibly switch a
molecule between its bistable states, showing a great promise for molecular de-
vices, such as binary memory.'**"3? Intriguingly, pushing can induce the molecular
domino effect, enabling the transfer of intermolecular signals."*® This was achieved
via the rotation of a set of dichlorotin phthalocyanine molecules or, in other words,
the transition between their o and B forms on the Cu(110) surface. Furthermore, very
recently, directly exerting a femtosecond atomic-scale force on individual atoms was
achieved with the near field of a terahertz wave, enabling coherent molecular rota-
tion."® This great breakthrough paves the way for controlling the chemical reaction
and physical phase transition on their internal spatiotemporal scale.
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Lifting

Lifting requires the attractive interaction between the tip and the sample (either sin-
gle molecules or atoms), which can originate from the intrinsic properties of the tip
and sample (to form chemical bond),"*° or be assisted by external voltage.12'”"90'141
For larger molecules, the anchoring site must be predefined, the interaction of which
with the tip apex must be strong enough to overcome the adhesion and friction
forces between the molecule and the substrate. Moreover, a high stiffness and a
small oscillation amplitude of the tip are desired to avoid abrupt rupture when

removing the sample from the substrate.’*°

The earliest and most widely applied form of vertical manipulation is to pick up a sin-
gle atom or molecule to functionalize the tip. Moreover, in some cases, the atom or
ion is picked up by the tip and then implanted into a desired location for controllable
atomic manipulation and corresponding property investigation.'*? Beyond these,
lifting larger molecules (generally 1D molecules) off the substrate is an effective
approach for conductance measurement (Figure 7C)."% The operational procedure
is as follows. First, approach the tip to the predefined anchoring site of the target
molecule. Second, retract the tip to lift the molecule with the tunneling current being
recorded. Third, release the molecule by applying a pulse voltage. The evolution of
the current with the moving distance implies the mechanism of charge transfer, while
the slope in the logarithmic plot, defined as the decay constant B, reflects the effec-
tive mass of charge carriers, bandgap, and energy level alignment."?"** Using this
method, and integrating it with some improvements, the electrical properties of
several 1D materials have been revealed."?"¢"°

Furthermore, lifting enables the evaluation of the mechanical properties of these 1D
molecules. The easiest way is to compare the molecular structures before and after
lifting and releasing to see if there is breakage or deformation. Moreover, the molec-
ular friction can be quantitatively investigated by lifting and sliding the molecule on a
certain surface. For example, as shown in Figure 8A, a graphene nanoribbon was
oscillated back and forth on a Au(111) surface at a constant tip height, during which
a fluctuation of the frequency shift of the tip was observed with a periodicity of
0.28 nm.” Here, the period represents the length of the repeating unit, while the
jump is caused by the detachment of each unit."** This kind of pattern indicates a
nearly frictionless motion expected for stiff 1D molecules. Moreover, while the sur-
face properties affect the dynamics of sliding motion at a small tip height, the influ-
ence of the bending properties of the suspended part of the molecule dominates
upon increasing the tip height.”

Lifting a molecule to make it stand upright requires a more delicate design, with an
emphasis on the choice of the pedestal and lifting trajectory.'®'*> Most attractively,
an atypical and surprisingly stable standing single-electron field emitter was fabri-
cated by Tautz and coworkers in 2018."% This was achieved by connecting two Ag
atoms (as the pedestal) with a 3,4,9,10-perylenetetracarboxylic-dianhydride mole-
cule and then retracting the tip along a customized trajectory. This trajectory
mimicked peeling an adhesive from a plate with the far end kept stationary in the first
stage, followed by vertical lifting (Figure 8B). This standing molecule never fell back
to the surface by itself and could maintain the vertical configuration even at a high
current density of 108 A/m?. Such a unique structure enables cascading of the
charging of the quantum dot and single-electron field emission.

Furthermore, with the realization of controllable vertical manipulation of single mol-
ecules, the first case of electrostatic catalytic non-redox reaction was achieved.'" As
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Figure 8. Vertical manipulation of single molecules

(A) Friction measurement by lifting and sliding graphene nanoribbon. Reprinted with permission
from Kawai et al.” Copyright 2016, The American Association for the Advancement of Science.
(B) Creation of a standing single-electron field emitter. Left: 3D trajectory used to lift 3,4,9,10-
perylenetetracarboxylic-dianhydride molecule. Right: side view of the standing field emitter with
two Ag atoms as the pedestal (white, H; gray, C; red, O; blue, Ag). Reprinted with permission from
Esat et al.'” Copyright 2018, Springer Nature.

(C) Electrostatic catalysis of a Diels-Alder reaction. Reprinted with permission from Aragonés

etal

Copyright 2016, Springer Nature.

shown in Figure 8C, the electric field stimulus was delivered across the pre-lifted
diene adsorbed on the tip to the dienophile standing on the Au substrate, leading
to the enhanced formation rate of single-molecule junctions up to 5-fold when the
electron flew from dienophile to diene. This is because of the electrostatic stabiliza-
tion effect on the minor resonance contributor of transition state.'" Stimulated by
this impressive work, utilizing a similar configuration, a number of studies on sin-
gle-molecule reactions and single-molecule electronics have been conducted in

the last 3 years.'*¢'*/

Folding

Folding is an emerging atomic-scale manipulation approach for 2D materials (Fig-
ure 7D). Groundbreakingly, in 2019, precisely folding and unfolding nanographene
with controllable twisting angles was achieved by Chen etal.'” Namely, the tip which
attracted the nanographene edge via the tunneling junction moved across the nano-
graphene plane and stopped at the predefined location, resulting in a folded nano-
graphene with a dihedral angle up to 60° with a 0.1° accuracy. Folding and unfolding
can be repeated several times without any structural defects or damages. Interest-
ingly, folding the single-crystal nanographene created a tubular edge with specified
chirality and 1D electronic properties that resemble those of carbon nanotubes,
while folding the bicrystal nanographene resulted in well-defined intramolecular
junctions. Such a novel atomic-scale origami is expected to be used for other 2D ma-
terials to reveal their potential magic physical properties.

Charging
The tip can induce the switching of the charge states of atoms or molecules by elec-

tron attachment and detachment. Charging can be achieved either locally by

14172 or remotely by injecting

148

applying a voltage ramp on an insulating substrate,
hot carriers into the surface state of the metal substrate *® or by surface polaron

transfer.'®? Local charging is widely used where the ionic relaxation of the insulating
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substrate (typically, NaCl film) can help to stabilize the charge states, with certain in-
fluence imposed by the substrate thickness."'? Typically, a thick insulating substrate
inhibits electron exchange thus resulting in multiple charge states and allowing the
determination of reorganization energies.'* Furthermore, subtly, the vibration of the
sm-AFM tip can be coupled with the periodic switching of the charge state, shed-
ding light on the electronic states of the molecule and its coupling with the

substrate.°

Charging can lead to the change of the molecular conformation,'* adsorption ge-
ometry,"*? bond-order relation,'* aromaticity,'* and molecular vibronic mode,'®’
as demonstrated via sm-AFM. In 2019, Fatayer et al."* conducted a comprehensive
study on the influence of charge states by ramping the bias voltage. First, the confor-
mation change was demonstrated on azobenzene, where single-electron injection
induced a reversal of the tilting direction of one of the phenyl rings (Figure 9A). Sec-
ond, the adjustment of the bond-order relations was revealed with tetracyanoquino-
dimethane, where the anion showed bond order alternation while the bonds of the
central ring in dianion were homogeneous (Figure 9B). Third, charging altered the
adsorption geometry of pentacene where an evident elongation along its long
axis was observed with the increase of the negative charge (Figure 9C). Fourth,
the charge-state-dependent shift of aromaticity and macrocyclic conjugation
pathway were identified on porphine (Figure 9D).

Furthermore, the local electric field of the tip enables the controllable manipulation
of atoms buried under the surface, which cannot be achieved by common force- and
tunneling current-based techniques.'® As shown in Figure 9E, the application of an
electric field (>1.2 V) realized the manipulation of a near-surface O atom in a high-
temperature superconductor Bi,Sr,CaCu,QOg.x, accompanied with a shift of surface
biatoms.'® The gap maps before and after the electric field-induced manipulation of
~10 O atoms showed significant gap variations above 10 meV (Figure 9F), which is
directly reflected in the difference map (Figure 9G). Moreover, reversal of the surface
modification by electric field treatment can revert the gap back. This excellent work
demonstrates an approach to reversibly and nondestructively probe the effect of
local lattice on the electronic state.

Bond dissociation

Tip-induced bond dissociation and subsequent skeleton rearrangement is the repre-
sentative of on-surface reactions, allowing the investigation of every single step of
the chemical reaction down to the atomic scale. Bond dissociation is achieved by en-
ergy transfer from the tip to the target molecule, which is generally within a few elec-
tronvolts based on the bond enthalpies. Varied by the studied systems (including the
substrate), energy is transferred to the vibrational mode or the electronic resonance
state of the target molecule, resulting in different threshold voltages (energy barrier
divided by electron charge).'®? As long as the energy barrier is overcome, the mole-
cule will undergo chemical transformation. Typically, to make the process energy
efficient, temporary electron attachment by applying a pulse voltage is preferred.
Here, it should be noted that not all the target atoms can be removed since there
is an energy tradeoff between bond dissociation and molecular degradation.’>*

Dehydrogenation is one of the most widely used approaches in organic synthesis. A
series of acenes have been synthesized on Au(111) by abstracting H atoms with the
tip placed above the methylene groups and with the voltage being larger than the
LUMO energy up to 2.5 V (Figure 10A).*” A similar operation for hydrogen abstrac-

tion has been used to synthesize triangulene,22 indeno[1,2-blfluorene,®® etc. The
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Figure 9. Molecular structures and properties with different charge states

(A) Conformations of azobenzene.

(B) Bond-order relations of tetracyanoquinodimethane.

(C) Adsorption geometries of pentacene.

(D) Aromaticity of porphine. Scale bars represent 5 A. Reprinted with permission from Fatayer
et al."” Copyright 2019, The American Association for the Advancement of Science.

(E) Schematic charge-induced atomic manipulation of Bi;Sr;CaCuzOgyx.

(F) Peak-to-peak gap maps before and after manipulation.

(G) Difference map of the peak-to-peak gap (dots represent the locations where biatoms are
manipulated). Reprinted with permission from Massee et al.'> Copyright 2020, The American
Association for the Advancement of Science.

removal of H atoms induces the rearrangement of the intramolecular skeleton and
sometimes planarization and lateral displacement of the molecule.?” Very recently,
tip-induced dehydrogenative intramolecular coupling of terminal alkynes was
demonstrated on NaCl with a voltage larger than 4.5 V (Figure 10B), in which the
abstraction of the second H atom took place after the formation of a C-C bond."**

The bond enthalpies of C-X bonds (X denotes halogens, such as Br and |) are smaller
than that of the C-H bond, thus requiring less energy input for dehalogenation.'¢°
Moreover, applying an appropriate voltage will first remove the halogen atom
(break the weakest C-X bond), by which the radical center can be predefineol.w'152
A number of dehalogenation reactions have been conducted on the NaCl surface,
which is beneficial for resonant tunneling into LUMO and facilitates the vibrational
excitation within the molecule, thus significantly lowering the threshold voltage.’*?
Moreover, the chemically inert NaCl can prevent the reaction between the interme-
diate radicals and the substrate. For example, tip-induced stepwise debromination
and subsequent Fritsch-Buttenberg-Wiechell rearrangement on NaCl surface have
been demonstrated for polyyne synthesis (Figure 10C)."? Similarly, kicking out Br
atoms also enabled the preparation of cyclo[18]carbon,53 me’ca—aryne,152 and 3,4-
benzocyclodeca-3,7,9-triene-1,5-diyne,”’ where the removal of the second Br
atom typically requires a higher voltage. On the other hand, metal substrates have
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Figure 10. Tip-induced and thermally induced on-surface reactions

(A-E) Tip-induced: (A) dehydrogenation. Reprinted with permission from Zuzak et al.”” Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA. (B)
Dehydrogenative intramolecular coupling. Reprinted with permission from Albrecht et al.’>* Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA. (C)
Debromination and subsequent Fritsch-Buttenberg-Wiechell rearrangement. Reprinted with permission from Pavlicek et al.'” Copyright 2018,
Springer Nature. (D) Decarbonylation for cyclo[18]carbon synthesis. Reprinted with permission from Kaiser et al.'® Copyright 2019, The American
Association for the Advancement of Science. (E) Desulfurization via applying electric field. Reprinted with permission from Borca et al.'*® Copyright
2017, American Chemical Society.

(F-K) Thermally induced synthesis of: (F) graphene nanoribbon via dehalogenation and cyclodehydrogenation (Ty < T5). Reprinted with permission from
Giovannantonio et al.”> Copyright 2018, American Chemical Society. (G) Non-benzenoid carbon nanoribbon via debromination and
cyclodehydrogenation. Reprinted with permission from Fan et al.'*® Copyright 2019, American Chemical Society. (H) Anthracene (n = 3) polymer via
debromination (removing four Br atoms). Reprinted with permission from Cirera et al.” Copyright 2020, Springer Nature. () Poly(arylene ethynylene) via
debromination (removing six Br atoms). Reprinted with permission from Sun et al." Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(J) Tetracene-based nanoribbon via debromination (removing four different-position Br atoms). Reprinted with permission from Sanchez-Sanchez

et al."*® Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (K) Organometallic 1D chains and 2D network via stepwise on-surface
dissymmetric reaction. Reprinted with permission from Liu et al.'>” Copyright 2019, Springer Nature.

also been used for dehalogenation, which show a strong interaction with molecules
and serve as the catalyst in some cases. After removing the halogen atoms, the un-
saturated molecule tends to bind with the underlying metal substrate, which may
further cause the tilting or twisting of the molecule.’?®” Moreover, the radical
formed by tip-induced debromination can be bromized again by releasing the Br
atom adsorbed on the tip.'®" In addition, although less investigated, deiodination

has also been reported.”*#?
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Besides dehydrogenation and dehalogenation, the tip can also induce decarbony-
lation,"® deoxygenation,'**"%? and desulfurization,*®"“ with bias voltage applied.
The most attractive example of decarbonylation is the creation of cyclo[18]carbon
from C40, by removing six CO moieties under a bias voltage of 3V on the NaCl sur-
face (Figure 10D), which is mediated by inelastic electron tunneling by hot interfacial
electrons.’® Tip-induced deoxygenation, as another important manipulation
technique, has enabled the reduction of vanadyl-phthalocyanine into the elusive
vanadium-phthalocyanine,’®? as well as the removal of O atoms in tetraepoxycycla-
cenes."”® Furthermore, selective desulfurization has been realized via locally inject-
ing energy-tunable electrons into the resonant molecular states,'®* and by applying
an electric field between the tip and the sample."*® In the latter case, two C-S bonds
were successively cleaved, where the first bond dissociation was barely activated by
the electric field, while the second one was driven by the electric field with simulta-

neous electron injection (Figure 10E)."*¢

Strain-induced rearrangement

The substrate can induce the strain for adsorbed molecules, which may further drive
the on-surface reaction along a certain direction. This atomic-scale mechanochem-
ical rearrangement has been recently demonstrated for several reactions. On the
one hand, strain enables the controllable skeleton rearrangement of PAHs. For
example, the large strain in two adjacent azuleno moieties of the diazuleno[1,2,3-
cd:1',2',3'-fglpyrene molecule drove the rearrangement of one azuleno moiety
into a fulvaleno or naphtho moiety.'®* On the other hand, strain can induce the isom-
erization of 1D metal-organic chains.'® Namely, the release of the substrate-
induced strain made the metal-organic chain rearrange via 1,3-H shifts with the
migration of the monomer backbone. More efforts are still desired to explore the
mechanism underlying these strain-induced on-surface reactions.

THERMALLY ACTIVATING SINGLE MOLECULES

Besides molecular characterization and atomic manipulation, thermal activation of
single molecules to create novel assemblies with real-space visualization is another
important application of sm-AFM. In this case, sm-AFM serves as a “temperature-
adjustable reactor” equipped with a “high-resolution camera” to capture the struc-
tural change of the molecules. By elevating the substrate temperature, molecules
are woken up, allowing their diffusion and self-assembly.?" In contrast to the tip-
induced on-surface reactions, as discussed in Bond dissociation, thermal activation
is advantageous for producing larger covalently bonded defect-free structures with
certain repeating units, which requires the catalytic activity and sometimes the tem-
plate effect of the metal substrate. Both the temperature and the nature of the sub-
strate can affect the precursor reactivity, reaction pathway, selectivity, and structural
quality of the final products.'® The nature of the substrate includes its interaction
with the target molecule, surface crystallographic orientation, and surface atomic
structure. Meanwhile, the temperature imposes the kinetic control for on-surface re-
actions in terms of molecular diffusion, collision, reorganization, and desorption. Af-
ter reacting for a certain time, the substrate must be cooled down to 5 K to acquire
atomic-resolution images. This field has received great attention in the past decade
and several great review articles have been published.?”'*" Therefore, here, we just
briefly discuss the very recent advances in this booming field in terms of different re-
action types.

Dehydrogenation and cyclodehydrogenation

Dehydrogenation and cyclodehydrogenation are effective approaches to planarize
the non-planar molecules. In comparison with tip-induced dehydrogenation,
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thermally induced dehydrogenation greatly enhances the reaction efficiency, thus
generating an increased amount of target molecules.”’""®> This has been demon-
strated on the preparation of acene molecules, where a 10-min annealing at 520 K
resulted in almost 100% conversion, in great contrast to the trivial one-by-one
atomic manipulation.”” Moreover, interestingly, the introduction of additional
atomic hydrogen, which could lead to the formation of radical intermediates, was

demonstrated to be able to promote the dehydrogenation process.’®®

Compared with dehydrogenation, cyclodehydrogenation is even more intriguing
since it has been widely applied to prepare w-extended PAHs (including graphene
nanoribbons), and significantly improves their stability as well as the electronic
conjugation of connections.'®” The reaction condition for cyclodehydrogenation is
more intense than that for dehydrogenation, requiring a more reactive substrate
ora higher temperature.’®® In such conditions, the cleaved H atoms can form H, mol-
ecules and then escape into the vacuum."'®”

Since the pioneering work in 2010, the most important application of thermally
induced cyclodehydrogenation has been to prepare atomically precise graphene
nanoribbons.”> The bottom-up synthesis of graphene nanoribbons includes two
steps (Figure 10F), namely, low-temperature polymerization (typically via dehaloge-
nation, which is discussed in Dehalogenation) and high-temperature cyclodehydro-
genation.””""®” Cyclodehydrogenation is catalyzed by the metal substrate, which
lowers the removal barrier of inner H atoms, since the van der Waals interaction be-
tween the substrate and the polymerized monomers favors the planar conforma-
tion."”° Moreover, recently, using a similar method, nanoribbons of non-benzenoid
graphene allotropes were created (Figure 10G), which paves the way for synthesiz-
ing novel carbon allotropes.’*® Smaller m-extended PAHs, such as triangulene,® co-
ronoid,*”*” and other nanographenes,®® have also been successfully prepared with
cyclodehydrogenation as an important step.

Dehalogenation

Dehalogenation is most widely used for on-surface synthesis of polymers and PAH:s.
The metal substrate serves as a catalyst, allowing a lower reaction temperature to
inhibit the undesirable monomer desorption. The dehalogenation barrier generally
decreases with the increasing reactivity of the metal substrate in the order of Au <
Ag < Cu, while the barrier of deiodination is lower than that of debromination.’>®
However, it should be noted that an excessively high reactivity of the substrate might
lead to the formation of organometallic intermediates, while the one with an appro-
priate reactivity favors reversible dehalogenation.'”! After dehalogenation, the

halogen atoms may remain adsorbed on the surface at temperatures up to 500 K.

Dehalogenation is an effective approach for polymerization. Besides the common
dehalogenative coupling with the formation of C-C single bonds, recently, C=C
and C=C interconnections have also been demonstrated with simultaneous
abstraction of four halogen atoms, leading to the formation of 1D m-conjugated
polymers (Figure 10H).?*’%8" Impressively, dehalogenative coupling with six
halogen atoms removed was also achieved, enabling the formation of C=C bonds
directly from sp>-hybridized carbon (Figure 101)."*’ In addition, another interesting
linker generated via dehalogenation is the cyclobutadiene moiety for acene nano-
ribbon by abstracting four Br atoms originally connected with different but adjacent
C atoms (Figure 10J)."*® The synthesis of these atomically precise polymers with
various linkers is a great breakthrough, since it has long been a huge challenge in
conventional solution-based routes due to insolubility and/or high reactivity.
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Furthermore, as mentioned in Dehydrogenation and cyclodehydrogenation, deha-
logenation is always coupled with cyclodehydrogenation for m-extended PAH
synthesis (Figures 10F and 10G).">*'° In these cases, a large separation of the de-
halogenation and cyclodehydrogenation temperatures is of vital importance since
dehalogenation can be stopped by the H atoms generated in the cyclodehydroge-
nation step, forming C-H bonds at the unsaturated sites of radicals.’> Moreover, the
adsorbed halogen atoms generated during dehalogenation can combine with H
atoms resulting from cyclodehydrogenation to form HX molecules. The detected

HX molecules are utilized to mark the onset of the cyclodehydrogenation process.'’?

Organometallization

Organometallization has been observed in thermally induced on-surface reactions
with the use of metal substrates, either as an intermediate step or directly forming
the final product, which may exhibit as a small molecule, polymer, or network. In
general, unsaturated molecules generated from dehydrogenation and dehalogena-
tion can further form well-ordered metal-organic supramolecular structures on the
metal substrate.”’’7 157173 Fqor example, as shown in Figure 10K, intermolecular
coupling with H-passivation of one Br-substituted site at 300 K generated organo-
metallic polymers, while subsequent heating at 320 K-450 K caused the other Br-
substituted site to metalize and transformed these 1D chains into a 2D binodal
network.'*? Here, the number and position of the functional groups influence not

only the final molecular structure but also the reaction rate.'®”

In organometallization, the most important role of the metal substrate (e.g., Au, Ag,
Cu, and Pt) is to directly take part in the reaction. If the coordinated metal atoms
remain inside the metal surface, a tilted or bent adsorption geometry will be
observed, while the planar adsorption configuration results from the lifted metal
atoms.'® In addition, the metal substrate serves as the catalytic template, driving
the reaction at specific sites, aligning molecular growth along its crystallographic di-
rection, and self-limiting the molecular size due to the strain accumulation, particu-

larly for polymers.””*

In some cases, further annealing at a higher temperature causes demetallization of
the organometallic species with evidently shortened bonds identified.”’"® Howev-
er, there are also cases where post-annealing leads to the degradation of the mole-
cules instead of demetallization.?"'’* This might be caused by the poor stability of
the demetallized molecules, which are destroyed upon formation. So far, the mech-
anism and favorable conditions of demetallization remain unexplored, which should
inspire more efforts into this mysterious field.

Other reactions

Over the past 3 years, thermally induced decarbonylation,”? denitrogenation,’’
82

5

deoxygenation,'’® desilylation,®” and C-C coupling” '’ have been reported,
further extending the application of on-surface reactions. Therein, desilylation is ad-
vantageous because the byproduct trimethylsilane is highly volatile, thus enabling a
contamination-free on-surface reaction.®® In this light, C-C coupling without any loss
of atoms is even more attractive, where the metal surface not only directs the molec-

ular assembly but also catalyzes the reaction.”*"””
IMAGE SIMULATION

sm-AFM imaging is generally coupled with image simulation to demonstrate the
molecular structure and, in some cases, to rationalize the imaging mechanism.
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Currently, there are four main simulation approaches, which are discussed, with their
pros and cons revealed, in this section.

Approximating the tip-sample force with interatomic potential is the simplest and most
computationally efficient approach. The Probe Particle Model developed by Hapala
et al.,* which describes the short-range and van der Waals interactions via pairwise
Lennard-Jones potentials and combines them with a point charge or multipole inter-
acting with the entire electrostatic field, has been widely used for sm-AFM image simu-
lation. This model is capable of reproducing the experimental results and helping us to
understand the origin of atomic contrast. However, the quantum force is transcribed to
the classical force when constructing the interatomic potential, which might introduce

simulation error or even failure, particularly when the tip is chemically reactive.'’®

Quantum mechanically treating the tip-sample-substrate system can give a much
more accurate simulation, although it is computationally expensive.'’® The
formalism can be applied to a variety of materials and well approximates the
many-body interactions. However, this approach is so far severely limited by the
size of the calculated system. Inspiringly, the booming electronic structure theories,
such as the new eigensolver algorithm, are promising for reduction of the computa-
tional load."’®7"®” Moreover, two approaches have been proposed to simplify the
quantum model as described in the following.

In the Virtual Tip approximation, where the tip probes the electrostatic force of the
sample, the tip is regarded as a classical object while the sample is treated quantum
mechanically.’®" By treating the tip and sample differently, this approach effectively
balances the simulation accuracy and the computational load. However, due to the
simplification of the tip structure, this method is only suitable for inert single-atom
tips, such as a Xe-functionalized tip, but fails for reactive and flexible tips.

In contrast to the Virtual Tip approach, the Frozen Density embedding theory treats the
tip quantum mechanically and determines the force change by moving the tip within
the fixed electrostatic field of the sample."®” As a result, the size of the computational
system is drastically decreased and thus the computational efficiency is greatly
enhanced. The premise of this approximation is that, in non-contact sm-AFM imaging,
the tip shows little influence on the electrostatic field of the sample."®?'%* Evidently,
this approach cannot work under situations with strong tip-sample interactions.

SM-AFM FOR NEW MATERIAL—TAKING CYCLO[18]CARBON AS AN
EXAMPLE

This century has witnessed a rapid development in new materials, and sm-AFM is
considered to be the most powerful tool for material investigation. In this section,
taking one of the most promising single-molecule materials, cyclo[18]carbon, as
an example, we outline the possible research directions for the exploration of the
structure and properties of a new material by sm-AFM.

Cyclo[18]carbon is the first sp-hybridized pure carbon ring. It was created and
viewed by sm-AFM by Kaiser et al., in 2019."® The synthesis route and its molecular
structure (and bonding features) were discussed in Bond dissociation and Molecular
structure (and Interatomic bond), respectively. Stimulated by this groundbreaking
work, a number of theoretical studies have been conducted to predict the structure
and properties of this emerging material.'®" ' Based on these theoretical results,
we provide an outlook on material investigation by sm-AFM as follows.
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First, evaluate the thermal stability and thermally induced structural transformation
of cyclo[18]carbon. The bonding ways of sp-hybridized carbon have long been in
debate.  Although the polyynic structure of cyclo[18]carbon  has
been demonstrated by sm-AFM at 5 K,"® it might undergo structural transformation
into a cumulenic form at an elevated temperature since the energy difference
between these two forms is small.'® In addition, heating might induce the
organometallization of cyclo[18]carbon, which may greatly enhance its electrical
conductivity.

Second, investigate the electronic and magnetic properties of cyclo[18]carbon.
The orbital densities and charge states have been revealed by Kaiser et al.'® As
an outlook, the charge distribution can be visualized by KPFM, while the electrical
conductivity can be measured by lifting the molecule with the tip and simulta-
neously recording the tunneling current. Furthermore, the spin and magnetic prop-
erties can be obtained using a NiCp,-functionalized tip as the molecular spin
sensor.

Third, measure the mechanical properties of cyclo[18]carbon. Cyclo[18]carbon has
been theoretically demonstrated as an ultra-elastic molecular O-ring with tiny
Young's modulus and specific tensile stiffness.'® Thus, it is highly desirable to
utilize the atomic force imposed by the sm-AFM tip to test the mechanical
strength of cyclo[18]carbon. This might be conducted in the pulling, pushing,
and/or lifting modes, with an emphasis on its deformation and structural recovery.
Furthermore, the molecular friction can be evaluated by dragging cyclo[18]carbon
with the tip.

Fourth, induce on-surface reactions via atomic manipulation. By applying a bias
voltage on the tip, which is placed close to the molecule, bond dissociation and skel-
eton rearrangement are expected to result. On the one hand, it is desirable to
observe the atomic sp-hybridized carbon chain after dissociating the bond of
cyclo[18]carbon. On the other hand, atomic manipulation offers the possibility to
fuse cyclo[18]carbon into larger rings. Other intriguing reactions are also highly
expected.

CONCLUSIONS AND OUTLOOK

In conclusion, the booming development of sm-AFM opens the door to the atomic
world, enabling us to see, manipulate, and thermally activate single molecules and
even single atoms. Owing to the sharp atomic contrast, which mainly arises from the
Pauli repulsion between the tip and the sample, the molecular structure can be
clearly identified. The high atomic resolution also enables the visualization of inter-
atomic bonds and adsorption geometries. Also, due to the stabilization effect of the
ultralow temperature and the ultrahigh vacuum, images of the highly reactive inter-
mediates can be captured, which directly reveal the pathway of chemical reactions
and physical transitions. Moreover, sm-AFM is a powerful tool to help to unveil
the composition of naturally occurring complex mixtures, such as asphaltene. Exten-
sion of the sm-AFM technique further realizes the detection of the electronic, mag-
netic, and chemical properties.

As well as for observing molecular structures and properties, sm-AFM is an advanced
tool for single molecule/atom manipulation, on the basis of atomic force, tunneling
current, or electric field. While pulling, lifting, and folding depend on the attractive
interaction between the tip and the molecule/atom, pushing is achieved with the
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repulsive interaction. Among these modes, lifting has received the greatest atten-
tion, with a wide range of applications, ranging from conductance measurement
and friction evaluation to fabrication of single-electron field emitters and electro-
static catalysis. Also, charging, as an important manipulation approach, is capable
of inducing a change in molecular conformation, aromaticity, vibronic mode, energy
gap, etc. Furthermore, on-surface reactions can be realized by tip-induced manipu-
lation, with bond dissociation and subsequent atomic rearrangement or intermolec-
ular coupling.

Thermally activating pre-deposited single molecules is another important aspect of
sm-AFM applications, mainly for on-surface production of large covalently bonded
defect-free structures with repeating units. Temperature imposes kinetic control for
molecular diffusion, collision, reorganization, and desorption, while the substrate
serves as a catalytic template. So far, on-surface dehydrogenation, cyclodehydroge-
nation, dehalogenation, and organometallization have been widely investigated for
synthesis of polymers and PAHSs, outperforming conventional solution-based routes
that are limited by molecular solubility and reactivity.

Despite the inspiring progress over the last few years, there still remains three chal-
lenges that deserve more attention in future research. First, current sm-AFM equip-
ment with atomic resolution works under extreme conditions with a relatively long
acquisition time. To stabilize the system, an ultralow temperature of ~5 Kis required,
and achieved by expensive liquid helium. Therefore, itis highly expected to develop
high-resolution sm-AFM that operates at 77 K, or even room temperature, to reduce
the cost and make the observed structures and properties closer to those in oper-
ando conditions. To realize this, the tip must be very sharp and the sample must
be strongly adsorbed on the surface. Inspiringly, sub-molecular contrast has been
realized at room temperature using optical interferometry with a soft Si cantilever.®
However, the contrast is still blunt, requiring more effort into improvement of the
equipment. In addition, the current acquisition time for an atomically resolved sm-
AFM image is about 10 min; reduction of this time will promote the statistical analysis
of molecular mixtures and the acquisition of more complex spectroscopic images,
such as KPFM mapping.

Second, it is hard to accurately discriminate different elements and visualize non-
planar molecules. Typically, identification of elements is based on their different
van der Waals radii, while the modulated local charge density, bonding geometry,
and substrate interactions significantly influence the atomic contrast. Currently,
different composing elements are indicated by brighter or darker features in sm-
AFM images, whereas direct evidence is lacking. The non-planarity of the molecules
even makes the atomic contrast more complicated due to the different distances to
the tip. In addition, the undesirable contact between the tip and the molecules can
cause the contamination and even destruction of the tip. So far, some strategies
have been exploited for identification of elements and non-planar molecule visual-
ization, but more efforts are still needed, which should be coupled with the develop-
ment of image databases and identification models.

Third, the underlying mechanism of on-surface reactions remains elusive. The tip-
induced on-surface reaction involves bond dissociation and association, in which
the former is achieved by energy transfer from the tip to the target molecule, while
the latter requires not only energy provision but also certain distance and orientation
of the reacting molecules. However, these aspects and the roles of the tip have not
yet been investigated. Thermally induced on-surface reaction can be even more
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complex, including molecular diffusion, collision, reorganization, and desorption, as
mentioned above. However, current studies mainly focus on the result of on-surface
reactions butignore the process. The in-depth investigation of each step involved in
thermally induced on-surface reactions is highly expected, which will help us to con-
trol the reaction orientation and rate.

Furthermore, with regard to the future, state-of-the-art sm-AFM could be incorpo-
rated with other techniques, such as STM, IR spectroscopy, Raman spectroscopy,
luminescence spectroscopy, and electron paramagnetic resonance spectroscopy,
to acquire more information down to the atomic scale.'?'?>'?” As a most prom-
ising technology, sm-AFM has proven how magic the atomic world is, not only
enabling us to see the atoms, but also, more attractively, allowing us to manipulate
the atoms. We believe that, by combining the improvement of the instrumentation
and model construction, more exciting discoveries are ahead.
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