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Intermolecular strain has long been used to steer and promote chemical reactions towards desired pro-

ducts in wet chemical synthesis. However, similar protocols have not been adopted for the on-surface

synthesis on solid substrates due to the complexity of reaction processes. Recent advances in the sub-

molecular resolution with scanning probe microscopy allow us to capture on-surface reaction pathways

and to gain substantial insights into the role of strain in chemical reactions. The primary focus of this

review is to highlight the recent findings on strain-induced on-surface reactions. Such substrate-induced

processes can be applied to alter the chemical reactivity and to drive on-surface chemical reactions in

different manners, which provides a promising alternative approach for on-surface synthesis. This review

aims to shed light on the utilization of substrate-induced strain for on-surface transformation and syn-

thesis of atomically-precise novel functional nanomaterials.

Introduction

The field of on-surface synthesis of functional nanomaterials
has advanced rapidly in the past few decades.1–6 Common
strategies for the on-surface synthesis often involve the rational
design of a molecular precursor combined with a judicious
choice of catalytic substrates with external stimuli, which can
enable versatile control over reaction pathways towards the
desired final products.3,7–12 The utilization of such bottom-up

synthetic approaches has allowed the fabrication of a plethora
of novel molecules and functional nanostructures with
different topologies, and electronic and magnetic properties
under ultra-high vacuum (UHV) conditions.1,3,13–16 It is worth
mentioning that the majority of these nanostructures are unat-
tainable via conventional organic synthesis, due to their poor
solubility and high reactivity under ambient conditions.17,18 In
contrast to the wet chemical synthesis conducted in the solu-
tion phase, on-surface synthesis exploits similar chemical reac-
tions on a solid substrate, such as Ullmann, Sonogashira,
Glaser coupling and cyclodehydrogenation reactions via deha-
logenation and dehydrogenation processes.3,19 Various carbon-
based nanostructures have been synthesized via the on-surface
synthetic strategy and subsequently characterized by scanning
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probe microscopy with sub-molecular resolution.7,14,19–23

Generally, the topologies and physical properties of the final
products can be tuned by the rational design of elegant mole-
cular precursors. For instance, acene motifs are introduced in
precursors for the synthesis of armchair-edged graphene nano-
structures by promoting the cyclization process along the arm-
chair direction. In contrast, methyl groups are incorporated to
synthesize zigzag-edged graphene nanostructures, because
additional carbon atoms are needed to close the ring along the
zigzag direction.13,23 Therefore, the precursor design constitu-
tes the first key step for the on-surface synthesis.

Apart from the precursor design, typical on-surface syn-
thesis also requires external stimuli via thermal-annealing or
light irradiation to trigger intramolecular and intermolecular
transformations.1,3,13 The thermal-annealing protocol has
been widely adopted to control the reaction products by
varying the annealing temperature and supporting substrate
(e.g. Au, Ag and Cu). For example, Lafferentz et al. reported the
formation of a porphyrin-based two-dimensional (2D) frame-
work by sequentially activating the iodine and bromine sites
on the Au(111) surface. Annealing 5,15-bis(4-bromophenyl)-
10,20-bis(4-iodophenyl)porphyrin (trans-Br2I2TPP) at ∼400 K
results in the cleavage of the iodine atoms to form a chain-like
structure. The 2D framework can be subsequently formed at
∼500 K by removing the bromine atoms and coupling with
other chains.24 Analogously, Cao et al. reported that annealing
6,11-dibromo-1,4-diphenyl-2,3-dithenoyltriphenylene (DBTP)
at elevated temperatures leads to different final products,
including sulfur-doped GNRs and pure-hydrocarbon GNRs.25

Besides, light illumination can act as an alternative stimulus
to induce on-surface reactions. Urgel et al. have demonstrated
the light-induced generation of higher acene molecules on the
Au(111) surface. In this case, the incident light is applied to
dissociate the α-diketone moieties of precursors by exciting the
n–π* transition of the molecules, resulting in the formation of

unsubstituted heptacene and nonacene molecules. For the
light-induced on-surface synthesis, a judicious choice of the
wavelength of incident light is required to excite molecular
precursors and metal substrates (to generate hot electrons by
the interband transition) towards efficient transformations
into the desired products.26

In addition to the factors aforementioned, the crystallo-
graphic symmetry and catalytic activity of the underlying sub-
strates also play vital roles in various surface chemical reac-
tions (Fig. 1). For example, the 10,10′-dibromo-9,9′-bianthra-
cene (DBBA) precursor can be transformed into graphene
nanoribbons (GNRs) only on certain metal substrates such as
Au(111) and Cu(111).3 In contrast, it is converted into nanogra-
phene rather than GNRs on the Cu(110) surface due to lower
symmetry and higher reactivity compared to Au(111) and Cu(111).
The increased reactivity of the Cu(110) surface favors the
substrate–molecular interaction over the intermolecular one,
which thus suppresses the Ullmann coupling pathway towards
the formation of GNRs.27 Additionally, the use of different
metal substrates could also result in the formation of a co-
valently-bonded framework with distinct morphologies. Treier
et al. reported that the hexaiodo-substituted CHP precursor
tends to form ordered framework domains on the Ag(111)
surface upon thermal annealing, while branch-like structures
are preferentially formed on the Cu(111) substrate.28 Such a
difference can be attributed to the different relative energy
barrier between surface diffusion and chemical reactions on
these two substrates. When the diffusion prevails the reaction,
the increased mobility can result in a more regular framework.

The exploration of conceptually new toolkits for steering of
on-surface reactions can further accelerate the development in
the field of on-surface synthesis. Mechanochemical synthesis,
driven by external force/strain, is regarded as a promising
alternative approach for synthesizing novel functional nano-
materials. Unfortunately, such an approach cannot be directly
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applied to the on-surface synthesis because conventional
methods for applying external force (e.g. ball milling and
cavity grinding) cannot be implemented with the reactants
adsorbed on a substrate. Recent progress has revealed that
substrate-induced strain can be potentially exploited to drive
the on-surface reaction along the desired pathway because it
mimics the external mechanical stimuli used for the mechano-
chemical synthesis in the solution phase.29–33 This concept
has been demonstrated in recent reports, including the strain-
induced skeleton re-arrangement of different PAHs on the Cu
(001) surface and strain-induced intramolecular cyclodehydro-
genation of the CHP precursor towards the formation of nano-
graphene on the Cu(111) surface.29,34

The complexity of molecular transformations and fine
structural variations often precludes the capture of the full role

of inter/intramolecular strains in reaction pathways using con-
ventional sample-averaged characterisation techniques. In con-
trast, the tip-functionalised non-contact atomic force
microscopy (nc-AFM) imaging technique has emerged as a
powerful tool for sub-molecular resolution imaging of reaction
intermediates and final products synthesized on various
surfaces.35–40 Such high-resolution imaging is achieved via the
use of a tuning-fork-based force sensor with the tip apex deco-
rated with a specific molecule/atom (e.g. carbon-monoxide
(CO)). The functionalised tip oscillated with a small amplitude
(<0.1 A) offers an increased sensitivity to the short-range forces
in the Pauli repulsion regime. The strongest Pauli repulsion
occurs over regions of high electron density (e.g. chemical
bonds), which allows for imaging of the molecular backbone
with sub-molecular resolution.30,41–44 It is therefore accessible
to trace fine conformational changes of reaction intermediates
and products using this technique.45–47

In the following sections, we will highlight the recent pro-
gress in the strain-induced structural re-arrangement and
chemical transformation on the surface. In particular, we will
first discuss how intramolecular strain gives rise to the skeletal
rearrangements of individual polyaromatic hydrocarbon mole-
cules.34 Following this, we will then describe our recent report
on the strain-induced intermolecular rearrangements in
extended metal–organic structures.48 In the final part we will
discuss how the crystallographic symmetry and catalytic
activity of the metal substrate could alter the properties of
chemically identical amine groups.49 Appropriate utilization of
substrate-induced strain could potentially enrich the existing
toolbox of on-surface chemistry (Fig. 1).

Strain-induced skeletal rearrangement at the single-molecule
level

Iwata and co-workers reported a strain-induced intramolecular
skeletal rearrangement of polyaromatic hydrocarbons (PAHs)
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Fig. 1 On-surface synthesis of novel molecules and functional nanostructures steered by the substrate–adsorbate interaction.
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on the Cu(100) surface.34 Two molecular precursors, diazuleno
[1,2-c:2′,1′-g]phenanthrene (DAPh) 1 and diazuleno[1,2-a:2′,1′-c]
anthracene (DAA) 2 (Fig. 2a), were synthesized for this study.
The gas-phase DAPh monomer is highly twisted due to the
steric repulsion between the two H atoms, bonded to 12- and
13-positioned C atoms respectively (Fig. 2h), while the gas-
phase DAA monomer adopts a bent geometry, attributed to the
steric repulsion of H atoms between 5- and 6-positions and
between 17- and 18-positions (Fig. 2l). However, constant-
height nc-AFM imaging (Fig. 2b and g) reveals that both of
them attain a relatively flat adsorption geometry upon adsorp-
tion on the Cu(001) surface, corroborated by density functional
theory (DFT) calculations. Such a surface planarization of non-
flat molecular precursors may result in the accumulation of
internal strain, which is expected to promote diverse skeletal
rearrangements of molecules upon thermal annealing.

Several distinct products are formed upon annealing a
DAPh-decorated Cu(001) substrate at different temperatures.
According to the experimental observations, a reaction
pathway of 1–3–4–5/6 is assumed, as illustrated in Fig. 2a.
Product 3 shows a bright protrusion at the centre as elucidated
by nc-AFM imaging (Fig. 2c), suggesting a non-planar adsorp-

tion geometry. The backbone of products 4 to 6, with a flat-
tened adsorption geometry on Cu(001), can be better visual-
ized in the nc-AFM image (Fig. 2f). Both nc-AFM imaging and
theoretical calculations indicate that products 5 and 6 are
obtained through the skeletal rearrangement of one azuleno
moiety in product 4 into a fulvaleno or naphtho moiety. In
contrast, it is observed that the DAA 2 cannot be cyclodehydro-
genated, nor be rearranged in multi-annealing processes.

DAPh 1 undergoes two types of competing rearrangements
at elevated temperatures: (i) cyclodehydrogenation at ∼400 K
and (ii) skeletal rearrangement above 473 K. Compared to
DAPh 1, the azuleno parts of the product DAPyr 4 are distorted
in free space due to the steric hindrance between the azuleno
groups and the rigidity of the pyrene part (red dashed line in
Fig. 2i). In addition, DFT calculations show that the newly
formed six-membered carbon ring in DAPyr 4 does not have
aromatic features, which suggests that the cyclodehydrogena-
tion process is not driven by extension of the aromaticity.
Moreover, the calculated flattening energy of DAPyr 4 (∼0.1 to
0.17 eV) is much larger than that of DAPh 1 (∼15 to 60 meV)
on the Cu(001) surface, indicating that the flattened configur-
ation of DAPyr 4 could induce a more substantial strain com-

Fig. 2 (a) Reaction of DAPh 1 on Cu(001) to yield a fulvaleno-rearranged product 5 and a naphtho-rearranged product 6 via intermediates 3 and 4.
The DAA 2 (framed at right) is not applicable for skeletal rearrangement. (b–f ) nc-AFM images of precursor DAPh 1, intermediate 3, cyclized DAPyr
4, and the final products fulvaleno 5/naphtho 6. (g) nc-AFM image of molecule DAA 2. Scale bar: 5 Å. (h–l) The corresponding molecular models for
the top view and side view of freestanding molecules DAPh 1, DAPyr 4, fulvaleno 5, naphtho 6 and DAA 2. (Reproduced from ref. 34, Copyright 2017,
with permission of Springer Nature.)
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pared to molecule 1 on the Cu(001) surface. All these obser-
vations suggest that intramolecular strain provides a driving
force to promote the skeletal rearrangement of DAPyr 4
molecules.

Product 5 appears to be the most abundant species after
annealing at ∼520 K, which implies that the majority of
azuleno moieties are converted into fulvaleno moieties rather
than naphtho ones. It is noted that DFT calculations predict
that the product 5 is planar in free space, indicating that the
reactions 4–5 eliminate the strain instability in the molecule
DAPyr 4 on the Cu(001) surface. In contrast, the formation of
product 6 is energetically unfavourable because the flattening
energy of 6 is higher (110 meV) than that of 5. Therefore,
product 6 may be rearranged into 5 in a planar manner due to
the relief of intramolecular strain. The combination of nc-AFM
imaging and DFT calculation allows us to reveal the roles of
intramolecular strain during the on-surface process. Such
strain-induced on-surface transformation provides a promising
route to synthesize novel functional molecules.

Strain-induced isomerization of 1D organometallic
nanostructures at room temperature

We recently reported an internal strain-induced isomerization
reaction of one dimensional (1D) metal–organic chains
(MOCs) on the Cu(111) surface.48 In our study, the 1,5-
dibromo-2,6-dimethylnaphthalene (DBDMN) molecule is
chosen as the precursor to synthesize 1D MOCs on the Cu(111)
substrate. Upon deposition on the substrate, DBDMN mole-
cules are expected to undergo the cleavage of C–Br bonds at
room temperature. As a result, σ-radicals are formed by
removal of Br atoms, coordinating with the Cu adatoms on the
surface to form 1D MOCs with homochiral and heterochiral
configurations. However, the MOCs evolve into different con-
figurations after annealing at room temperature for ∼12 hours.
These configurations are presented by newly formed dumb-
bell-shaped 1D MOCs, indicating that the original MOCs
underwent structural rearrangement (Fig. 3a). The MOC
isomers before and after room-temperature annealing are
referred to as strained and relaxed ones, respectively.

nc-AFM imaging with a CO-decorated tip was performed to
unveil structural transitions from the strained to the relaxed
MOC. However, it is challenging to resolve the chemical back-
bone of the strained MOCs because the most substantial Pauli
repulsion occurs over protruding methyl groups located at the
2- and 6-positions of DBDMN monomers. To overcome such a
challenge, a controllable tip-induced dehydrogenation was per-
formed, via STM scanning at an elevated bias voltage of Vs >
1.6 V. This process allows for the removal of the protruding
hydrogen atoms of methyl groups without inducing any intra-
molecular rearrangements or alternations of the C–Cu–C
bonding motif. Thus, the naphthalene rings of the mono-dehy-
drogenated DBDMN monomers become well-resolved by nc-
AFM imaging, and the line-featured C–Cu–C bonds turn out to
be visible, which show a good agreement with the simulated
nc-AFM image of mono-dehydrogenated MOCs (Fig. 3b).

After prolonged annealing at room temperature for
∼12 hours, the original MOCs undergo a structural rearrange-
ment and transform into a relaxed isomeric form. The same
dehydrogenation routine was conducted to unveil the internal
structure of relaxed MOCs. In a partially relaxed MOC shown
in Fig. 3b, the relaxed part consists of one Cu adatom co-
ordinated to one C(Br) radical site and one C(H) radical site
(Fig. 3c). These findings indicate that the relaxed MOC junc-
tions can be derived from strained MOCs by shifting the Cu
coordination centre from C(Br) to an adjacent C(H) site, and
shifting a H atom from the C(H) to the formerly Cu-bound
C(Br) site (Fig. 3a). In addition, the DFT-predicted Cu–Cu dis-
tance shows good agreement with the experimental results
(7.6 Å and 6.9 Å for strained/relaxed chains). Moreover, the
total energy of relaxed MOCs is predicted to be ∼0.28 eV lower
than that of the strained ones. All these observations indicate
that the strain in the original MOCs provides the driving force
for the isomeric transformation process.

We also performed a series of calculations including
Quantum mechanics/Molecule mechanics and Molecular
dynamics simulations to investigate the energy profile of the
skeleton rearrangement process in this system. The most ener-
getically favourable rearrangement pathway involves a two-step
process with two activation barriers (Fig. 3e–i and k). The first
step is a rapid 1,3-H shift proceeding along the δH = h3 − h1
reaction coordinate. Note that the strain stored within the C–
Cu bonds increases the transition rate and facilitates the reac-
tion by overcoming an activation barrier of 1.18 eV. The
second reaction step involves the dissociation of the C1–Cu
bond and the formation of a new C3–Cu bond, described by
the bond distance as the reaction coordinate, Δ(Cu–C). This
step is facilitated by releasing the strain within the chain and a
vertical movement (∼0.4 Å) of the naphthalene unit to over-
come the activation barrier of 0.78 eV (Fig. 3l). Different from
conventional approaches, which often require thermal treat-
ment to cleave C–Cu bonds or activate C–H bonds on catalytic
substrates, the strain stored within the 1D-MOC system allows
for the activation of these chemical transformation processes
at room temperature.

Substrate-promoted molecular bonding functionalization

Chi and co-workers reported the site-selective functionalisa-
tion of the chemical groups within a single molecule. 4,4″-
Diamino-p-terphenyl (DATP) molecules with two identical
amine groups were studied on the Cu(111) surface. Upon depo-
sition at below 100 K, the nc-AFM images reveal that the DATP
molecules adopt two adsorption configurations (Type I and II)
on the Cu(111) substrate (Fig. 4b and c). 77.6% of the DATP
molecules are found to adopt the Type I adsorption, while the
rest of them show the Type II adsorption, which suggests that
Type I is the more energetically favourable configuration.
Interestingly, the Type II configuration shows a highly sym-
metric feature in the AFM image, while Type I always appears
to have a fuzzy end at one of the amine groups. Additionally,
both configurations can be switched back and forth by atomic
manipulation. High-resolution nc-AFM images and DFT calcu-
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lations reveal that Type I has two metastable adsorption sub-
types (IA and IB), which are separated by ∼90 pm from each
other on the Cu(111) surface. As illustrated in Fig. 4d and e,
the left amino group of Type IA is located close to a top site,
while the right amino group lies in close proximity to a fcc
hollow site of the Cu(111) surface. As to Type IB, the left
amino group is located above an hcp hollow site, while the
right amino group is located close to a top site. DFT calcu-
lations further reveal that the amino group of the DATP mole-
cule is significantly bent down (∼70 pm) towards the surface
when it locates above a Cu top site. The downward bending of
amino groups indicates the bond formation between the mole-
cule and underlying Cu atoms, which also results in weakened
N–H bonds within the amino group. Thus, the fuzzy feature is
generated due to additional attraction force at the bent-down
amino site which promotes the jumping between Type IA
and IB.

A subsequent control experiment was conducted on the
Au(111) surface to understand how the substrate interacts with
DATP molecules. Interestingly, only one adsorption configur-
ation without any fuzzy feature is observed on the Au(111)
surface (Fig. 4h). Both terminal amino groups are located close
to the top sites of Au atoms. In addition, the lattice mismatch
between DAPH and the Au(111) surface is reduced compared
to Cu(111). These observations suggest that the lattice mis-
match could be utilized to break the intrinsic symmetry of
chemically-equivalent functional groups within a single mole-
cule. In this regard, additional TPCA molecules were deposited
onto the DATP/Cu(111) system to investigate the assembling
preference of DATP molecules. The nc-AFM images reveal that
the TPCA molecules tend to form clusters with Type I at the
fuzzy ends, whereas TPCA molecules are always connected
with both sides of Type II. This suggests that the bent-down
amino groups (fuzzy end of Type I and both ends of Type II)

Fig. 3 (a) Schematic illustration of the synthesis and structural relaxation of MOCs on Cu(111). (b) nc-AFM image of the 1D MOC chain with strained
and relaxed registry. (c) and (d) nc-AFM image of the same 1D chain in (b) after tip-induced dehydrogenation. (e)–(i) Top view of the structures at
different stages of the reaction. ( j) Schematic definition of the distances and atoms participating in the reaction. (k) Free energy profile of the two-
step reaction. The first part goes through the reaction coordinate δH = h3 − h1 and the second part goes through Δ(Cu–C). (l) Height of the Cu
adatom implied in the reaction in red and the average heights of C atoms in black during the reaction at 300 K (relaxed at 0 K in dashed lines). Scale
bar: 5 Å. (Reproduced from ref. 48, Copyright 2019, with permission of John Wiley and Sons.)
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possess a higher binding affinity with TCPA molecules, which
could further influence the chemical reactivity of the molecule.
The interaction between the nitrogen lone pair and the Cu
atoms can weaken the N–H bonds of the amino groups this
side. Therefore, the DATP molecule will readily move towards
to a nearby TPCA molecule close to the fuzzy site (low energy
barrier 5–6 meV).

Perspective

The utilization of strain to promote on-surface chemical reac-
tions emerges as an appealing approach to extend the toolbox
of on-surface synthesis for fabricating a wide range of novel
molecules and functional nanostructures. The state-of-the-art
scanning probe techniques (e.g. AFM imaging with a CO-deco-
rated tip or bond-resolved STM) can be used to resolve the
chemical backbones of precursors, reaction intermediates and
reaction products at an atomic bond level, which provides
deep insights into the role of substrate-induced strain in
different reaction pathways. In addition, the controllable
atomic manipulation assists the removal of out-of-plane atoms
without damaging initial backbone conformations for the
high-resolution real-space visualization of non-planar chemical
structures on the surface. In combination with DFT calcu-
lations, it is possible to understand the mechanism of strain-
induced on-surface chemical reactions in a comprehensive
manner.

Nevertheless, unlike conventional on-surface synthesis,
more efforts are needed to exploit the concept of strain-

induced reactions for surface chemical transformations. It is
highly desirable to apply this approach for the synthesis of
more complex functional nanostructures on the surface.
Furthermore, it is of great interest to investigate how to control
the substrate–adsorbate interactions and the reactivity of a
molecular precursor for the fabrication of novel nano-
structures. For instance, the DATP molecule exhibits an assem-
bling preference with TPCA on the Cu(111) surface. It is
expected that such in situ molecular functionalization and
assembly strategies could be applied to fabricate different one-
dimensional (1D) and two-dimensional (2D) nanostructures in
a controllable way.50 We envision that substrate-induced strain
can be harnessed to fabricate a diversity of functional
materials and quantum nanostructures for both fundamental
research and technology applications.
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Fig. 4 (a) Chemical structure of DATP. (b and c) Constant height AFM images of molecules with the Type I and Type II adsorption structures. (d)
AFM image of DATP type I fitted by two molecular models, namely Type IA (black) and Type IB (red). (e) The sketch of precise adsorption positions as
revealed by AFM imaging. The two structures are displaced by 96 pm along the [11−2] direction. (f and g) DFT calculations of the adsorption posi-
tions of Type IA and Type IB on Cu(111). (h) AFM image of DATP Type II on Cu(111). (i) AFM image of DATP on Au(111). ( j and k) DFT calculations of
the corresponding adsorption structures on Cu(111) and Au (111), respectively. (Reproduced from ref. 49, Copyright 2018, with permission of
Springer Nature.)
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