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Abstract

Functional molecules and their assemblies have attracted considerable atten-

tion arising from not only diverse structures with novel properties but also

potential applications in molecular devices. The novel properties, which deter-

mine their applications, are strongly related to their structures. In recent years,

benefiting from the development of atomically precise control technique of the

structures, a lot of new materials constructing from molecules with novel prop-

erties emerged. Their novel properties enable them to be potentially applied in

molecular spintronics, high-density data storage, selective reaction and quan-

tum topological devices, and so on. The present review focuses on new pro-

gress in predicting and controlling the structures and properties of functional

molecules and their assemblies on metal surfaces by combining first-principle

calculations with scanning tunneling microscopy experiments. We aim at

understanding the key factors which affect the physical and chemical proper-

ties of the metal–organic systems, especially from a theoretical perspective.
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1 | INTRODUCTION

Constructing low-dimensional supramolecular structures by self-assembly of organic molecules is a simple and effective
method commonly used in surface sciences.1,2 The constructed structures have various physical and chemical proper-
ties, such as high carrier mobility,3,4 photoactive dielectric property,5 photoconductive property,6,7 magnetic
anisotropy,8 ferroelectricity,9–11 and piezoelectricity.12,13 Because the low-dimensional supramolecular structures are
easily processable, flexible, energy friendly, cheap, and compatible with other nano-devices, they show potential appli-
cations in field-effect transistors,14–16 sensors,17–20 drug delivery,21 nonlinear optics,22,23 batteries,24 electrocatalysts,25

heterogeneous catalysts, photocatalysts,25,26 and so on.
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The self-assembly of organic molecules on a metal surface is a process of association of individual molecules into
highly ordered structures, which are closely related to a balance between the molecule–molecule interaction and
molecule–surface interaction. The main types of interactions involved in the self-assembly of organic molecules on sur-
faces include covalent bonds,27 coordination bonds,28 hydrogen and fluorine/halogen bonds,29,30 and other weak van
der Waals interactions.31 Usually, the strength of coordinated bond and covalent bond is from 200 to 1000 kJ/mol.32

The hydrogen bond and vdWs interaction are much weaker, in which the energy is about 12–30 kJ/mol for hydrogen
bond, and 0.4–4.0 kJ/mol for van der Waals interaction. By changing the configuration and composition of precursors,
the supramolecular structure with specific structures and properties has been fabricated through self-assembly strategy
on metal surfaces.33–35 Further control of the structures and properties of organic molecules and their self-assemblies,
which can be achieved by applying an external electric or magnetic field,36–38 optical technique,39,40 and mechanical
manipulation using scanning probe microscope tips,41–43 provides opportunities to realize the functionalization of low-
dimensional materials at the atomic level.

First-principle density functional theory (DFT) is widely used in low-dimensional supramolecular structures on sur-
face. Considering different interactions in metal–organic systems, selection of exchange-correlation functionals and van
der Waals corrections is very important to correctly describe the geometric and electronic properties. Local density
approximation (LDA) and generalized gradient approximation (GGA) are commonly used to give good descriptions of
molecular geometry. Hybrid functionals such as Heyd–Scuseria–Ernzerhof (HSE),44–46 Becke-3-parameter-Lee–Yang–
Parr (B3LYP),47 and Perdew–Burke–Ernzerhof (PBE0)48 can provide reasonable orbital order and electronic structures
of molecules. Van der Waals corrections, including dispersion-corrected density functional (DFT-D)49,50 and van der
Waals density functional (vdW-DF),51,52 can be used to improve the description of the dispersion force in molecule–
metal systems. However, the performance of functionals depends critically on whether the functional fit with the physi-
cal properties of calculated system. To give better description on metal–organic interactions and get reasonable results,
the exchange-correlation functionals and van der Waals corrections need to be customized in different systems.

Although many efforts have been devoted by both theoretical investigations and experimental analysis, a review
from a theoretical aspect of theoretical and experimental progresses on structures, electronic properties, possible appli-
cations and their relationships of functional molecules on metal substrates is still lacking. To facilitate the application
of functional molecules and their assemblies, it is important to review recent developments and understand the key
issues which affect the properties and applications. Therefore, we review the construction and novel properties of func-
tional molecules on surfaces and their potential applications in molecular electronics, chemical synthesis, quantum
topological devices, and so on. In the meantime, we also provide theoretical insights for the manipulations of self-
assembly and further applications. First, we discuss the reversible spin control of metal phthalocyanine (MPc) mole-
cules and their assemblies and their applications in molecular spintronics and high-density data storage. Then we intro-
duce the enhanced selectivity in both intermolecular and intramolecular reactions through self-assembly strategy in
on-surface synthesis. Finally, we discuss the prediction of metal–organic molecular networks that exhibit quantum
topological states and superconductivity.

2 | HIGH-DENSITY STORAGE BASED ON SINGLE MOLECULES AND SELF-
ASSEMBLIES

Until 2020, the size of a bit-cell of static random-access memory is down to 0.02 μm2 and the transistor density is
100 million per mm2,53 which has approached the limit of traditional fabrication technique. In order to meet the
requirement of the further miniaturization of electronic devices, nano-devices based on functional molecules have
attracted much attention. Moreover, the self-assembly of functional molecules with highly ordered structures provides
a simple and efficient way to fabricate high-density arrays. For example, magnetic MPc molecules have been reported
to exhibit controllable spin states at the metal centers and can be used as building blocks of molecule-based
high-density storage. Considering the size of a MPc molecule is �1 nm2, the density of a memory device based on the
molecular arrays can be 1000 billion per mm2. Therefore, constructing the self-assembly of functional molecules and
controlling their configurations to realize the reading and writing function at the atomic level are of great significance
in high-density data storage.

The design of data storage device based on ON/OFF spin states of magnetic molecules relies on the accuracy of the-
oretical calculations of atomic and spin configurations of the host molecules. DFT calculations using the standard GGA
can provide reasonable descriptions of adsorbate configurations on metal surfaces, but may be insufficient to accurately

2 of 20 TAO ET AL.



describe the weak vdW interactions. For example, although PW91 or PBE functionals correctly describe the adsorption
configurations of pyridine on Au(111), the adsorption energies are underestimated.54 Depending on whether the weak
vdW forces have significant influence on the spin properties of molecule, the researchers should be careful to choose
the vdW functionals. The spin-polarized calculation can predict the magnetism with the approximation like local spin
density approximation (LSDA) and GGA. Furthermore, hybrid functionals usually give better description on the mag-
netic properties of molecules than LSDA and GGA. Similarly, DFT+U method by treating the strong on-site Coulomb
interaction of localized electrons on the atom can also give a good description on the magnetic properties.55 By chang-
ing the Hubbard U parameters, DFT+U method can reproduce the result of hybrid functionals, but cost significantly
less time than hybrid functional calculation. Considering computational efficiency, it is important to make the appro-
priate choice of method to get the accurate atomic and spin configurations of self-assemblies.

2.1 | Self-assembly behaviors of MPc on Au(111) surface

The self-assembly process is controlled both by the molecule–molecule interaction and molecule–surface interaction.
When the molecule–surface interaction plays a major role, the molecular self-assembly structure is mainly determined
by the properties of surfaces.56–58 When the molecule–molecule interaction is stronger than the molecule–surface inter-
action, the self-assembled pattern is determined by the interaction between the molecules rather than the morphology
of surfaces.59–61 For example, according to the morphology of surfaces, iron phthalocyanine (FePc) exhibits different
adsorption behaviors on graphene,62,63 Au(111),64,65 Au(110),66 Ag(111),66 TiO2(110),

67 and so forth. The adsorption of
molecule and the assemblies can even induce surface reconstruction.68

MPc consists of a central metal atom and a π-conjugated organic framework. Due to various applications on light-
emitting diodes,69 photovoltaic cells,70 single-molecule rotors,71 and single-molecular devices,72 MPc molecule becomes
a model system for surface science and nanotechnology.73–75 Thus, understanding the self-assembled patterns of MPc
molecules on different surfaces will provide useful information for other systems of molecules on surfaces.

First-principle calculations found that FePc, CoPc, and MnPc have a stronger binding configuration than that of
NiPc, CuPc, and ZnPc on Au(111) surface,65 indicating the strength of molecule–molecule interaction and molecule–
surface interaction is different in these two groups of molecules. Experiments found that CoPc,76 FePc,77 and MnPc78

adsorbed on Au(111) dispersedly due to the strong binding to the surface while ZnPc and its derivatives adsorbed on
Au(111) as monolayer clusters at low coverages,79 showing excellent agreement with theoretical predictions.

For FePc on Au(111), at �0.01 monolayer (ML) coverage, FePc molecules are located at step edge, constructing
one-dimensional molecular chains,80 as showing in Figure 1a. The atomic configuration in Figure 1e shows that, there
are three FePc molecules adsorbed on a monatomic step edge in face-centered cubic (fcc) regions on Au(111). The iron
ion is clearly resolved in the STM image in Figure 1a, and two lobes are on the upper terrace with the other two on the
lower terrace.80 The calculated binding energy for FePc at step edge is higher than other configurations, which means
that the edge of fcc step is more active than other sites for FePc adsorption.

As the coverage increased, all step edges are occupied by FePc molecules. Then FePc molecules are adsorbed on the
fcc regions of the reconstructed Au(111) surface at the coverage of �0.1 ML (Figure 1b). Meanwhile, there is almost no
molecule on the hexagonal close packing (hcp) regions, while an individual molecule is at the elbow site of the hcp
regions. The reason is that, the electronic potential energies of these elbow sites are higher than those of the fcc and
hcp regions. Besides, various molecules have been found to have similar behaviors.81,82 Because the adsorption of FePc
molecules on the fcc regions is more stable than those on the hcp regions, the FePc molecules prefer to adsorb on the
fcc regions. Therefore, the strength of interaction between TMPc molecules and the Au(111) decreases from elbow sites
to fcc and hcp regions.83

The authors also notice that there are two stable adsorption configurations (I and II) with different orientations,
marked in Figure 1b by arrows. The energy difference is 91 meV according to DFT calculations.65 For configuration I
(Figure 1f), the iron ion locates at the bridge site of Au(111). For configuration II, the iron ion locates at the atop site
and the rotation angle of “cross” is 15� compared to configuration I.84

At the coverage of 0.3 ML, the FePc molecules start to adsorb on hcp regions.64 At this coverage, the FePc molecules
on hcp regions distribute individually, while the FePc on fcc regions are densely packed. Moreover, the MPc molecules
form dimers and trimers at the elbow sites. The directional attractive intermolecular interaction indicates that, there is
electrostatic interaction between the nitrogen atom and the hydrogen atoms of the phenyl group of the neighboring
molecule.64
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At the coverage of �0.6 ML, the FePc molecules arranged into lines along the domain walls.64 In Figure 1c,g, there
is a hexamer with a central hole at elbow sites. All the hexamers have a similar structure and orientation. Note that
each molecule in configuration II interacts with its neighboring molecules in configuration I, where the phenyl groups
fit with the hollow sites of the neighboring molecules,64 as shown in Figure 1g.

At the saturated coverage of 1 ML (Figure 1d), FePc molecules form a well-ordered monolayer structure, in which
all molecules are configuration I (Figure 1h). It is different from the two configurations at the submonolayer coverage.
Thus, as the coverage increases, the intermolecular interaction plays more important role than molecule–metal surface
interaction. When there are two layers of FePc, the unit cell of the second layer shifts compared with the unit cell of
the first layer.77

2.2 | Configurations and spin states in MPc on Au(111)

The spin states of MPc molecules are of crucial importance in the fabrication of molecular electronics or spintronics.85–87

The magnetic properties of MPcs depend basically on the configuration and electronic ground state of the metal substitu-
tion. For a single MPc molecule, it was found that the LDA/PBE has been shown to generate very good atomic geome-
tries, while a hybrid functional such as the HSE03 and PBE0, successfully canceled the self-interaction errors.88,89

However, for MPc–metal interfaces, things are more complicated. It is found that LDA and PW91 functional give different
atomic structures and magnetic properties in FePc/Au(111) system.74,84,90 It was also found that the non-local vdW-DF
functional, which fails in many aromatic-molecule/Cu(111) system, gives a good description in FePc/Au(111) and CoPc/
Au(111).91–93 DFT calculations show that there are several molecular adsorption configurations of MPc on Au(111) sub-
strate.65 For MnPc, FePc, CoPc, and NiPc, the most stable adsorption site is the atop site (configuration I in Figure 2a).
For CuPc and ZnPc, it is hcp and bridge site, respectively. NiPc and ZnPc are non-spin polarized.65 The magnetic moment
is 1 μB for CuPc, 2 μB for FePc, and 3 μB for MnPc. For CoPc, the magnetic moment of a single molecule is 1 μB. After
adsorption, the spin moment is much less than that of a single molecule.65,94

The experimental results agree with the theoretical calculations. For FePc on Au(111) at low coverage, configura-
tions I and II (Figure 2a,c) have the lowest and the second lowest binding energy, respectively. For the two configura-
tions, there is a slight energy shift of d-orbitals near the Fermi level,84 but the spin–electron coupling of I and II is quite

FIGURE 1 Adsorption and self-assembled structure of FePc molecules on Au(111) surface at varying coverages from 0.01 to 2 ML.

(a) STM image of FePc selectively decorating the step edges of Au(111) at very low coverage (�0.01 ML).80 (e) The atomic structure of (a).

(b) STM image of FePc on Au(111) at coverage of 0.1 ML. There are two adsorption configurations of FePc, marked by I and II.84 (f) The

atomic structure of configuration I. The structure of configuration II is the molecule rotated �15� compared to configuration I. (c) STM

images of FePc on Au(111) at coverage of 0.6 ML.64 (f) The atomic structure of FePc hexamers in (c). (d) STM image of FePc on Au(111) at

coverage of 1 ML.77 (h) The atomic structure of the unit cell in (d). In (e), (f), (g), and (h), the original data are re-plotted
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different. There is a nonvanishing magnetic moment on the Au atom under the iron atom in configuration II, while the
Au atom in configuration I is non-spin polarized.84 Therefore, the configuration II has much stronger Fe–Au interac-
tion and a much higher Kondo temperature than that in configuration I. At the ground state, both the d2z and dxz/dyz
orbitals are closed to the Fermi level. The electronic density of states near the Fermi surface under a weak magnetic
field is mainly contributed by dxz/dyz orbital, while it is mainly contributed by the d2z orbital with a strong magnetic field
(Figure 2h,i).

Using scanning tunneling microscopes, the magnetic properties of transition metal ions in a molecule can be veri-
fied by a Kondo resonance,95,96 which is induced by the interaction between the molecular localized spin electron and
the conduction electrons in the metal substrate.76,97,98 For FePc on Au(111), there is a site-specific Kondo effect, in
which the signal of Kondo resonance depends strongly on the adsorption site.84 Differential conductance (dI/dV) spec-
tra measured at the molecular center, which indicates that the peak and dip are from the magnetic atom.84 The dI/dV
spectra have a narrow peak for configuration I (Figure 2b), but a narrow dip for configuration II (Figure 2d).84

The tunneling channels can be also controlled by external magnetic field.99,100 The Kondo resonance appeared at
the Fermi level changes from valley to peak with the increase of the magnetic field from 0 to 11 T, as shown in
Figure 2e.101 Further mapping of the Kondo resonance signal at the Fermi surface with no magnetic field in Figure 2f
and magnetic field of 9 T in Figure 2g show that, when the magnetic field is not applied, the Kondo resonance is asym-
metrically distributed in the real space, while it is symmetric with the magnetic field of 9 T. DFT calculation shows that,
the intensity of applied magnetic field influences the orientation of magnetic moment in FePc. As the magnetic field
increases, the transmission path of electrons gradually changes from dxz/dyz to d2z . They also realized the control of a
giant magnetoresistance effect, and obtained the change in molecular conductance up to 93%.

FIGURE 2 Kondo effect of FePc on Au(111) tuned by adsorption sites and external electric field. (a,c) Atomic configuration of FePc

adsorbed at (a) bridge site and (d) atop site.84 (b,d) dI/dV spectra measured at the molecular center in different adsorption sites in (a) and (d),

respectively.84 (e) Evolution of the dI/dV spectra of configuration I with increasing magnetic field at 0.4 K, showing a dip-to-peak

transition.101 (f,g) dI/dV mapping taken around the Fermi energy at 0 and 9 T, respectively.101 (h,i) Calculated lm-decomposed partial

density of states (PDOS) of the dxy, dπ, and d2z bands of Fe atom with a magnetization vector (h) in the plane of the molecule, and (i) in the

direction of the magnetic field, which is perpendicular to the plane of the molecule. The arrows in the insets show the direction of the

magnetic moment101
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Similar to FePc, other magnetic MPc molecule, such as MnPc, also has Kondo resonance on Au(111),78,96

Ag(001),102 and Pb(111).103–105 Moreover, NiPc molecule, in which a single molecule has no spin moment, exists a
delocalized Kondo effect after adsorption on Ag(100) due to the electron transfer between NiPc and Ag(100).106,107

2.3 | Controlling the configurations and spin states

Controlling spin state is important for the applications. The spin states of MPc can be tuned by dehydrogenation of the
organic frameworks.94,96 The spin moment of a free CoPc molecule is 1 μB, and is reduced due to the adsorption on
Au(111).65 Therefore, there is no Kondo effect after adsorption on Au(111) because the Co ions do not interact strongly
with conduction electrons.76,94 After dehydrogenation of the ligand, the calculated magnetic moment of the artificial
structure is 1.03 μB, similar to the magnetism in a free CoPc molecule. In experiment, after dehydrogenation by voltage
pulses using a STM tip,94 the Kondo effect is recovered. Similarly, after the dehydrogenation of MnPc, the extended
Kondo effect is observed in space beyond the central Mn ion, and onto the nonmagnetic atoms in the molecule.96

In addition to dehydrogenation of MPc, the adsorption of hydrogen atoms also changes the spin states of MPc. DFT
calculation shows that, after one hydrogen adsorption on the Mn ion of MnPc, the spin polarization decreases in the d2z
orbital.78 Before the adsorption of hydrogen atoms, there is one spin-up electron in d2z orbital and no spin-down elec-
tron. After adsorption, there are one spin-up and one spin-down electrons, respectively. Therefore, the net spin of the
Mn ion decreases from S = 3/2 to S = 1. If there are two more hydrogen atoms adsorbed on MnPc, the most possible
configuration is that the two additional hydrogen atoms are attached to two opposite outer nitrogen atoms of the mac-
rocycle. As a result, the net spin is zero.78 Besides, small gas molecules adsorbed on the metal center of MPcs also result
in a change of molecular conformations. DFT calculation shows that the binding of NO to MPc also leads to the change
in electronic states in MnPc, FePc, and CoPc,108 leading to the HOMO–LUMO gap widens as compared to bare MPc.

Because the Kondo effect relies on the coupling between the localized spin electrons and the conducting electrons,
the Kondo effect can be suppressed by a reduced molecular spin state.78 Therefore, the spin states and the Kondo reso-
nance of MPc molecules can be manipulated by dosing small molecules such as hydrogen.109,110 In Figure 3a it shows a
high-resolution STM image of an individual MnPc, and the corresponding atomic configuration and the STM simula-
tion. There is a bright protrusion at the center of the MnPc molecule, which originates from the 3d orbital of Mn2+ ions.
After dosing hydrogen gas at very low temperature, there is a two-dimensional (2D) cluster formed by hydrogen mole-
cule and MnPc.110 A theoretical model is proposed that the interface in-between MnPc and Au(111) serves as a catalyst

FIGURE 3 Manipulation of MnPc on Au(111) by dosing hydrogen gas. (a–c) STM images, atomic configurations, and STM simulations

of MnPc, HMnPc, and H3MnPc on Au(111), respectively.78,109 (d) Sequential variation of the dI/dV measured at the center of a MnPc

molecule induced by the absorption and desorption of a single hydrogen atom.78 (e,f) The dI/dV mapping (upper panel) and the

corresponding topography (lower panel) of (e) a dispersed molecular array and (f) a close-packed molecular array as “a bit with a few

selected molecules converted to the MnPc state (Kondo on)”78
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for hydrogen dissociation at room temperature.111 There are atomic hydrogen produced in the MnPc/Au(111) system
after dosing hydrogen gas.

After dosing hydrogen gas at room temperature, molecules retained the cross feature but some showed a depression
at the center (STM image, atomic configuration, and STM simulation in Figure 3b). A third species (Figure 3c) with
D2V symmetry shows a significant change in the molecular orbitals. The topographic features of these three molecules
are verified by DFT calculations.78,109 The STM simulation has successfully reproduced the main features of STM image
of MnPc. In order to get the structure in Figure 3b, several different configurations that contain MnPc and hydrogen
were tested. It is found that there is a single hydrogen molecule adsorbed on Mn ion in the center of MnPc, which has
the lowest energy. The chemical adsorption of H on MnPc is verified by the calculated binding energy of 1.75 eV. STM
simulation shows that there is a depression at the center of MnPc due to the atomic hydrogen adsorption. After one
hydrogen atom adsorbed on Mn, there are two hydrogen atoms on two nitrogen atoms of the macrocycle at the opposite
sides in MnPc (Figure 3c), which generate a triply hydrogenated MnPc (H3MnPc). The STM simulation in Figure 3c
shows a nice agreement with the STM image. Note that the electron distribution in Figure 3c marked by the red circles
show distinctive intensity differences in the left and right part of H3MnPc, which means the H3MnPc is a chiral mole-
cule. It indicates that, the symmetry of the system is simply reduced by adding only two more H atoms to HMnPc, with-
out any realignment of the molecular frame.

With a �0.02 ML coverage on Au(111), all MnPc molecules adsorbed at the pointed elbow sites of Au(111).83 After
all elbow sites are occupied, additional MnPc molecules separately adsorb on the fcc regions (at coverage of 0.08 ML).
At a coverage of 0.15 ML, the MnPc molecules start to adsorb on the hcp regions. After dosing hydrogen gas at room
temperature, there is a depression at the molecular center indicating that all MnPc has been changed to HMnPc.
HMnPc molecules are anchored at the elbow sites which is similar to the MnPc molecules. However, after the complete
occupation of elbow sites, the additional HMnPc molecules adsorb on the hcp regions instead of the fcc regions. Thus,
the molecule–substrate interaction for HMnPc molecule on Au(111) is different from that between MnPc and Au(111),
which decrease from elbow sites to hcp and fcc regions.83

The attachment of a hydrogen atom changes the d2z orbital of Mn, thus changes the site selectivity of MnPc83 and
the magnetic properties.78 MnPc molecule has three unpaired electrons so the total spin is S = 3/2, which can be
detected by a Kondo signal using STM. Figure 3d shows the dI/dV spectra which is measured at the center of MnPc
after the absorption and desorption of a single H atom. After the adsorption of a hydrogen atom on the top of Mn ion,
the spin polarization decreases in d2z orbital, resulting in the decrease of the total spin from S = 3/2 to S = 1. Therefore,
the Kondo effect is suppressed due to the reduced spin state of Mn ion. The change of molecular morphology from
HMnPc to MnPc can be realized by applying voltage pulse. Once the HMnPc state was switched back to the MnPc, the
Kondo resonance is fully recovered.

In the experiments, other than the atomic hydrogen, small molecules such as NO, CO, and O2, are also observed to
adsorb at the center metal ion of MPc. The adsorption of NO on CuPc on highly oriented pyrolytic graphite (HOPG)
resulting in p-doped graphene due to the electron transfer from HOPG to NO/CuPc.112 The experiment verified that the
existence of Kondo resonance can be controlled by the adsorption or desorption of CO molecule in the MnPc/Bi(110)
system.113 Oxygen gas can be dissociated in the system of FePc/Ag(111), leaving the structure where the FePc molecule
locates on top site of Ag(111), and interacts with two oxygen atoms adsorbed at “the neighboring short-bridge sites.”114

Therefore, it is an efficient method to control the spin states of MPc by dosing small molecules.

2.4 | High-density data storage based on MPc/Au(111) system

Organic semiconductors, which are based on the electron pull–push effect, have become alternatives to traditional inor-
ganic semiconductors in memory-devices.115,116 The devices exhibit stable ON/OFF electronic states, which have been
realized by polymer,117–119 dimeric hydrazine,120 aminobenzene sulfonated compound,120 and so forth. Different from
the electron pull–push effect, a design of high-density data storage device based on ON/OFF spin states has been pro-
posed. The appearance or disappearance of the Kondo resonance at a single atom site can be used as a single bit of
information and suggests applications in information recording and storage at the ultimate molecular limit when com-
bined with STM manipulations.

DFT calculations show that the adsorption of hydrogen will change the Kondo resonance of Mn ion from on state
to off state in MnPc on Au(111), which can be used as a bit of information. Therefore, researchers devoted to grow
MnPc arrays to realize high-density storage. At the initial state, all the MnPc molecules are converted to the HMnPc
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molecules by dosing hydrogen. Figure 3e shows the topography and dI/dV mapping in a MnPc molecular array after
applying voltage pulses on the selected HMnPc (marked by dashed circles). Therefore, the HMnPc molecules in the
array are back to MnPc molecules, and the dI/dV mapping shows dark dots due to the Kondo resonance of the MnPc.
In the constructed MnPc monolayer similar to the previous Figure 1d,f, this process can be also realized (Figure 3f). By
attaching or detaching a single hydrogen atom, the on/off Kondo effect can be reversibly controlled at the molecule
level. The molecular Kondo system can be used in “nonvolatile data recording and storage at the ultimate molecule
limit.”78

3 | MOLECULAR SELF-ASSEMBLY ENHANCED SELECTIVITY AND
ACTIVITY OF ON-SURFACE REACTIONS

On-surface synthesis is a popular method for fabricating low-dimensional supermolecular networks30,121,122 because of
the catalytic activity of metal surface.123,124 One of the biggest challenges in on-surface synthesis is controlling site selec-
tivity, which is to differentiate the reactivity among the same kind of functional groups.125,126 The specificity of chemi-
cal reaction pathway is realized by the symmetry-broken of reactants. One of the strategies is to introduce steric
hindrance via non-covalent interactions.127,128 Moreover, the local non-covalent intermolecular interactions between
reactants on metal surfaces also provide opportunities to tailor the reaction pathway. The well-ordered assembled struc-
ture of reactants serves as a template, and contributes to high selectivity of one single product among several iso-
mers.129,130

First-principles calculation is a powerful tool to investigate the chemical reaction from the perspective of both kinet-
ics and thermodynamics. The yield of one product in selective reaction can be predicted by the activation energy, which
is the energy difference between the initial state and transition state. The transition-state energy can be calculated using
nudged elastic band,131 which is a method for finding saddle point and minimum energy path. The accurate calcula-
tions should reproduce the main features of experimental results of molecules on metal surfaces, including adsorption
sites, binding energies, and diffusion barriers. Therefore, the vdW functionals are of great importance in on-surface
reactions. For example, in the case of selective dehydrogenation of formic acid (HCOOH) on Pt(111) surface,132 the
improved vdW corrected methods50,133,134 and optimized vdW functionals52,135 perform well to estimate the adsorption
energies. However, the optimized vdW functionals overestimate barrier difference between C H and O H bond break-
ing, and fail to describe the catalytic selectivity. Therefore, to correctly predict the catalytic activity and selectivity of dif-
ferent reaction pathways,136 the vdW functionals need to give the same accuracy towards all key adsorbates in on-
surface reaction. Besides, ab initio molecular dynamics simulations, which consider steric and temperature effects,
enable understanding the bond dissociation and reforming process during chemical reaction. Those methods provide
theoretical insights for the investigations of reaction mechanism on self-assembly in selective reactions.

3.1 | Selectivity in intermolecular reaction

The main challenge for increasing the reaction selectivity through self-assembly strategy is the stability of the well-
ordered assemblies during the reaction process. While annealing to high temperature, the self-assembled structure con-
nected by weak van der Waals interactions or hydrogen bonds, is easily to be destroyed. By replacing the hydrogen with
fluorine in some of the benzene rings in the organic precursors, the stability of self-assembly of reactants is enhaced,137

because the fluorine acts as a hydrogen-bond acceptor in many systems and improves the strength of intermolecular
interaction.138

Figure 4a,b shows the disordered and ordered structures of 4,40-bis(2,6-difluoropyridin-4-yl)-1,10:40,100-terphenyl
(BDFPTP) on Au(111).139 Two potential reaction pathways are proposed in Figure 4e, including dehydrocyclization
(DHC) (pathway 1) and coupling reaction (pathway 2). The calculated energy changes for both coupling and DHC prod-
ucts without considering self-assembly show that, both the pathway 1 and 2 are endothermic, indicating that they have
to take place at elevated temperatures. The energy needed for the coupling reaction is much higher than that for the
DHC reaction, suggesting that the coupling reaction is less favorable than the DHC one. However, in the self-assembled
close-packed structures, the repulsion interaction between neighboring C F bonds make the ends of each rotating
BDFPTP molecule closed to positions D2 or D3 of the un-rotated BDFPTP molecules. Because of steric hindrance, the
coupling reaction and DHC reaction at D1 and D4 are difficult.
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The experimental results agree with the theory predictions. By controlling the annealing rate, the authors can fabri-
cate both ordered and disordered self-assemblies of BDFPTP on Au(111) (Figure 4c,d). A distinct distribution of prod-
ucts is formed after the thermal treatment at 520 K of the two samples. The main products in the ordered self-assembly
regions are the products from DHC at D2 and D3 sites (Figure 4f).139 The yield of the main product is about 98%, while
there is no product generated from coupling reaction. In contrast in the disordered region, the products are distributed
randomly. The amounts of products which are from the four DHC reactions occurring in D1–D4 sites and the ones
which are generated from coupling reactions, are almost equal. The absence of product selectivity is the result of “the
random distribution of BDFPTP in the disordered self-assemblies.”139 It indicates that the molecular self-assembly can
efficiently steer on-surface reaction pathways.

3.2 | Selectivity in intramolecular reaction

The fluorine substitution strategy can be used in intramolecular reactions to enhance the selectivity of one specific
product. Tetraphenylporphyrins (TPPs) and tetrakis(pentafluorophenyl)porphyrins (TPFPs) undergo a quadruplicate
intramolecular cyclization on the metal surface upon thermal treatment. There are two mechanisms which can describe
the reaction pathways. One is that the reaction follows the principle of equal probability. Due to the possibility of
cyclodehydrogenation at either side of the benzene ring, there are four planar isomers, as shown in Figure 5a. The
expected frequencies of four products (I, II, III, and IV) based solely on probability should be 1/2, 1/4, 1/8, and 1/8,
respectively. The other is the reaction follows the Boltzmann distribution, in which the ratio of probabilities of the prod-
ucts only depends on the energy differences. DFT calculations were performed on all products to illustrate the origin of
selectivity in different systems. For 2H-TPP, product I is the ground state, and the energy of products II, III, and IV is
0.18, 0.42, and 0.26 eV higher than that of I, respectively.140 For Fe-TPFP, product IV has the lowest energy, and the
energy of products I, II, and III is 0.56, 0.26, and 0.24 eV higher than IV, respectively.141 Therefore, if the reaction
depends completely on the energy differences, there are only products I in 2H-TPP and products IV in Fe-TPFP, respec-
tively. Besides, the final products of other metal-TPPs such as Co-TPP and Ru-TPP are more likely to be IV, because the
structure and symmetry of metal-TPPs are similar to Fe-TPFP.

However, the experimental results are not in agreements with the simple predictions based on these two mecha-
nisms, indicating there are other important factors that affect the chemical reaction. Figure 5b–d are the STM images of

FIGURE 4 Selectivity of dehydrocyclization and coupling reaction pathways of BDFPTP on Au(111).139 (a,b) STM images of ordered

and disordered assembly structures of BDFPTP. (c,d) Products from (a) and (b) after annealing at 520 K. (e) Dehydrocyclization and coupling

reaction pathways of BDFPTP on Au(111). D1–D4 are the reaction sites for dehydrocyclization and C is the potential reaction site for

coupling. (f) Statistic histograms of the products from disordered (black bars) and ordered (blue bars) structures
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three different TPPs: 2H-tetraphenylporphyrin (2H-TPP), Ru-tetraphenylporphyrin (Ru-TPP),140 and iron(II)-tetrakis
(pentafluorophenyl)-porphyrin (Fe-TPFP),141 and their products after annealing. The upper panels show the self-
assembly of those TPP molecules before reaction, and the bottom panels show the products. After adsorbed on metal
surface, TPP molecules exhibit a saddle-shaped conformation and form a dense-packed layer stabilized by T-type inter-
actions between the terminal phenyl groups molecule which is a characteristic feature of metal porphyrins adsorbed on
metal surfaces.142–144 Because of the saddle-shaped conformation, the iron atom in TPP molecule undergoes high spin-
polarized states with a magnetic moment of 4 μB.143 However, due to the substitution of hydrogen with fluorine in the
benzene rings, the self-assembly of Fe-TPFP, which has a rectangular unit cell containing two molecules with different
azimuthal orientation, is slightly different with 2H-TPP and Ru-TPP.

After annealing to �600 K, the yield of the four reaction products is very different. Figure 5e is the histogram of dif-
ferent products generated from Ru-TPP (red), 2H-TPP (yellow), and Fe-TPFP (green). For 2H-TPP, 86% of the products
is product I. Only 12% of the products are II. Less than 3% of the products are III or IV. For Ru-TPP, products II and III
amount to slightly more than 30%, and I and IV to less than 20%. For Fe-TPFP, the overwhelming majority (more than
90%) of products is IV, in which the products are self-assembling into a new 2D structure on the Au(111) surface. Other
products are only observed in the amorphous region at boundaries.

In order to describe the evolution pathway, a series of possible intermediates are investigated by calculating their
ground state energies on Au(111). Because the reactions in each step (dehydrogenation/dehydrofluorization and C C
bond formation) are very similar, the activation energy in the reaction is correlated to the adsorption energies of inter-
mediates, according to the universality principle Brønsted–Evans–Polanyi relation.145 First, the authors calculate the
total energies of all possible single intermediates. All intermediates in the reaction pathway from Fe-TPFP to IV is the
most energy-favorable path. However, the energy difference between intermediates which has the lowest and second-

FIGURE 5 Selectivity of on-surface cyclization of different tetraphenylporphyrins (TPPs). (a) A schematic showing four isomers after

on-surface intramolecular quadruple ring formation. (b) STM images of 2H-TPP molecules and the products after annealing the surface to

620 K.140 (c) STM images of Ru-TPP molecules and the products after annealing the surface to 560 K.140 (d) STM images of Fe-TPFP

molecules and the products after annealing the surface to 600 K.141 (e) Histogram of different planar porphyrin derivatives of Ru-TPP (blue),

2H-TPP (orange), and Fe-TPFP (gray). In the histogram, the original data are re-plotted. (f) Comparison of energies of intermediates along

different reaction pathways for free-standing Fe-TPFP and Fe-TPFP/Au(111). ΔI
IS, ΔII

IS, ΔIII
IS, and ΔIV

IS are energy differences between the

lowest and second lowest structures when there is an isolated intermediate, while ΔI
SC, ΔII

SC, ΔIII
SC, and ΔIV

SC are the energy differences

considering steric constraints coming from the neighboring molecules141
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lowest energy in step 2 is only 0.03 eV, as shown in Figure 7f, indicating that other products are also very likely to be
formed at an annealing temperature of 600 K. These results are in contrast to the fact that there are no other products
observed in the self-assembled region of product IV.

Furthermore, similar to the case of isolated molecules, the ground state energies of all intermediates considering
steric constraints are calculated. The two product species II and IV as well as their intermediates are relaxed in a self-
assembled structure. The energy differences of the main species are in Figure 5f. No significant difference shows in
the first step, while the following steps favor the path to the final product. The difference between the product II and
the final product IV is 0.44 eV. Therefore, the self-assembly of reactants can significantly enhance the
stereoselectivity.

This concept is verified by experiments with varying coverage and heating rate. At lower coverages (�0.1 ML), the
stereoselectivity towards product IV is less pronounced (�20%). At lower heating rates, the selectivity of the product IV
decreases significantly, even though the coverage is very high. The ratio of product IV increases from 30% to 90% when
the heating rate increases from 1 to 15 K/min. It indicates that the “robustness” of self-assembly during reaction has a
significant influence on the stereoselectivity.

3.3 | Enhanced catalytic activity at molecule–metal interface

Furthermore, the catalytic activity can be enhanced at the molecule–metal interface. A “quantum nutcracker” for
H2 dissociation is theoretically predicted to be active at near-room temperature.111 The quantum nutcracker con-
sists of two jaws: MPc and the metallic surface (e.g., Au(111) and Cu(111) surfaces, and can be realized on other
metallic surfaces146). The two components are weakly bonded by van der Waals interaction. In the case of MPc
and Au(111), both MPc molecules and Au(111) surface are inert for hydrogen dissociation, although the H2 disso-
ciation on Au(111) was investigated for fundamental science purposes147–149 and gold nano-clusters show activity
due to quantum-size effect.150 At the beginning of the dissociation process, H2 diffuses on the Au(111) and then
goes into the channel between the MPc and Au(111). After that, H2 bond splits via a cooperative quantum interac-
tion with the two jaws. Finally, the atomic H leaves the channel. The researchers find that the overall activation
barrier for both Au- and Cu-based quantum nutcrackers can be overcome near room temperature. Unlike the
usual searches for catalysts that mainly focus on thermodynamics and kinetics, the discovery of the quantum nut-
cracker, based on inexpensive materials that by themselves are inert, expands the prospects of creating catalytic
systems by exploiting structural and electronic properties. Experiments of dosing hydrogen gas to MnPc/Au(111)
system found that all MnPc molecules become HMnPc,78 demonstrating the activity of MnPc/Au system for
hydrogen dissociation. Temperature dependent experiments show that the MnPc/Au system is active at tempera-
tures higher than 120 K.

4 | 2D METAL–ORGANIC NETWORKS WITH NOVEL PROPERTIES

Self-assembly of organic molecules can form 2D metal–organic networks with appropriate metals. The 2D metal–
organic networks have attracted attention because the interaction between organic ligands and metal atoms is much
stronger than between organic molecules due to the coordination bonds. The strong interaction gives rise to strong elec-
tron overlap between neighboring units. The organic ligands used to constructing 2D metal–organic networks are usu-
ally π-conjugated systems. The π-d conjugated system possesses exotic electronic properties,151–154 which relies on the
constructed structures. For example, the 2D organic network consisting of three Cu atoms and one benzenehexathiol
molecule (Cu3(C6S6)) has high electrical conductivity155 and superconductivity,156,157 while the one consisting of three
Ni atoms and two benzenehexathiol molecules (Ni3(C6S6)2) has topological non-trivial band structure.158,159 In this part,
we start from the 2D metal–organic systems with topological insulator states, then we introduce the 2D metal–organic
network with superconductivity.

The first-principles calculations can be transformed into a unique set of maximum localized Wannier functions
(WFs).160 This connection enables the use of WFs in the construction of model Hamiltonians, and allows for an exact
description of bands in a certain energy range, helping us understanding the physical nature of the novel topological
materials.161
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4.1 | 2D metal–organic topological insulator

So far, there are two types of 2D topological insulators predicted. One has a hexagonal lattice,162 in which metal atoms
form a hexagonal structure and bond to three adjacent molecules, as shown in Figure 6a.163 The hexagonal lattice is
composed of benzene rings and metal atoms with threefold rotational symmetry, in which the metal C bonds are sp 3

hybridized. The optimized 2D lattice shows the metal atoms are up and down out of the plane of benzene rings163 (side
view in Figure 6a). If the metal atom is Pb, the equilibrium lattice constant is 12.36 Å, with the Pb–Pb distance of
7.46 Å and height of 2.18 Å, respectively. The electronic band structure in Figure 6d shows a Dirac cone at the K point.
The Fermi level is exactly at the Dirac point without spin–orbit coupling (SOC), while there is a gap of �8.6 meV at the
K point with SOC, indicating the nature of intrinsic topological insulator states. The topological edge states are calcu-
lated by a tight-binding Hamiltonian in the basis of the maximally localized WFs, which can be fitted to the first-
principles band structure.

The other type has a Kagome lattice,159,164–167 in which three metal atoms form a Kagome lattice and bond the adja-
cent two organic molecules, as shown in Figure 6b (Ni3(C6S6)2).

158 Figure 6e shows the band structure of Ni3(C6S6)2
with SOC around the Fermi level. There are typical Kagome bands consisting of one flat band above two Dirac bands.
The band gap of the Dirac band (Δ1) is 13.6 meV, while the band gap between the flat band and the top Dirac band
(Δ2) is 5.8 meV. Moreover, there exists spontaneous magnetization in a 2D topological insulator. The quantum anoma-
lous Hall effects (QAHE) can be realized in 2D topological insulators based on metal–organic networks.168 The Cu-
dicyanobenzene (DCB) lattice is a stable QAHE insulator with a ferromagnetic ground state (Figure 6c). The typical
Kagome bands around the Fermi level are only occupied by single-spin electrons, as shown in Figure 6f. After consider-
ing SOC, there is a band gap (Δ1 = 2.0 meV) between the flat band and the top Dirac band, while the Fermi level is in
the SOC gap.

Theoretical prediction shows that the 2D Cu-9,10-dicyanoanthracene (DCA) lattice is a topological insulator.169 The
2D Cu–DCA hexagonal network is constructed by two Cu atoms and three DCA molecules, including a hexagonal lat-
tice contributed by Cu atoms and a Kagome lattice contributed by DCA molecules, as shown in Figure 7a. Because of

FIGURE 6 Theoretical predicted organic topological insulators. (a) Atomic structure and electronic properties of monolayer Pb(C6H5)3
in a hexagonal metal–organic lattice.163 (b) Atomic structure of monolayer Ni3C12S12 in a Kagome metal–organic lattice.158 (c) Atomic

structure of Cu-DCB CT lattice which has a ferromagnetic ground state.168 (d), (e) and (f) are the band structures of (a), (b) and (c) near the

Fermi level with SOC, respectively
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the lone pair in the CN group in the 9,10-DCA molecule, the molecule forms strong coordination bonds with the Cu
atoms.

This Cu–DCA lattice has already been synthesized in the experiment.170,171 A regular, porous 2D network is formed
after desorption DCA molecules onto Cu(111) surface at room temperature, as shown in Figure 7b.170 As shown in
Figure 7e, the Cu atoms form a honeycomb lattice, and the DCA molecules form a Kagome lattice. Moreover, the
Cu–DCA lattice is also fabricated on graphene, as shown in Figure 7c. After depositing DCA molecules and Cu atoms
sequentially onto the graphene (Gr/Ir(111)) substrate at room temperature, a 2D Cu–DCA hexagonal network formed.
The atomic structure is shown in Figure 7f.171 The band structures and PDOS of Cu–DCA lattice are shown in
Figure 7d. It shows a typical Kagome band around the Fermi level, including one flat band and two Dirac bands. A
band gap lies at the Dirac point after the SOC is included, indicating the very nature of intrinsic topological insulator
states with SOC.

4.2 | 2D metal–organic superconductor

Besides, the superconductivity in 2D metal–organic network has been predicted156 and also been verified experimen-
tally.157 Cu-benzenehexathial (Cu3(C6S6), Cu-BHT), a Kagome lattice with the point group of D6h, is consist of copper
atoms and C6S6 (BHT) molecules (Figure 8a).156 There are bands across the Fermi level, as shown in the band struc-
tures in Figure 8b. In Figure 8d, the Fermi surface of Cu-BHT in the upper panel shows that there are several hole/
electron pockets in the Brillouin zone. The bottom panel shows the momentum-dependent coupling λq. It indicates that
the σ-band-like electron/hole pockets at the boundary of BZ contributes to the electron–phonon coupling (EPC). On
the other hand, the π-band-like hole pockets at Γ point make small contributions to EPC. Figure 8e shows the
Eliashberg spectral function α 2F(ω) with the cumulative frequency-dependent EPC strength λ(ω), and the projected
phonon density of state (PhDOS) of different atoms (middle panel and lower panel). The results indicate that the main
contribution is from the out-of-plane vibrations of S atoms, due to a peak in α 2F(ω) at the frequency around 50 cm�1.
Besides, the out-of-plane vibrations of Cu atoms also contribute to the small increase of EPC at the frequency around
100 cm�1. The logarithmically averaged frequency is calculated to be 51.8 K (35.96 cm�1).156 The Curie temperature is
4.43 K.156 The authors also found that bulk Cu-BHT is also a SC with Tc of 1.58 K.156

The experiment has verified the superconductivity in Cu-BHT.157 Cu-BHT films are fabricated at the liquid–liquid
interface and then then transferred on the substrate. Figure 8c shows the high-resolution STEM image of Cu-BHT.157

FIGURE 7 Metal–organic topological insulator Cu–DCA. (a) Atomic structure of Cu–DCA.169 (d) The band structure and PDOS of

Cu–DCA, where the top-right inset is the charge distribution around the Fermi level, and the bottom two insets are the zoom-in bands

without and with SOC, respectively.169 (b,c) STM images of Cu–DCA grown on Cu(111)170 and graphene,171 respectively. The corresponding

configurations are shown in (e) and (f)
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Figure 8f shows the temperature dependence of electrical resistance measured on Cu-BHT.157 The Curie temperature
for superconducting transition is 255 mK.

5 | CONCLUSION

Self-assembly of organic molecules on metal surfaces is a simple and efficient way to fabricate low-dimensional supra-
molecular materials. The cooperation of theoretical calculations and experiments accelerates the process of investiga-
tion of self-assembly and the further exploration of potential applications. In this review, we introduce the novel
properties and potential applications in high-density data storage, selective reaction, and quantum topological device.
The investigation of the physical and chemical properties of self-assembled structures and the mechanism that controls
the self-assembly behavior can not only provide guidance for the construction and manipulation of functional materials
based on low-dimensional supramolecular network, but also provide theoretical foundations for the further applica-
tions. The researches of molecular self-assemblies depend much on the developments of computational methods. To
achieve calculations with high accuracy, the exchange-correlation functionals and van der Waals corrections need to be
improved with better descriptions on metal–organic interactions. In recent years, there are many efforts on database-
driven high-throughput calculation172,173 and machine learning,174 which are the promising computational techniques
in material sciences.175 The development of the computational technology will contribute to the design of molecular
self-assembly with novel properties and their further applications.
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