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ABSTRACT: On-surface synthesis became a powerful strategy to
synthesize extended nanocarbon materials, such as oligomers and
graphene nanoribbons, via C−C bond formation between small precursor
molecules. However, the reverse reaction, namely, C−C bond cleavage,
remains challenging due to the high activation barrier. Here, we present
systematic fragmentation to individual units from tetra(9-anthryl)benzene
oligomers, which were synthesized by Ullmann-type homocoupling on
Au(111). The detailed mechanism of fragmentation was investigated with a
combination of scanning tunneling microscopy and density functional theory calculations. We found that the Diels−Alder
reaction between anthracene groups in the unit significantly lowers the activation barrier to cleave the C−C bond between the
units in the oligomer. Our findings may offer an approach to disassemble oligomers in a controlled manner.
KEYWORDS: on-surface synthesis, fragmentation, Diels−Alder reaction, scanning tunneling microscopy, density functional theory

Since Staudinger synthesized long molecular chains
connected with covalent bonds between monomeric
repeat units in 1922, polymer chemistry has been

extensively investigated.1 Various functions in extended
polymers, such as water impermeability, corrosion resistance,
high strength-to-weight ratios, and so on, have been
realized.2−7 The pursuit of controllable degradation has also
emerged as a pivotal avenue, ultimately aiming for enhancing
sustainability and enabling diverse applications in fields ranging
from biomedicine to environmental engineering, such as drug
release, recycling, or waste management.8−12 One common
approach to achieve controlled degradation is to introduce
specific chemical compositions and structures into polymers,
which can be decomposed under certain conditions. For
instance, acetal, amide groups, o-nitrobenzyl groups, and ester
bonds in polymers are degraded in response to environmental
factors such as pH, temperature, light, or the presence of
enzymes, respectively.13−17 To increase the variety of polymer
fragmentation, it is important to investigate the mechanism at
the atomic scale.
In recent years, the development of on-surface synthesis has

facilitated interdisciplinary research between wet and on-
surface chemistry, which has led to notable advancements in
realizing functional molecular nanoarchitectures.18−21 In the
reaction, designer precursor molecules are deposited onto
surfaces under ultrahigh vacuum conditions and subsequently
connected via thermally and optically activated chemical
transformation.22 Atomic force microscopy (AFM) and
scanning tunneling microscopy (STM) with a CO-terminated

tip became an essential technique because structures of
products can be readily identified by bond-resolved imag-
ing.23,24 The direct visualization of inner structures of
molecules allows the investigation of reaction pathways,
leading to the rapid development of on-surface synthesis. So
far, various on-surface reactions have been developed to
fabricate extended nanocarbon materials.25−31 Among them,
Ullmann-type coupling�one of the most utilized reactions�
has been employed to synthesize various oligomers32−34 and
two-dimensional covalent organic structures.35−38 Such prod-
ucts offer a playground to investigate mechanical, electronic,
and magnetic properties at the atomic scale with STM. The
reverse process, namely fragmentation, has also been observed
in some systems�for instance, the loss of methyl groups
during cyclodehydrogenation reactions39 and the fragmenta-
tion of individual molecules.40 These examples provided
valuable insights into the on-surface chemistry. However, the
fragmentation of oligomers on surfaces remains challenging
due to the high activation barrier of C−C bond cleavage,
which is critical for disassembling oligomers in a controlled
manner.
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Here, we use 1,2,4,5-tetra(10-bromo-9-anthryl)benzene (1)
to study the fragmentation. Annealing 1 on the Au(111)
surface at 100 °C leads to the synthesis of tetra(anthryl)-
benzene oligomers through the Ullmann-type homocoupling at
100 °C (Scheme 1). Subsequently, 1 oligomer undergoes a
sequential transformation to form compound 4. In the first
step of fragmentation, an intramolecular Diels−Alder reaction
occurs between adjacent sterically hindered anthracene units.
Subsequently, partial cleavage of the newly formed C−C bond
leads to the generation of the tetraradical intermediate A. Due
to its high reactivity, intermediate A undergoes hydrogen
abstraction to yield compound 3. Since 3 contains a helicene
structure, further cyclodehydrogenation proceeds upon heat-
ing, affording compound 4. The 4 derivatives can also be
synthesized through a similar reaction path while dissociating
one or two phenyl groups during annealing (Scheme S1). The
presence of 2, which was synthesized through the fragmenta-
tion of the 1 oligomer, was confirmed via the analysis of the
reaction pathway based on the observed planar compounds
with a combination of bond-resolved STM and density
functional theory (DFT) calculations.

RESULTS AND DISCUSSION
Upon depositing 1 on the Au(111) surface kept at room
temperature, an extended self-assembled structure was formed
(Figure 1A). Since the gold herringbone pattern is seen on the
molecular island, the interaction between the molecule and the
substrate was relatively weak, namely physisorption. Further,
the presence of the herringbone structure indicates the absence
of debromination, and so the molecule was intact. The close-
up view of the molecular island shows chevron-like chain
structures (Figure 1B). The large height of the island (361 pm)
indicates that the molecule is nonplanar, as expected from the
chemical structure of 1. To investigate the assembly, individual
molecules were removed from the island by scanning the tip at
a closer tip−sample distance along the trajectories indicated by
the arrows. We found the separated molecule in a dumbbell

shape, which is in agreement with the simulated STM image
with a DFT relaxed structure on the Au(111) surface (Figure
1C). Assigning the shape of the missing molecules in the
island, the position of 1 was determined as indicated by black
contours in Figure 1b. Thus, the dark line in the molecular
island corresponds to the central benzene in compound 1. The
molecules were most probably condensed by the Br···Br−C
halogen bonding and Br···H−C hydrogen bonding.
After annealing the sample at 100 °C, we found that the

growth direction of the molecular unit in the island changed, as
indicated by black arrows in Figure 1D. To investigate the
structure, a close-up view image was taken on the island
(Figure 1E). We could identify the molecular site by assigning
the dumbbell pattern (Figure 1F), yet the corrugated structure
prevented detailed structural analysis of whether the molecular
island corresponds to a two-dimensional covalent network or
self-assembled one-dimensional oligomers. Thus, we attempted
to modify the island by tip-induced manipulation (Figures 1G
and S1). Since chains were separated, we concluded that the
molecular island was composed of self-assembled one-dimen-
sional oligomers. The oligomer was detached by tip
manipulation while remaining structurally intact, suggesting
covalent bonding between the molecular units.41−43 Therefore,
the 1 oligomer was formed with an abundance of 69% which
was obtained by counting the number of units (Figure S2).
Since the herringbone pattern on the molecular island
disappeared after the annealing, the dissociated bromines
participated in the oligomer self-assembly and condensed them
by the hydrogen bonding. In fact, the bromine atoms appeared
beside the oligomers after manipulation (Figure S3), further
supporting the formation of polymers via Ullmann-type
coupling. Notably, the different appearance of the extracted
polymer compared to the contour observed within the island
arises from the intrinsic flexibility of the molecular backbone.
The C−C single bonds between the anthracene groups as well
as between the anthracene and phenyl groups allow conforma-
tional variations, and the three-dimensional configuration of

Scheme 1. A Series of On-Surface Reactions Illustrating the Structural Evolutiona

aOligomerization occurs at 100 °C via Ullmann-type coupling, forming 1 oligomer. Upon annealing at 150 °C, fragmentation takes place through
an intramolecular Diels−Alder reaction, leading to the formation of 2. Subsequent annealing at 250 and 350 °C induces planarization, where 2 is
converted into the conjugated 3 and 4.
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the molecular units further contributes to bending during
manipulation. We deduce that only two aryl bromine groups in
1 in close proximity to the surface were reacted at 100 °C due
to the gold catalysis (Scheme 1). In contrast, the other two aryl
bromine groups positioned farther away from the substrate
should remain intact, which can be confirmed by employing
Br-functionalized tips and tip-induced debromination (Figure
S4).
To induce the reaction of the remaining C−Br bonds in the

oligomer, the sample was annealed at 150 °C. Surprisingly, we
found that all oligomers were transformed into small molecules
(Figure 2A) with 98% abundance. It is known that even at a
higher temperature of 400 °C, the C−C single bond in
oligomers usually remains intact.44 Rather, π-extension is often
caused by thermal fusion at the edge.45 The inset of Figure 2A
shows that the molecule dissociated from the oligomer by
annealing is smaller than 1 detached from the molecular island

by the tip. The line profile of the dissociated molecule, taken
along its longitudinal axis, clearly differs from that of
compound 1. It exhibits reduced symmetry, as shown in
Figure S5. Apparently, the two compounds are not the same.
The Diels−Alder reaction has been demonstrated to occur on
surfaces, and its reactivity with anthracene groups is also well-
established.46−50 Therefore, it is reasonable that the Diels−
Alder reaction takes place between adjacent anthracene units
within 1. To verify the hypothesis, we optimized the structure
of 2 on the Au(111) surface using DFT calculations and
subsequently simulated the STM image. The contrast of the
simulated image shows good agreement with the experimental
data (Figure 2B), supporting that the structure of the
dissociated molecule should correspond to 2 (Figure 2C).
Notably, a mirror-symmetric configuration of 2 was used here,
while the possibility of a helical 2 is discussed in Scheme S2. In
addition, the STS results of 1 and 2 (Figure S6) reveal distinct
electronic properties, further indicating that 2 is a new species
formed via the Diels−Alder reaction. We assumed that the
intramolecular Diels−Alder reaction also relates to the unusual
fragmentation because the annealing temperature of 150 °C is
not high enough to overcome the activation barrier of the C−
C bond cleavage between the units on Au(111). It should be
noted that retro-Diels−Alder reactions may occur on the
surface so that oligomer 1 and the intramolecular DA product

Figure 1. On-surface synthesis of oligomers. (A) Large-scale STM
topography taken after deposition of 1 on Au(111). (B) Close-up
views before and after the manipulation of individual molecules.
The red arrows indicate the direction of the tip movement during
the manipulation. The red solid and dotted contours indicate the
manipulated molecules and the resulting vacancies, respectively.
The black contours indicate the individual molecules in the self-
assembled island. (C) Simulated STM image on the left. Top and
side views of the DFT relaxed structure in the middle and right.
(D) Large-scale and (E, F) close-up STM topographies taken after
annealing at 100 °C. The molecules are labeled by black contours.
(G) STM topographies taken before and after several manipu-
lations. Two oligomers were separated from the molecular island.
Measurement parameters: Sample bias voltage V = 800 mV and I =
2 pA in (A, B), and V = 500 mV and I = 2 pA in (D−G).

Figure 2. Structural transformation by annealing at different
temperatures. (A) Large-scale STM topography taken after
annealing the sample at 150 °C. The inset shows the close-up
view. (B) Simulated STM image and (C) chemical structure of 2.
(D) Large-scale STM topography taken after annealing at 250 °C,
and a close-up view is shown in the inset. (E) Simulated STM
image and (F) chemical structure of 3. (G) Large-scale STM
topography taken after annealing at 350 °C, and a close-up view is
shown in the inset. (H) Corresponding bond-resolved STM image
and (I) chemical structure of 4. Measurement parameters: V = 0.5
V and I = 2 pA in (A). V = 0.2 V and I = 5 pA in (D). V = 0.2 V and
I = 10 pA in (g). V = 1 mV in (H).
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coexist in thermal equilibrium. However, once the intra-
molecular DA product undergoes dehydrogenation and
subsequent aromatization to form 2, the system cannot revert
to the original oligomer 1. To investigate the structure of the
dissociated molecule experimentally, we induced planarization
by annealing at 250 °C, and three main isolated products were
formed that together accounted for ∼35% of the total
molecular structures (Figure 2D). The remaining products
consisted of various minority nonplanar structures and fused
oligomers. The close-up view shows an example of the
trapezoidal-shaped molecule (inset of Figure 2D). We
attempted to resolve the inner structure by bond-resolved
STM with a CO-terminated tip, but found that the accidental
movement of the molecule prevented high-resolution imaging.
The low diffusion barrier most probably resulted from the
nonplanar molecule (Figure S7). The structure of the molecule
was thus investigated by considering the transformation to the
quasiplanar compound from compound 2 (Scheme 1). To
validate the analysis, we conducted DFT calculations and
obtained an agreement between the simulated STM and
experimental data (Figures 2E and S8). Thus, the trapezoidally
shaped molecule should correspond to 3 (Figure 2F). To
planarize the compound completely, the sample was further
annealed at 350 °C (Figure 2G). The close-up view of the
STM topography shows that the trapezoidal structure became
less mirror-symmetric (inset of Figure 2G). The corresponding
bond-resolved STM image revealed the inner structure, named
4 (Figure 2H). We found that the formation of the central five-
and seven-membered rings accounts for the observed
asymmetry. This compound can be obtained from 3 through
cyclodehydrogenation, as indicated by the red lines in Figure
2I. This provides direct evidence that the Diels−Alder reaction
occurred and that compound 2 was formed. We also observed
smaller products (3′, 3″) after annealing at 250 °C (Figure
S9). Similar to 3, the chemical structures could not be
identified by bond-resolved imaging due to accidental
manipulations. Thus, we planarized them by annealing at
350 °C. The bond-resolved images of the final products
indicate that the intermediates of 3′ and 3″ correspond to 3
with one or two phenyl groups missing (Figure S10). Statistical
analysis of each reaction step is provided in Figure S11. Taken
together, the intramolecular Diels−Alder reaction induced
unusual fragmentation of 1 oligomers. It is worth noting that
this fragmentation also occurs on the Ag(111) surface (Figure
S12).
To verify the intramolecular Diels−Alder reaction, we

conducted a complementary experiment with 1,2,4,5-tetra(9-
anthryl)benzene (1′),51 in which bromine atoms of 1 were
replaced by hydrogen atoms. Depositing 1′ on Au(111) kept at
room temperature resulted in the formation of small molecular
islands (Figure 3A). In contrast to the self-assembled structure
of 1 condensed by Br···Br−Br···H interactions, no two-
dimensional extension was seen. The low ordered structure
should result from the relatively weak C−H···π interaction
between the molecules. The comparative STM profiles for
compounds 1 vs 1′ show that the bromine atoms lead to a
slightly bigger STM topography. In order to induce the
intramolecular Diels−Alder reaction, the sample was annealed
at 150 °C (Figure 3B). Since the molecular arrangement on
the surface and the shape observed in the STM profile (Figure
S13) are identical to those of 2, we conclude that the Diels−
Alder reaction also occurred in 1′. To induce structure
transformations, the sample was further annealed at 250 °C

and 350 °C (Figure 3C,D). The close-up views show the
excellent consistency of the STM topographic contrast
between the products from 1 and 1′, while the molecule in
the inset of Figure 3D has a mirror symmetry with that in the
inset of Figure 2G (see Figure S14). Thus, the complementary
experiment also supports the occurrence of the intramolecular
Diels−Alder reaction.
To get detailed insight into the fragmentation mechanism,

we performed DFT calculations on the Au(111) surface. Given
that C−C bond cleavage has a high activation barrier of
approximately 83 kcal/mol, simple bond disconnection is
unlikely to occur through annealing alone. According to the
indication from the experiments, the intramolecular Diels−
Alder reaction should play a role in the fragmentation. First, we
investigated the energy barrier of the intramolecular Diels−
Alder reaction to 2′ from 1′ (Figure 4A). For simplicity, we
considered the intramolecular Diels−Alder reaction occurring
on only one side. The activation barrier on the surface is
significantly reduced compared to that in the gas phase. More
importantly, 2′ is thermodynamically more stable than 1′ on
the Au surface, although the activation energy barrier between
them is relatively small. According to the Boltzmann
distribution, the lower energy of 2′ results in a higher
population under equilibrium conditions. Therefore, the
intramolecular Diels−Alder reaction is promoted on the
surface by mild annealing, which is in agreement with the
experimental observations. Next, we investigated the role of the
intramolecular Diels−Alder reaction in the cleavage of the C−
C bond connecting two monomer units (Figure 4B). We
calculated dissociation energies of weak 1′ dimer (positioning

Figure 3. Complementary experiment to verify the intramolecular
Diels−Alder reaction with 1,2,4,5-tetra(9-anthryl)benzene (1′).
(A) STM topography of 1′ as-deposited on Au(111). (B) STM
topographies obtained after annealing the sample at 150 °C, (C)
250 °C, and (D) 350 °C. Insets show the corresponding close-up
views of the molecule. The scale bars in the insets: 1 nm.
Measurement parameters: V = 0.5 V and I = 2 pA in (A,B). V = 0.2
V and I = 10 pA in (C, D).
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the center of mass of the benzene rings at approximately 640
pm above the surface, Figure 4C) and strong 1′ dimer
(positioning the center of mass of the peripheral rings at
approximately 490 pm above the surface, Figure 4D) as
−89.94 and −124.53 kcal/mol, respectively. In the case of the
1′ dimer with weak interaction to the substrate (blue curve),
the dissociation energy is even higher than that of the typical
C−C bond cleavage, which is most probably related to the
distortion of flexible peripheral groups caused by adsorption to
the substrate. Positioning the C−C bond closer to the surface
(green curve), the dissociation energy reduces by 40 kcal/mol,
which is still high. Next, we considered the effect of the
intramolecular Diels−Alder reaction on the C−C bond
cleavage of the 2′ dimer (Figure 4E). Indeed, we obtained a
relatively low dissociation energy barrier (red curve). Note that
since the potential energy does not reach its maximum, the
barrier may be slightly higher at a longer C−C distance. The
possibility of the retro Diels−Alder reaction cannot be
excluded. Thus, we considered the dehydrated 2′ dimer
(Figure S15) and obtained the dissociation energy barrier of 67
kcal/mol (black curve), which can be promoted on the surface.
The dehydrogenation barrier of the 2′ dimer was also
calculated to be 56 kcal/mol (Figure S16). This is lower
than the dissociation energy barrier, suggesting that dehydro-
genation could preferentially occur. In addition, it has been
demonstrated with relatively planar molecules that the
activation barrier in on-surface reaction is generally lowered
by both surface-induced strain52 and the catalysis of surface
gold atoms.53 In our case, the 3D structure of 1 gives greater
local strain, which should significantly lower the activation
barrier for C−C bond cleavage. In contrast to rigid planar
molecules, our precursor molecule is flexible so that the
structure can be oscillated under annealing conditions. Thus,
we expect that the activation barrier can be smaller than that
we calculated with the relaxed structure. Besides the local

strain, the gold adatoms should also play a role in lowering the
activation barrier. Hence, our analysis shed light on the role of
Diels−Alder interaction for the oligomer fragmentation.

CONCLUSIONS
In summary, we demonstrated fragmentation of the oligomer
through C−C bond cleavage promoted by the thermally
activated intramolecular Diels−Alder reaction between an-
thracene groups in the unit on the Au(111) surface. The
mechanism of the fragmentation process was investigated with
a combination of STM and density functional theory
calculations. Furthermore, annealing the sample at higher
temperatures induced planarization of the dissociated unit,
which was investigated by bond-resolved imaging. Combining
with the previous on-surface reaction for the π-extended
system, this method may provide a more complex carbon
nanostructure through systematic connection and fragmenta-
tion of molecular units. We believe this study will inspire future
development of functional materials that integrate such
reactivity, potentially leading to new classes of surface-
responsive or degradable polymers.

METHODS
STM Experiments. A homemade low-temperature STM was

utilized in this study under ultrahigh vacuum conditions (P < 5 ×
10−10 mbar) and a low temperature of 4.3 K. The Au(111) substrate
underwent cleaning via several cycles of sputtering with Ar+ ions and
annealing at 430 °C for 15 min. During annealing, the sample
temperature was monitored using a thermocouple positioned close to
the sample for temperatures below 250 °C, and a combination of a
thermocouple and a pyrometer for temperatures above 250 °C. The
precursors of 1 and 1′ were prepared in solution following the
protocol outlined in the Supporting Information and subsequently
evaporated onto the Au(111) surface maintained at room temperature
using a standard Knudsen cell (Kentax GmbH). Bond-resolved STM
(BR-STM) images were obtained in constant-height mode (V = 1
mV) employing a CO-functionalized tip.23,54 A CO molecule was
picked up from the surface.55 STM imaging was conducted with
chemically etched tungsten tips.
Theoretical Calculations. DFT calculations were performed with

the VASP code56 using the projected augmented wave (PAW)
method.57 The Perdew−Burke−Ernzerhof (PBE) functional58 was
employed as the exchange-correlation functional. The van der Waals
correction was included via the Grimme’s D3 method with the Becke-
Johnson damping variant.59 We employed slab models consisting of
molecules, two layers of Au(111) surface, and an approximately 20 Å-
thick vacuum layer. The plane wave energy cutoff was set to 400 eV.
The gold atoms were fixed at the experimental positions during
structural optimization. The local density of states was employed for
drawing STM images after applying a Gaussian filter function.

The reaction pathways shown in Figure 4 in the main text were
calculated as follows. The nudged elastic band (NEB) method was
employed for estimating the activation barrier of the intramolecular
Diels−Alder reaction between 1′ and 2′ (Figure 4A). Three
intermediate states were employed as images for the NEB
calculations. The spring constant between the images was set to 5.0
eV/Å2. To calculate potential energy surfaces of C−C bond cleavage
(Figure 4B), we first optimized the molecular structures of 1′ dimer
(weak p-metal interaction), 1′ dimer (strong p-metal interaction), 2′
dimer, and 2′ dehydrated dimer on the Au(111) surface. All the
atoms in molecules were optimized while the positions of Au atoms
were fixed. Because the C−C bond cleavage is uphill and the reaction
coordinate is long, we gradually elongated the C−C bond connecting
two monomer units. The x and y coordinates of two carbon atoms
were fixed, and other degrees of freedom in the dimer were optimized
to compute the total energies. The relative energies of the stable

Figure 4. C−C bond cleavage between the intermolecular
anthracene units investigated by DFT calculations. (A) Energy
landscape of the intramolecular Diels−Alder reaction in 1′. The
unit of energy is kcal/mol. (B) Potential energy surfaces of 1′ and
2′ dimers on the Au(111) surface calculated by pulling the C−C
distance. (C) Structures of 1′ dimers with weak and (D) strong π−
metal interactions. (E) Structure of 2′ dimers, in which an
intramolecular Diels−Alder reaction occurred at the C atoms that
are to be dissociated. The C−C bonds between the monomer units
are marked with red circles.
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dimer structures were plotted against the C−C distance connecting
the monomer units.
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Konstitution. Helv. Chim. Acta 1922, 5, 785−806.
(2) Smith, J. K. The Ten-Year Invention: Neoprene and Du Pont
Research, 1930−1939. Technol. Cult. 1985, 26, 34−55.
(3) Thomas, R. M. Early History of Butyl Rubber. Charles Goodyear
Medal Address�1969. Rubber Chem. Technol. 1969, 42, 90−96.
(4) Travis, A. S.; Schröter, H. G.; Homburg, E.; Morris, P. J.;
Determinants in the Evolution of the European Chemical Industry, 1900−
1939: New Technologies, Political Frameworks, Markets and Companies;
Springer Science & Business Media: Berlin, 1998.
(5) Cheng, M.; Chen, W.; Weerasooriya, T. Mechanical Properties
of Kevlar KM2 Single Fiber. J. Eng. Mater. Technol. 2005, 127, 197−
203.
(6) Laufman, H.; Rubel, T. Synthetic Absorbable Sutures. Surg.
Gynecol. Obstet. 1977, 145, 597−608.
(7) Panyam, J.; Labhasetwar, V. Biodegradable Nanoparticles for
Drug and Gene Delivery to Cells and Tissue. Adv. Drug Delivery Rev.
2003, 55, 329−347.
(8) Kumar, A.; Srivastava, A.; Galaev, I. Y.; Mattiasson, B. Smart
Polymers: Physical Forms and Bioengineering Applications. Prog.
Polym. Sci. 2007, 32, 1205−1237.
(9) Fu, X.; Hosta-Rigau, L.; Chandrawati, R.; Cui, J. Multi-Stimuli-
Responsive Polymer Particles, Films, and Hydrogels for Drug
Delivery. Chem. 2018, 4, 2084−2107.
(10) Hopewell, J.; Dvorak, R.; Kosior, E. Plastics Recycling:
Challenges and Opportunities. Philos. Trans. R. Soc. London, B
2009, 364, 2115−2126.
(11) Zhou, J.; Hsu, T. G.; Wang, J. Mechanochemical Degradation
and Recycling of Synthetic Polymers. Angew. Chem., Int. Ed. 2023, 62,
No. e202300768.
(12) Kobayashi, S.; Uyama, H.; Takamoto, T. Lipase-Catalyzed
Degradation of Polyesters in Organic Solvents. A New Methodology
of Polymer Recycling Using Enzyme as Catalyst. Biomacromolecules
2000, 1, 3−5.
(13) Liu, T.; Bao, B.; Li, Y.; Lin, Q.; Zhu, L. Photo-Responsive
Polymers Based on o-Nitrobenzyl Derivatives: From Structural
Design to Applications. Prog. Polym. Sci. 2023, 146, No. 101741.
(14) Garripelli, V. K.; Kim, J.-K.; Namgung, R.; Kim, W. J.; Repka,
M. A.; Jo, S. A Novel Thermosensitive Polymer with pH-Dependent
Degradation for Drug Delivery. Acta Biomater. 2010, 6, 477−485.
(15) Li, J.; Jiang, G.; Ding, F. The Effect of pH on the Polymer
Degradation and Drug Release From PLGA-mPEG Microparticles. J.
Appl. Polym. Sci. 2008, 109, 475−482.
(16) Middleton, J.; Burks, B.; Wells, T.; Setters, A. M.; Jasiuk, I.;
Kumosa, M. The Effect of Ozone and High Temperature on Polymer
Degradation in Polymer Core Composite Conductors. Polym. Degrad.
Stab. 2013, 98, 2282−2290.
(17) Banerjee, A.; Chatterjee, K.; Madras, G. Enzymatic Degradation
of Polymers: A Brief Review. Mater. Sci. Technol. 2014, 30, 567−573.
(18) Sanchez-Valencia, J. R.; Dienel, T.; Gröning, O.; Shorubalko, I.;
Mueller, A.; Jansen, M.; Amsharov, K.; Ruffieux, P.; Fasel, R.
Controlled Synthesis of Single-Chirality Carbon Nanotubes. Nature
2014, 512, 61−64.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c12424
ACS Nano 2025, 19, 35825−35832

35830

https://pubs.acs.org/doi/10.1021/acsnano.5c12424?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c12424/suppl_file/nn5c12424_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatsuhiko+Ohto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8681-3800
https://orcid.org/0000-0001-8681-3800
mailto:ohto@nagoya-u.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiko+Nishiuchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2113-0731
mailto:nishiuchit13@chem.sci.osaka-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shigeki+Kawai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2128-0120
https://orcid.org/0000-0003-2128-0120
mailto:KAWAI.Shigeki@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donglin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shino+Takeuchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuki+Nishide"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hajime+Kimizuka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4610-9760
https://orcid.org/0000-0002-4610-9760
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Kubo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6809-7396
https://orcid.org/0000-0001-6809-7396
https://pubs.acs.org/doi/10.1021/acsnano.5c12424?ref=pdf
https://doi.org/10.1002/hlca.19220050517
https://doi.org/10.1002/hlca.19220050517
https://doi.org/10.1002/hlca.19220050517
https://doi.org/10.2307/3104528
https://doi.org/10.2307/3104528
https://doi.org/10.5254/1.3539292
https://doi.org/10.5254/1.3539292
https://doi.org/10.1115/1.1857937
https://doi.org/10.1115/1.1857937
https://doi.org/10.1016/S0169-409X(02)00228-4
https://doi.org/10.1016/S0169-409X(02)00228-4
https://doi.org/10.1016/j.progpolymsci.2007.05.003
https://doi.org/10.1016/j.progpolymsci.2007.05.003
https://doi.org/10.1016/j.chempr.2018.07.002
https://doi.org/10.1016/j.chempr.2018.07.002
https://doi.org/10.1016/j.chempr.2018.07.002
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.1002/anie.202300768
https://doi.org/10.1002/anie.202300768
https://doi.org/10.1021/bm990007c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm990007c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm990007c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2023.101741
https://doi.org/10.1016/j.progpolymsci.2023.101741
https://doi.org/10.1016/j.progpolymsci.2023.101741
https://doi.org/10.1016/j.actbio.2009.07.005
https://doi.org/10.1016/j.actbio.2009.07.005
https://doi.org/10.1002/app.28122
https://doi.org/10.1002/app.28122
https://doi.org/10.1016/j.polymdegradstab.2013.08.013
https://doi.org/10.1016/j.polymdegradstab.2013.08.013
https://doi.org/10.1179/1743284713Y.0000000503
https://doi.org/10.1179/1743284713Y.0000000503
https://doi.org/10.1038/nature13607
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(19) Kaiser, K.; Scriven, L. M.; Schulz, F.; Gawel, P.; Gross, L.;
Anderson, H. L. An sp-Hybridized Molecular Carbon Allotrope,
Cyclo[18]Carbon. Science 2019, 365, 1299−1301.
(20) Xiang, F.; Maisel, S.; Beniwal, S.; Akhmetov, V.; Ruppenstein,
C.; Devarajulu, M.; Dörr, A.; Papaianina, O.; Görling, A.; Amsharov,
K. Y.; Maier, S. Planar π-Extended Cycloparaphenylenes Featuring an
All-Armchair Edge Topology. Nat. Chem. 2022, 14, 871−876.
(21) Sun, K.; Silveira, O. J.; Ma, Y.; Hasegawa, Y.; Matsumoto, M.;
Kera, S.; Krejcí̌, O.; Foster, A. S.; Kawai, S. On-Surface Synthesis of
Disilabenzene-Bridged Covalent Organic Frameworks. Nat. Chem.
2023, 15, 136−142.
(22) Clair, S.; De Oteyza, D. G. Controlling a Chemical Coupling
Reaction on a Surface: Tools and Strategies for On-Surface Synthesis.
Chem. Rev. 2019, 119, 4717−4776.
(23) Gross, L.; Mohn, F.; Moll, N.; Liljeroth, P.; Meyer, G. The
Chemical Structure of a Molecule Resolved by Atomic Force
Microscopy. Science 2009, 325, 1110−1114.
(24) Kichin, G.; Weiss, C.; Wagner, C.; Tautz, F. S.; Temirov, R.
Single Molecule and Single Atom Sensors for Atomic Resolution
Imaging of Chemically Complex Surfaces. J. Am. Chem. Soc. 2011,
133, 16847−16851.
(25) Grill, L.; Dyer, M.; Lafferentz, L.; Persson, M.; Peters, M. V.;
Hecht, S. Nano-Architectures by Covalent Assembly of Molecular
Building Blocks. Nat. Nanotechnol. 2007, 2, 687−691.
(26) Zwaneveld, N.; Pawlak, R.; Abel, M.; Catalin, D.; Gigmes, D.;
Bertin, D.; Porte, L. Organized Formation of Two-Dimensional
Extended Covalent Organic Frameworks at Surfaces. J. Am. Chem. Soc.
2008, 130, 6678−6679.
(27) Zhong, D.; Franke, J. H.; Podiyanachari, S. K.; Blömker, T.;
Zhang, H.; Kehr, G.; Erker, G.; Fuchs, H.; Chi, L. Linear Alkane
Polymerization on a Gold Surface. Science 2011, 334, 213−216.
(28) Gao, H.; Wagner, H.; Zhong, D.; Franke, J. H.; Studer, A.;
Fuchs, H. Glaser Coupling at Metal Surfaces. Angew. Chem., Int. Ed.
2013, 52, 4024−4028.
(29) Sanchez-Sanchez, C.; Orozco, N.; Holgado, J. P.; Beaumont, S.
K.; Kyriakou, G.; Watson, D. J.; Gonzalez-Elipe, A. R.; Feria, L.;
Fernandez Sanz, J.; Lambert, R. M. Sonogashira Cross-Coupling and
Homocoupling on a Silver Surface: Chlorobenzene and Phenyl-
acetylene on Ag(100). J. Am. Chem. Soc. 2015, 137, 940−947.
(30) Sun, Q.; Cai, L.; Wang, S.; Widmer, R.; Ju, H.; Zhu, J.; Li, L.;
He, Y.; Ruffieux, P.; Fasel, R. Bottom-Up Synthesis of Metalated
Carbyne. J. Am. Chem. Soc. 2016, 138, 1106−1109.
(31) Kawai, S.; Ishikawa, A.; Ishida, S.; Yamakado, T.; Ma, Y.; Sun,
K.; Tateyama, Y.; Pawlak, R.; Meyer, E.; Saito, S.; Osuka, A. On-
Surface Synthesis of Porphyrin-Complex Multi-Block Co-Oligomers
by Defluorinative Coupling. Angew. Chem., Int. Ed. 2022, 61,
No. e202114697.
(32) Lafferentz, L.; Ample, F.; Yu, H.; Hecht, S.; Joachim, C.; Grill,
L. Conductance of a Single Conjugated Polymer as a Continuous
Function of Its Length. Science 2009, 323, 1193−1197.
(33) Lipton-Duffin, J. A.; Ivasenko, O.; Perepichka, D. F.; Rosei, F.
Synthesis of Polyphenylene Molecular Wires by Surface-Confined
Polymerization. Small 2009, 5, 592−597.
(34) Di Giovannantonio, M.; Garah, M.; Lipton-Duffin, J.; Meunier,
V.; Cardenas, L.; Fagot-Revurat, Y.; Cossaro, A.; Verdini, A.;
Perepichka, D. F.; Rosei, F.; et al. Insight into Organometallic
Intermediate and Its Evolution to Covalent Bonding in Surface-
Confined Ullmann Polymerization. ACS Nano 2013, 7, 8190−8198.
(35) Cai, J.; Ruffieux, P.; Jaafar, R.; Bieri, M.; Braun, T.;
Blankenburg, S.; Muoth, M.; Seitsonen, A. P.; Saleh, M.; Feng, X.;
et al. Atomically Precise Bottom-Up Fabrication of Graphene
Nanoribbons. Nature 2010, 466, 470−473.
(36) Fritton, M.; Duncan, D. A.; Deimel, P. S.; Rastgoo-Lahrood, A.;
Allegretti, F.; Barth, J. V.; Heckl, W. M.; Björk, J.; Lackinger, M. The
Role of Kinetics Versus Thermodynamics in Surface-Assisted
Ullmann Coupling on Gold and Silver Surfaces. J. Am. Chem. Soc.
2019, 141, 4824−4832.
(37) Wang, W.; Shi, X.; Wang, S.; Van Hove, M. A.; Lin, N. Single-
Molecule Resolution of an Organometallic Intermediate in a Surface-

Supported Ullmann Coupling Reaction. J. Am. Chem. Soc. 2011, 133,
13264−13267.
(38) Zint, S.; Ebeling, D.; Schlöder, T.; Ahles, S.; Mollenhauer, D.;
Wegner, H. A.; Schirmeisen, A. Imaging Successive Intermediate
States of the On-Surface Ullmann Reaction on Cu(111): Role of the
Metal Coordination. ACS Nano 2017, 11, 4183−4190.
(39) Mishra, S.; Beyer, D.; Berger, R.; Liu, J.; Gröning, O.; Urgel, J.
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Jancǎrí̌k, A.; Rybácěk, J.; Kosmider, K.; Stará, I. G.; Jelínek, P.; Stary,́ I.
From Helical to Planar Chirality by On-Surface Chemistry. Nat.
Chem. 2017, 9, 213−218.
(49) Quenneville, J.; Germann, T. C. A Quantum Chemistry Study
of Diels−Alder Dimerizations in Benzene and Anthracene. J. Chem.
Phys. 2009, 131, No. 024313.
(50) Atherton, J. C. C.; Jones, S. Diels−Alder Reactions of
Anthracene, 9-Substituted Anthracenes and 9,10-Disubstituted
Anthracenes. Tetrahedron 2003, 59, 9039−9057.
(51) Nishiuchi, T.; Takeuchi, S.; Makihara, Y.; Kimura, R.; Saito, S.;
Sato, H.; Kubo, T. Synthesis, Properties, and Intermolecular
Interactions in the Solid States of π-Congested X-Shaped 1,2,4,5-
Tetra(9-Anthryl)Benzenes. Bull. Chem. Soc. Jpn. 2022, 95, 1591−
1599.
(52) Mallada, B.; de la Torre, B.; Mendieta-Moreno, J. I.;
Nachtigallova, D.; Matej, A.; Matousek, M.; Mutombo, P.; Brabec,
J.; Veis, L.; Cadart, T.; Kotora, M.; Jlinek, P. On-Surface Strain-Driven
Synthesis of Nonalternant Non-Benzenoid Aromatic Compounds
Containing Four-To Eight-Membered Rings. J. Am. Chem. Soc. 2021,
143, 14694−14702.
(53) Mendieta-Moreno, J. I.; Mallada, B.; de la Torre, B.; Cadart, T.;
Kotora, M.; Jelinek, P. Unusual Scaffold Rearrangement in
Polyaromatic Hydrocarbons Driven by Concerted Action of Single
Gold Atoms on a Gold Surface. Angew. Chem., Int. Ed. 2022, 61,
No. e202208010.
(54) Temirov, R.; Soubatch, S.; Neucheva, O.; Lassise, A. C.; Tautz,
F. S. A Novel Method Achieving Ultra-High Geometrical Resolution

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c12424
ACS Nano 2025, 19, 35825−35832

35831

https://doi.org/10.1126/science.aay1914
https://doi.org/10.1126/science.aay1914
https://doi.org/10.1038/s41557-022-00968-3
https://doi.org/10.1038/s41557-022-00968-3
https://doi.org/10.1038/s41557-022-01071-3
https://doi.org/10.1038/s41557-022-01071-3
https://doi.org/10.1021/acs.chemrev.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1176210
https://doi.org/10.1126/science.1176210
https://doi.org/10.1126/science.1176210
https://doi.org/10.1021/ja204624g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204624g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1021/ja800906f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800906f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1211836
https://doi.org/10.1126/science.1211836
https://doi.org/10.1002/anie.201208597
https://doi.org/10.1021/ja5115584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5115584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5115584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202114697
https://doi.org/10.1002/anie.202114697
https://doi.org/10.1002/anie.202114697
https://doi.org/10.1126/science.1168255
https://doi.org/10.1126/science.1168255
https://doi.org/10.1002/smll.200801943
https://doi.org/10.1002/smll.200801943
https://doi.org/10.1021/nn4035684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4035684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4035684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature09211
https://doi.org/10.1038/nature09211
https://doi.org/10.1021/jacs.8b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204956b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204956b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204956b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-13030-7
https://doi.org/10.1038/s41467-019-13030-7
https://doi.org/10.1038/s41467-019-13030-7
https://doi.org/10.1103/PhysRevLett.85.2777
https://doi.org/10.1103/PhysRevLett.85.2777
https://doi.org/10.1103/PhysRevLett.85.2777
https://doi.org/10.1002/anie.200704072
https://doi.org/10.1002/anie.200704072
https://doi.org/10.1038/nnano.2014.184
https://doi.org/10.1038/nnano.2014.184
https://doi.org/10.1021/ja510292b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510292b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510292b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202110311
https://doi.org/10.1021/jacs.9b11755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2662
https://doi.org/10.1063/1.3159542
https://doi.org/10.1063/1.3159542
https://doi.org/10.1016/j.tet.2003.09.014
https://doi.org/10.1016/j.tet.2003.09.014
https://doi.org/10.1016/j.tet.2003.09.014
https://doi.org/10.1246/bcsj.20220257
https://doi.org/10.1246/bcsj.20220257
https://doi.org/10.1246/bcsj.20220257
https://doi.org/10.1021/jacs.1c06168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202208010
https://doi.org/10.1002/anie.202208010
https://doi.org/10.1002/anie.202208010
https://doi.org/10.1088/1367-2630/10/5/053012
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in Scanning Tunneling Microscopy. New J. Phys. 2008, 10,
No. 053012.
(55) Bartels, L.; Meyer, G.; Rieder, K.-H. Controlled Vertical
Manipulation of Single CO Molecules with the Scanning Tunneling
Microscope: A Route to Chemical Contrast. Appl. Phys. Lett. 1997,
71, 213−215.
(56) Kresse, G.; Hafner, J. Norm-Conserving and Ultrasoft
Pseudopotentials for First-Row and Transition Elements. J. Phys.:
Condens. Matter 1994, 6, 8245−8257.
(57) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B

1994, 50, 17953−17979.
(58) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(59) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456−1465.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c12424
ACS Nano 2025, 19, 35825−35832

35832

https://doi.org/10.1088/1367-2630/10/5/053012
https://doi.org/10.1063/1.119503
https://doi.org/10.1063/1.119503
https://doi.org/10.1063/1.119503
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

