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On-surface synthesis of aromatic cyclo[10]
carbon and cyclo[14]carbon

Luye Sun1,2, Wei Zheng1,2, Wenze Gao1, Faming Kang1, Mali Zhao1 & Wei Xu1 ✉

All-carbon materials based on sp2-hybridized atoms, such as fullerenes1, carbon 
nanotubes2 and graphene3, have been much explored due to their remarkable 
physicochemical properties and potential for applications. Another unusual 
all-carbon allotrope family are the cyclo[n]carbons (Cn) consisting of two-coordinated 
sp-hybridized atoms. They have been studied in the gas phase since the twentieth 
century4–6, but their high reactivity has meant that condensed-phase synthesis and 
real-space characterization have been challenging, leaving their exact molecular 
structure open to debate7–11. Only in 2019 was an isolated C18 generated on a surface 
and its polyynic structure revealed by bond-resolved atomic force microscopy12,13, 
followed by a recent report14 on C16. The C18 work trigged theoretical studies clarifying 
the structure of cyclo[n]carbons up to C100 (refs. 15–20), although the synthesis and 
characterization of smaller Cn allotropes remains difficult. Here we modify the earlier 
on-surface synthesis approach to produce cyclo[10]carbon (C10) and cyclo[14]carbon 
(C14) via tip-induced dehalogenation and retro-Bergman ring opening of fully 
chlorinated naphthalene (C10Cl8) and anthracene (C14Cl10) molecules, respectively. We 
use atomic force microscopy imaging and theoretical calculations to show that, in 
contrast to C18 and C16, C10 and C14 have a cumulenic and cumulene-like structure, 
respectively. Our results demonstrate an alternative strategy to generate cyclocarbons 
on the surface, providing an avenue for characterizing annular carbon allotropes for 
structure and stability.

Early theory21–24 predicted C10 to be the watershed between cyclic  
(for n ≥ 10) and linear (for n < 10) Cn and the largest cumulenic aromatic 
cyclocarbon, whereas C14 is understood to be the point at which the 
cumulenic structure seen with C10 transitions, via Peierls distortion, 
to the polyynic structure seen with C18 (refs. 10,16,17). Investigating 
the structure of C10 and C14 is thus of particular interest.

Advanced scanning tunnelling microscopy (STM) and atomic force 
microscopy (AFM), especially when carried out with a CO-terminated 
tip, enable both bond-resolved characterization of molecular struc-
tures25,26 and triggering of chemical reactions by manipulating indi-
vidual atoms27,28. Importantly, in high-resolution AFM images of single 
molecules, polyynic moieties can be unambiguously distinguished 
from cumulenic moieties (that is, characteristic bright features of 
triple bonds and uniform line features of consecutive double bonds, 
respectively)28,29.

The essential first step is the precise synthesis of C10 and C14 in the 
condensed phase, for which we follow earlier on-surface synthesis 
approaches in which molecules are stabilized on the surface, which is 
kept at extremely low temperatures. Inspired by the Bergman reaction30 
and previous methods generating carbon cluster ions31,32, we used the 
reaction schemes shown in Fig. 1. As illustrated in Fig. 1a, Bergman 
and retro-Bergman reactions in solution involve a cyclization and a 
ring-opening reaction; the retro-Bergman ring-opening reaction has 
also been shown to be feasible on a surface (Fig. 1b)33,34. We used a fully 

halogenated naphthalene (octachloronaphthalene, C10Cl8)31 and anthra-
cene (decachloroanthracene, C14Cl10) as molecular precursors, with 
the aim of generating C10 and C14 on the surface through tip-induced 
dehalogenation and retro-Bergman reactions (Fig. 1c,d).

The cyclo[10]carbon product can, in principle, adopt one of the 
four possible structures shown in Fig. 2. The two polyynic structures 
with D5h and C5h symmetries exhibit non-zero bond length alternations 
(BLA ≠ 0) (Fig. 2a,b), whereas the two cumulenic structures with D10h and 
D5h symmetries have zero bond length alternations (BLA = 0) (Fig. 2c,d). 
In contrast to the polyynic structure of C18 (refs. 10,16,17), calculations 
at different levels of theory (for example, density functional theory 
(DFT)11,16,17 and coupled cluster methods10,24) have predicted a ground 
state for C10 with the D5h cumulene geometry shown in Fig. 2d, and 
with BLA = 0 and bond angle alternation (BAA) ≠ 0 (see also detailed 
calculations in Extended Data Figs. 1 and 2).

For the experiments, all molecules were placed on a bilayer NaCl/
Au(111) surface at 4.7 K. C10Cl8 was first introduced on the cold sample 
held at approximately 6 K and then imaged with STM (Extended Data 
Fig. 3a,b), revealing that single C10Cl8 molecules display an oval shape 
without internal features. In AFM images (Fig. 3a, (ii) and (iii)), the Cl 
atoms in C10Cl8 exhibit different contrasts in brightness. The brightness 
differences imply differences in adsorption heights caused by steric 
hindrance of Cl atoms in the highly strained molecule34, confirmed by 
AFM simulations (Fig. 3a, (iv) and (v)). In the Laplace-filtered AFM image 
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(Fig. 3a, (vi)), more prominent features associated with the positions 
of Cl atoms in C10Cl8 are seen.

To remove Cl atoms from the molecule, the tip was initially posi-
tioned on a single molecule, and retracted by about 4 Å from the STM 
set point (typically I = 1 pA, V = 0.3 V) and the sample bias then gradually 
increased from 0.3 V to 4 V. This process typically resulted in the loss 
of two or three Cl atoms, yielding C10Cl6 or C10Cl5 intermediates that 
were structurally characterized by AFM imaging and the structures 
were confirmed by AFM simulations (Fig. 3b,c, (ii)–(vi), and Extended 
Data Fig. 4a–c). Note that the retro-Bergman ring-opening reaction has 
not occurred yet in the C10Cl5 molecule, which has two of its α-Cl atoms 
removed from the left carbon ring. Further voltage sweeping resulted 
in successive further dehalogenation of the C10Cl6 and C10Cl5 interme-
diates and usually yielded C10Cl1 or C10Cl2 intermediates consisting of 
a single carbon ring (Fig. 3d, (ii)–(vi), and Extended Data Fig. 4d–f), 
and thus suggesting occurrence of the retro-Bergman ring-opening 
reaction. The tip-induced dehalogenation could be related to anionic 
charge states of molecules or an applied electric field34,35. In addition, 
inelastic electron tunnelling may also help to trigger dehalogenative 
reactions12.

Further voltage sweeping induced complete dehalogenation of the 
intermediates and generated the final product, as shown in the STM 
image (Extended Data Fig. 3c) and AFM images (Fig. 3e, (ii)–(iii)). The 
images clearly show that the final product contains a carbon ring, which 
could be unambiguously assigned to a single C10. In addition, the C10 
molecule represents a uniform feature in AFM images resembling the 
cumulenic structures reported before29 and differing from the charac-
teristic bright features seen with polyynic C18 and C16 (refs. 12–14). This 
naturally indicates a cumulenic structure for C10, in excellent agreement 
with theoretical calculations (BLA = 0) (Extended Data Fig. 1)10,11,16,17,24. 

Further analysis of the AFM images (Fig. 3e (ii),(iii),(vi)) reveals that the 
C10 structure deviates from the structure of a perfect circle. Optimizing 
the C10 structure placed on different NaCl surface sites (Extended Data 
Fig. 5a–d) does not noticeably change the five-fold symmetry, indicat-
ing that this pentagon-like shape appearing in the AFM images (even if 
only faintly resolved) is probably related to the theoretically predicted 
intrinsic D5h symmetry of C10 (shown in Fig. 2d). Note that AFM images 
acquired at a smaller oscillation amplitude (50 pm) exhibited similar 
features both in ‘AFM far’ and ‘AFM close’ images (Extended Data Fig. 6). 
Also note that C10 shows remarkable stability under our manipulation 
conditions (V ≤ 4 V), retaining its cyclic structure.

Calculations based on modern theory10,16,17 for cyclo[14]carbon 
indicate that the ground state is a Peierls-transition intermediate with 
a structure between that of the cumulenic C10 and the polyynic C18.  
Figure 4a shows the six possible C14 structures considered, with our cal-
culations indicating a BAA of 25.3° (Extended Data Fig. 7) for the ground 
state, and a small BLA of 0.05 Å, which lies between the values for C10 
(BLA = 0; Extended Data Fig. 1) and C18 (BLA = 0.12 Å; Extended Data 
Fig. 8)17. Such a Peierls-transition structure corresponds to a C7h inter-
mediate (Fig. 4a, (iv)), with the optimized structures for C14 adsorbed 
at Cl-top and Na-top sites on the NaCl surface shown in Extended Data 
Fig. 5e–h.

Analogous to the on-surface synthesis strategy used with C10, we 
used the molecular precursor C14Cl10 for generating C14 (Fig. 1d). C14Cl10 
precursor molecules were introduced onto a bilayer NaCl surface held 
at approximately 6 K. Due to steric hindrance experienced by the Cl 
atoms in the highly strained molecule, C14Cl10 exhibits a non-planar 
configuration in both STM and AFM images (Extended Data Fig. 9a–c). 
As with C10, atom manipulation induces complete dehalogenation of the 
precursor and is accompanied by two-step retro-Bergman ring opening 
to give the C14 product on the surface with a yield of approximately 24% 
(see STM and AFM images and simulations in Extended Data Fig. 9e and 
Fig. 4b–d). AFM imaging at different heights (Fig. 4b, (i)–(iii)) shows that 
the final product has a carbon ring that is unambiguously assigned to a 
single C14. In all AFM-derived images, C14 exhibits a cumulenic feature 
resembling that of C10, despite a BLA of 0.05 Å calculated for the former. 
We therefore assign a cumulene-like structure for C14, which is also 
obviously different from the polyynic C18 and C16 with characteristic 
bright features. We note that a BLA of only 0.05 Å cannot be distin-
guished experimentally by AFM imaging, so more detailed structural 
characterization of C14 was performed by AFM image simulations, as 
shown in Fig. 4e (more details are shown in Extended Data Fig. 10). We 
simulated AFM images of C14 with varying BLAs, ranging from cumu-
lenic to intermediate and polyynic structures (that is, BLA = 0, 0.03 Å, 
0.05 Å, 0.07 Å, 0.09 Å, 0.11 Å, 0.13 Å, 0.15 Å), to explore the limits of 
AFM imaging for differentiating between structures with different 
BLAs. The simulations suggest that, in the case of 0 < BLA < 0.09 Å, 
which covers the Peierls-transition region, structures can be assigned 
as cumulene-like, although they are difficult to differentiate. When 
BLA ≥ 0.09 Å, structures can be identified as polyynic, and larger BLAs 
give rise to more pronounced bright features over the triple bonds.

Cyclo[14]carbon formation and the accompanying skeletal rear-
rangements were further probed by investigating the intermediates 
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involved, using AFM imaging and simulations (Fig. 4f–h). Dehalogena-
tion of the intermediate C14Cl6 (Fig. 4f) results in the formation of C14Cl4, 
which consists of a ten-membered ring with characteristic bright fea-
tures above the triple bonds resolved (Fig. 4g); this suggests that the 
first-step retro-Bergman reaction has occurred. Further dehalogena-
tion leads to the formation of C14Cl1, imaged as a larger carbon ring that 
lacks characteristic bright features and with one Cl atom attached; this 
suggests that the second-step retro-Bergman reaction has occurred 
(Fig. 4h). Compared to the ten-membered ring of the preceding C14Cl4 
intermediate, the experimental observations and calculations both 
indicate that the BLA decreases for most C–C bonds within the C14Cl1 

ring (Extended Data Figs. 11 and  12 (for other intermediates and side 
reaction products)).

To conclude, our successful generation of the aromatic cyclo[10]
carbon and cyclo[14]carbon by atom manipulation on the bilayer NaCl/
Au(111) surface at 4.7 K has enabled us to confirm a cumulenic structure 
for C10 by bond-resolved AFM imaging, as predicted by theory. More 
interestingly, the experimental AFM images of the Peierls-transition 
intermediate C14 also show cumulenic characteristics. Although the 
AFM imaging resolution is not sufficient to detect the small bond length 
alternation of 0.05 Å calculated for this molecule, it does identify C14 as 
an intermediate structure between the cumulenic C10 and the polyynic 
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C18. We anticipate that the complement of our and previous on-surface 
synthesis strategies will enable the generation of other cyclo[n]carbons 
that might exhibit interesting properties.
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Methods

Experimental details for STM and AFM measurements
STM and AFM measurements were carried out in a commercial (Createc) 
low-temperature system operated at 4.7 K with base pressure better 
than 1 × 10−10 mbar. Single crystalline Au(111) surface was cleaned by sev-
eral sputtering and annealing cycles. The NaCl films were obtained by 
thermally evaporating NaCl crystals onto a clean Au(111) surface at room 
temperature, resulting in islands of two and three monolayer thickness. 
Octachloronaphthalene (C10Cl8, purchased from Aladdin, greater than 
99%) and decachloroanthracene (C14Cl10, synthesized using procedures 
in ref. 36) molecules were deposited on a cold NaCl/Au(111) surface by 
thermal sublimation from a molecular evaporator. CO molecules for 
tip modification25 were dosed onto the cold sample via a leak valve. 
We used a qPlus sensor37 with a resonance frequency f0 = 29.49 kHz, 
quality factor Q ≈ 45,000 and a spring constant k ≈ 1,800 N m−1 oper-
ated in frequency-modulation mode38. The bias voltage V was applied 
to the sample with respect to the tip. AFM images were acquired in 
constant-height mode at V = 0 V and an oscillation amplitude of A = 1 Å 
(unless otherwise noted). The tip-height offsets, Δz, for constant-height 
AFM images are defined as the offset in tip-sample distance relative to 
the STM set point at the NaCl surface. The positive (negative) values of 
Δz correspond to the tip-sample distance increased (decreased) with 
respect to a STM set point.

DFT calculations and AFM simulations
DFT calculations were carried out in the gas phase using the Gaussian 
16 program package39. The ωB97XD exchange-correlation functional40 
in conjunction with 6-311++G(d,p)41 basis sets was used for all C10 and 
C14 related calculations in the gas phase17. The electrostatic poten-
tials, localized orbital locator (LOL) and interaction region indicator 
(IRI) of molecules were calculated at the ωB97XD/6-311++G(d,p) level 
combined with Multiwfn v.3.8 code42 and Visual Molecular Dynamics 
(VMD v.1.9)43.

The AFM simulations were conducted using the PP-AFM code pro-
vided by Hapala et al.44. The detailed parameters are listed below. The lat-
eral spring constant for the CO tip was 0.2 N m−1, and a quadrupole-like 
charge distribution at the tip apex was used to simulate the CO tip with 
q = −0.05e (e is the elementary charge and refers to |e|, and q is the mag-
nitude of quadrupole charge at the tip apex). The amplitude was set as 
1 Å (unless otherwise noted). The difference in probe height between 
‘sim. far’ and ‘sim. close’ corresponded to the respective difference 
between ‘AFM far’ and ‘AFM close’.

The Vienna ab initio simulation package45,46 was used to perform DFT 
calculations on the NaCl surface. For describing the interaction between 
electrons and ions, the projector-augmented wave method47,48 was 
used, and the Perdew–Burke–Ernzerhof generalized gradient approxi-
mation exchange-correlation functional was used49. The van der Waals 
corrections to the Perdew–Burke–Ernzerhof density functional were 
also included using the DFT-D3 method of Grimme50. The kinetic energy 
cutoff was set to 400 eV. We used a bilayer NaCl(001) slab separated 
by a vacuum thicker than 20 Å and the bottom layer of the NaCl was 
fixed. The atomic structures were relaxed until the atomic forces were 
less than 0.03 eV Å−1.

Theoretical calculations were used to gain more insight into the 
electronic structures of C10. As an sp-hybridized carbon allotrope, C10 
generally possesses two perpendicular π-conjugated electron systems 
(in-plane and out-of-plane π molecular orbitals (πin and πout MOs)), thus 
we performed the LOL function to reveal the delocalization of π elec-
trons in the cumulenic C10 ring on the basis of π MOs. As illustrated in 
the LOL-πin and LOL-πout isosurface maps (Extended Data Fig. 2a,c), the 
favourable global delocalization channels of the electrons in πin and πout 
MOs are clearly depicted. More importantly, the isosurfaces around all 
C–C bonds are volumetrically similar, indicating that the electrons over 
all C–C bonds are equally delocalized, which is significantly different 

from the C18 with alternating bond lengths20,51. The colour-filled LOL-π 
map draws the same conclusion from a complementary perspective 
(Extended Data Fig. 2b,d). The IRI analysis was also performed to reveal 
the interactions within the C10. As shown in the IRI isosurface (Extended 
Data Fig. 2e), both covalent bond and van der Waals interaction regions 
are nicely revealed by the blue and green isosurfaces, respectively, 
according to the standard colouring method (Extended Data Fig. 2g)52. 
Notably, the covalent interactions (blue isosurfaces) in all C–C bonds 
are homogeneous, indicating no bond length alternation, which is 
consistent with the IRI colour-filled map (Extended Data Fig. 2f) and 
LOL results. Thus, both the LOL and IRI analyses exhibited that all the 
C–C bonds in cyclo[10]carbon are identical, further indicating that 
the C10 ring is cumulenic, in accordance with the conclusion drawn 
by bond order analysis (Extended Data Fig. 1).

The standard colouring method and chemical explanation of 
sign(λ2)ρ on the IRI isosurfaces are shown in Extended Data Fig. 2g. 
The IRI function is defined as follows:

r
r

r
ρ

ρ
IRI( ) =

|∇ ( )|
[ ( )]

(1)a

where ρ is the electron density, r is the coordinate vector and a is an 
adjustable parameter, a = 1.1 is adopted for the standard definition of 
IRI52. The isosurfaces of IRI can exhibit various kinds of interaction 
regions by properly choosing isovalue. The sign(λ2) denotes the sign 
of the second largest eigenvalue of Hessian of ρ, which has a certain 
ability to distinguish attractive and repulsive interactions42,53. The 
region showing relatively high ρ and thus large magnitude of sign(λ2)ρ 
implies a relatively strong interaction, whereas the area with low ρ and 
thus small sign(λ2)ρ does not participate in a noticeable interaction, 
or the interaction can be at most attributed to the very weak interatomic 
van der Waals interaction52.

Data availability
All data supporting the findings of this study are available within the 
paper and its online Extended Data files.
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Extended Data Fig. 1 | The bond lengths, Mayer bond orders and bond angles 
in a cyclo[10]carbon. Calculations were conducted at the ωB97XD/6-311 + + G 
(d,p) level. The bond lengths and bond order in C10 are all nearly the same, 
indicating the structure of consecutive carbon-carbon double bonds,  
i.e., cumulenic structure (BLA = 0).
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Extended Data Fig. 2 | Real-space function analysis of cyclo[10]carbon.  
(a to d) Localized orbital locator calculated based on in-plane π MOs (LOL-πin) 
and out-plane π MOs (LOL-πout). (a) and (c) correspond to isosurface maps of 
LOL-π = 0.4. (b) shows LOL-πin in the ring plane, and (d) shows LOL-πout above 1 
Bohr of the ring plane. (e) Interaction region indicator (IRI) isosurface and  
(f) color-filled map of C10 showing the homogeneous covalent interactions in 
carbon-carbon bonds. (g) Standard coloring method and chemical explanation 
of sign(λ2)ρ on interaction region indicator (IRI) isosurfaces.



Extended Data Fig. 3 | STM images of the C10Cl8 precursor and the product 
cyclo[10]carbon. (a) C10Cl8 molecules separately adsorbed on bilayer NaCl/
Au(111) surface. A single CO molecule appeared as a small depression.  
(b) Close-up STM image of single C10Cl8 molecules on NaCl. (c) Close-up STM 
image of C10. Scanning condition: (a) I = 1 pA, V = 0.3 V. (b) I = 2 pA, V = 0.3 V.  
(c) I = 0.5 pA, V = 0.3 V.
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Extended Data Fig. 4 | Other intermediates observed during manipulation. 
(a-c) C10Cl6, (d-f) C10Cl1. The Laplace-filtered AFM images are also shown. 
Reference set point of Δz: I = 0.5 pA, V = 0.3 V for (b), I = 1 pA, V = 0.3 V for (e). 
The double bonds indicated by blue and black in (d)represent two different 
bond lengths within the structure, respectively.



Extended Data Fig. 5 | DFT relaxed C10 and C14 structures on NaCl surface.  
(a, b) C10 on Cl-top site. (c, d) C10 on Na-top site. (e, f) C14 on Cl-top site. (g, h) C14 
on Na-top site.



Article

Extended Data Fig. 6 | AFM images of C10 acquired at the oscillation 
amplitude A = 50 pm. We tested the effect of different amplitude on the AFM 
imaging of C10. The AFM image (a, b) and AFM simulations (c, d) were carried 
out at the oscillation amplitude A = 50 pm. The Laplace-filtered AFM images of 
(a) and (b) are also shown in (e) and (f). Reference set point of Δz: I = 0.5 pA, 
V = 0.3 V. The scale bar in (a) applies to all experimental, simulated and 
Laplace-filtered AFM images.



Extended Data Fig. 7 | The bond lengths, Mayer bond orders and bond angles 
in a cyclo[14]carbon. Calculations were conducted at the ωB97XD/6-311 + +  
G(d,p) level, revealing a small bond length alternation (BLA = 0.05 Å) and bond 

angle alternation (BAA = 25.3°) within C14. The double bonds indicated by blue 
and black in C14 represent two different bond lengths within the structure, 
respectively.
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Extended Data Fig. 8 | The bond lengths, Mayer bond orders and bond angles in a cyclo[18]carbon. Calculations were conducted at the ωB97XD/6-311 + + G(d,p) 
level, revealing a bond length alternation (BLA = 0.12 Å) within C18.



Extended Data Fig. 9 | STM images of the C14Cl10 precursor and the product 
cyclo[14]carbon. (a) C14Cl10 and CO molecules separately adsorbed on a bilayer 
NaCl/Au(111) surface. (b, c) STM and AFM images of an individual C14Cl10 
molecule. (d) Spectra of frequency shift (Δf ) as a function of tip height (Δz). The 
red and blue spectra were taken at the topmost Cl atom of the C14Cl10 molecule, 
and the Cl atom at the first layer of NaCl surface, respectively. Inset: schematics 

of the CO-tip approaching processes. The distance between two topmost Cl 
atoms of C14Cl10 molecule extracted from the AFM image and experimental 
absolute height extracted from the spectra reasonably agree with the 
theoretical values. (e) Close-up STM image of C14. Scanning condition: I = 1 pA, 
V = 0.3 V for (a); I = 0.5 pA, V = 0.3 V for (b); I = 1 pA, V = 0.3 V for (e). Reference set 
point of Δz for (c): I = 0.5 pA, V = 0.3 V.
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Extended Data Fig. 10 | AFM simulations of C14 with varying BLAs.  
(a-h) A series of AFM simulations of C14 with varying BLAs from cumulenic to 
intermediate to polyynic structures at decreasing tip-sample distances from 
left to right (i.e., BLA = 0 Å, 0.03 Å, 0.05 Å, 0.07 Å, 0.09 Å, 0.11 Å, 0.13 Å, 0.15 Å) 
followed by the method developed in ref. 13. The simulated AFM images within 

blue and red boxes are assigned to cumulene-like and polyynic structures, 
respectively. All atomic coordinates keep the BAA as 25.3°. The double bonds 
indicated by blue and black in (b), (c) and (d) represent two different bond 
lengths within the structures, respectively. The scale bar in (a) applies to all 
simulated AFM images.



Extended Data Fig. 11 | The bond lengths in the C14Cl4 and C14Cl1 intermediates. 
The bond lengths of a ten-membered carbon ring in the C14Cl4 intermediate (a) 
and a fourteen-membered carbon ring in the C14Cl1 intermediate (b) are listed. 

Calculations were conducted at the ωB97XD/6-311 + + G(d,p) level. The double 
bonds indicated by blue and black in C14Cl1 represent two different bond lengths 
within the structure, respectively.
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Extended Data Fig. 12 | Other intermediates and side reaction products 
observed during manipulations. (a-c) C14Cl8, (d-f) C14Cl3, (g-i) C14Cl5, ( j-l) C14Cl6. 
The Laplace-filtered AFM images are also shown. Reference set point of Δz: 
I = 0.5 pA, V = 0.3 V for (b) and (e), I = 1 pA, V = 0.3 V for (h), I = 0.2 pA, V = 0.3 V for 
(k). The scale bar in (b) applies to all experimental and Laplace-filtered AFM 
images.
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