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ABSTRACT: Carbon allotropes composed solely of sp-hybridized
carbon atoms, namely, linear and cyclic carbons (C,), represent a
unique class of materials with fascinating chemical structures and
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long-debated stability among their various isomers. Early gas-phase Tip
experiments and theoretical calculations have both suggested that manipulation
for larger C, (n > 10), the cyclic form could be more stable than On the
the linear one. This implies that linear C, could, in principle, serve NaCl surface

as a precursor for the formation of cyclic carbons. Recently, on- |
surface synthesis has enabled the generation of a series of linear and ;7
cyclic carbons (up to cyclo[30]carbon). However, a direct |l
structural transformation from linear to cyclic carbon has not yet
been achieved in real space. Here, we present a new strategy to generate cyclic carbons from linear ones, inspired by the ancient
symbol “Ouroboros”, a snake eating its own tail. Using linear C as a precursor (derived from CBrs) and tip-induced coupling
reactions, we achieved the on-surface generation of an odd-numbered cyclic carbon, C,,. Electronic characterization and calculations
reveal that C,; adopts an open-shell configuration. To demonstrate the generality of this strategy, we employed linear C4 (derived
from C¢Bry) as the precursor, which led to the formation of the largest cyclocarbon so far, Cs, on the surface, and importantly, its
first and second ion resonances at two voltage polarities were probed successfully. Our work demonstrates a long-predicted strategy
for the synthesis of cyclic carbons.

Bl INTRODUCTION

Sp-hybridized carbon allotropes,' ™" including linear and cyclic

We chose linear C (derived from CBrg) as the precursor.
Here, by optimizing experimental conditions, we successfully

carbons (C,), have long been predicted to possess remarkable
properties such as exceptional mechanical strength and tunable
electronic gaps.'”™'® However, their extreme reactivity has
hindered their isolation as well as structural and electronic
characterization.'”'*~** With the advancement of on-surface
synthesis method, a series of cyclic carbons™*™* have been
successfully synthesized via different strategies, i.e., decarbon-
ylation/dehalogenation on macrocyclic precursors,”***
dehalogenation and retro-Bergman reactions on fully halo-
genated precursors,”*”*’ and coupling and ring-opening
reactions of small cyclic carbon.” In addition, through tip-
induced coupling reactions of short linear C5 and Cg,”” various
longer linear carbons have also been generated on surface.

Previous studies have shown that for smaller C, (n < 10),
the linear chain configuration is energetically favored, whereas
for lar%er C, (n > 10), the cyclic configuration becomes more
stable.'®*"**~*! Thus, linear C, could be precursors for the
generation of cyclic carbons.* Interestingly, this strategy
resonates with the ancient symbol “Ouroboros”, a snake eating
its own tail. A famous related story is that the German chemist
August Kekulé conceived the ring structure of benzene after
envisioning the Ouroboros. Thus, Ouroboros motivated us to
pursue the generation of cyclic carbons directly from linear
carbons, which has not been achieved so far.
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generated an odd-numbered cyclic carbon, C,s, directly
through a tip-induced coupling reaction of linear Cg chains
(Figure 1). High-resolution atomic force microscopy (AFM)
imaging directly resolves its unique hybrid cumulene-polyyne
structure and identifies its open-shell structure®’ by frontier
orbital imaging by scanning tunneling microscopy (STM)
combined with calculations. Further bromination of C,5 can
lead to the formation of open-shell doublet C,;Br. Using a
longer linear carbon, Cg4, we further achieved the formation of
an even larger cyclocarbon, Cgy, the largest cyclocarbon
generated on the surface to date (Figure 1), whose first and
second ion resonances at both voltage polarities were
experimentally probed, which was also considered to be a

big challenge before.
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Figure 1. Schematic illustration of the formation of cyclic C,5 and Cy,
from linear carbons on the NaCl surface.

B RESULTS AND DISCUSSION

The C¢Brg; molecules were deposited on a cold NaCl/Au(111)
surface with a molecular coverage of ~0.4 monolayer (Figure
2b). Applying bias voltages of ~4.5 to 5.0 V to CBrg can
induce dehalogenation, ring-opening, and coupling reactions,
resulting in the formation of several linear carbons in the first
step (Figure 2c). Further applying bias voltages to these linear
carbons can lead to the formation of a cyclic carbon (Figure
2d), which was later identified to be a C,;. High-resolution
AFM and Laplace-filtered images (Figures 2f—h, and SI)
reveal a hybrid structure: one segment exhibits characteristic
bright features of triple bonds, while the other part appears to
be more uniform. This structure is sensitive to the adsorption
site and can be transformed into a fully polyynic structure with
12 triple bonds and a kink site (Figure S2), like the case of
C,3.”> We thus assign this cyclocarbon to the cyclic Cys.
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Figure 2. Generation of odd-numbered cyclic C,; from linear C;. (a) Schematic representation of the generation of cyclic C,s. (b—d) STM images
of CsBrg molecules, generated linear carbons, and cyclic C,s. The additional features in (c) and (d) correspond to halogen atoms or reaction
intermediates. (e) Scanning tunneling spectroscopy (STS) acquired over triple bond (black cross in g) and single bond (red cross in g) of cyclic
C,s. The differential conductance (dI/dV) signal shows two peaks that can be attributed to the PIR and NIR states. (f—~h) AFM image (Az = —1.1
A) and Laplace-filtered images with superimposed model of cyclic C,5. Reference set point of Az for f: I = 0.5 pA, V = +0.3 V. STM images
(constant-current mode) (i, 1) and Laplace-filtered images (j, m) at NIR and PIR of cyclic C,5 obtained with a CO tip. (k, n) Isosurfaces of Dyson
orbitals associated with the processes of electron addition and removal. The orientation of the C,5 molecule remains the same as in AFM, STM,
and calculated images. The scale bar in (f) applies to all STM and AFM images of C,5. STM image conditions: I = 0.5 pA, V= +0.3 V for (b, ¢), I =
0.9 pA, V=—=03V for (d), I = 0.9 pA, V= +0.8 V for (i), = 0.9 pA, V= —0.6 V for (1).
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Figure 3. Characterization of C,sBr. (a—c) Molecule, AFM image (Az = —1.0 A) and Laplace-filtered AFM image with superimposed model of
C,sBr. Reference set point of Az for b: I = 0.5 pA, V= +0.3 V. STM images (constant-current mode) and Laplace-filtered images at NIR (d, e) and
PIR (g, h) of C,sBr obtained with a CO tip. (£, i) Isosurfaces of Dyson orbitals associated with the processes of electron addition and removal. STM
image conditions: I = 1.2 pA, V= +1.2V for (d), I = 1.2 pA, V.= —0.5 V for (g). The scale bar in (b) applies to all STM and AFM images of C,Br.

Scanning tunneling spectroscopy (STS) was performed on
cyclic Cyg to probe its electronic structure. The differential
conductance as a function of voltage, dI/dV spectra acquired
over the triple bond (black line) and single bond (red line)
both show two ion resonances, i.e., positive ion resonance
(PIR) and negative ion resonance (NIR) at around —0.54 and
+0.8 V, respectively (Figure 2e). STM images at —0.6 and 0.8
V both show 12 characteristic lobes at the same positions
around the ring (Figure 2i,j for NIR; Figure 2l,m for PIR). The
similar feature of PIR and NIR implies an open-shell electronic
structure of C,s.*

Calculations were performed to obtain the ground-state
structure of cyclic C,;. As odd-numbered cyclic carbons
typically exhibit closely competing singlet and triplet states,” to
resolve this uncertainty, complete active space self-consistent
field (CASSCF) calculations were performed for both spin
states of C,;. The multiconfigurational analysis demonstrates
that C,; adopts triplet as the energetically preferred ground
state. In addition, the relaxed most stable structure shows a
nearly circular geometry with a cumulene-polyyne hybrid
structure (Figure S3). AFM simulations (Figure S1) based on
this geometry are consistent with experimental AFM images.
The frontier orbitals of cyclic C, exhibit two singly occupied
orbitals: one is in-plane and the other is out-of-plane, both
displaying 12 lobes at equivalent positions around the carbon
ring (Figure S4). The in-plane orbital is 0.02 eV higher than
the out-of-plane one; that means these two orbitals are nearly
energetically degenerate. Thus, we calculated the superposition
of these two orbitals (Figure S4) and reproduced well with the
12-lobe patterns observed in the STM images at PIR and NIR.
PIR and NIR states should dominantly relate to the out-of-

plane singly occupied orbital.” In addition, due to the energy
broadening of the ionic resonances on NaCl (~0.3 V) ,* nearly
degenerated out-of-plane and in-plane orbitals could not be
resolved as separate peaks in dI/dV spectra.

To provide a more rigorous representation of electron
addition and removal processes occurring in NIR and PIR,
Dyson orbitals defined as overlaps between the N-electron
ground state and the (N + 1)-electron state were calculated
(Figure 2 and SS). During electron addition (NIR), the extra
electron preferentially occupies the lower-energy out-of-plane
orbital than the higher-energy in-plane orbital. The energy of
the charged molecule with the out-of-plane orbital populated is
0.19 eV lower than that with the in-plane orbital populated.
Upon electron removal (PIR), electron extraction preferen-
tially also occurs from the out-of-plane orbital, with the energy
being 0.31 eV lower than that for the in-plane orbital. These
results are consistent with the observation of the out-of-plane
orbital features in both the NIR and PIR.

Cyclic C,5 can be further functionalized via halogenation,
where reaction with a single Br atom yields C,;Br (Figure 3a).
AFM and Laplace-filtered images (Figure 3b,c) reveal a 25-
membered carbon ring containing 12 triple bonds. Calcu-
lations indicate that, in contrast to the open-shell triplet
ground state of Cys, the addition of a Br atom converts the
system into an open-shell doublet as the ground state (Figure
S6). For the doublet state of C,sBr, a single frontier orbital is
singly occupied near the Fermi level. Thus, both electron
addition and removal should involve this orbital, resulting in
similar spatial features in the Dyson orbitals (Figure 3£i). STM
and Laplace-filtered images at +1.2 V (Figure 3d,e) and —0.5 V
(Figure 3gh) represent the NIR and PIR states. For PIR, 11
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Figure 4. Generation of even-numbered cyclic Cs, from linear C,. (a) Schematic representation of the generation of cyclic Cso. (b) Large-area STM
image. Both linear carbons and cyclic Cy, are shown. (c, d) Laplace-filtered AFM images with superimposed model of cyclic Cg,. A linear carbon
was also shown. (e) STS acquired over triple bond (black cross in the inset) and single bond (red cross in the inset) of cyclic Cy,. The differential
conductance (dI/dV) signal shows peaks that can be attributed to the PIR and NIR states. STM images (constant-current mode) and
corresponding Laplace-filtered STM images at PIR2 (f, j), PIR1 (g, k), NIR1 (h, 1), and NIR2 (i, m) of cyclic Cy, obtained with a CO tip. Black and
red arrows indicate the positions of triple and single bonds. (n—q) Corresponding calculated superpositions of frontier orbitals. STM image
conditions: I =2 pA, V= —2.68 V for (f), =2 pA, V= —2.46 V for (g), =2 pA, V=133 V for (h), I =2 pA, V= 1.56 V for (i). The scale bar in
(c) also applies to (d). The scale bar in (f) applies to all STM images of Cg,.

lobes are clearly shown around the carbon ring, consistent with
the calculated Dyson orbital (Figure 3i). For NIR, the lobes in
the lower part cannot be clearly distinguished.

Apart from the occurrence of halogenation reaction of cyclic
C,s, due to the existence of linear carbons on the surface, we
also successfully induced the coupling reaction of cyclic Cys
with a linear Cj;, forming a ring-chain “lollipop-shaped”
structure (Figure S7). The C,; ring in this complex displayed
12 triple bonds, similar to that in C,Br.

To demonstrate the generality of this “Ouroboros-inspired”
strategy, we employed a longer linear carbon, Cg, aiming to

synthesize a larger cyclocarbon (Figure 4a). After the
deposition of C¢Brg molecules on the surface, upon applying
bias voltages up to S V, both linear and cyclic products were
obtained (Figure 4b). Laplace-filtered AFM images (Figure
4c,d) clearly reveal a ring comprising 2S5 triple bonds,
consistent with a polyynic structure assigned to Cs,, which is
the largest cyclocarbon generated to date. Note that carbon—
carbon bonds could be broken in the manipulation processes.”

With the help of the Br atoms and a linear carbon aside, the
lateral movement of cyclic Cy, has been suppressed, allowing
us to obtain its detailed electronic states. The dI/dV spectra

D https://doi.org/10.1021/jacs.6c00225
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obtained over triple bond (black line) and single bond (red
line) both appear distinct features that can be assigned to the
ion resonance states (Figure 4e). Two positive ion resonances
(PIR1 and PIR2) are detected at —2.46 and —2.68 V,
respectively, and two negative ion resonances (NIR1 and
NIR2) appear at +1.33 and +1.56 V. STM images and Laplace-
filtered STM images acquired at PIR1/PIR2 and NIR1/NIR2
display 25 lobes distributed over triple bonds (the black arrows
indicate the positions of triple bond strictly derived from
experimental AFM images, see Figure S8) and single bonds
(the red arrows indicate the positions of single bond),
respectively (Figure 4f—m), consistent with the orbital
distributions observed in the cases of C,, and C,5 >’
Compared with PIR1 and NIR1, PIR2 and NIR2 exhibit a
bit larger local density of states.

Calculations show that for cyclic Csp, the highest occupied
molecular orbitals (HOMO—-3 to HOMO) are nearly
energetically degenerated. The superposition of these orbitals
(Figure 40) reproduces the experimental STM image of PIRI1.
Similarly, the superposition of lowest unoccupied orbitals
(LUMO to LUMO+3, Figure 4p) corresponds well to the
NIR1. In addition, for higher frontier orbitals, the HOMO-7
to HOMO—4 (LUMO+4 to LUMO+7) are also nearly
energetically degenerate. Thus, the PIR2 (NIR2) in STM
images should arise from the superposition of HOMO—-7 to
HOMO (Figure 4n) (LUMO to LUMO+7, Figure 4q),
respectively (Figure S9).

B CONCLUSION

In summary, we have demonstrated a “Ouroboros-style” on-
surface synthesis strategy for the formation of cyclic carbons
from linear ones, yielding odd- and even-numbered cyclo-
carbons, namely, C,5 and Cg,. High-resolution AFM imaging
and calculations revealed that C,s adopts a hybrid cumulene—
polyyne structure with an open-shell character, while its
brominated derivative C,;Br exhibits a polyynic configuration
and an open-shell doublet state. Cs, being the largest
cyclocarbon generated on the surface so far is characterized
as a polyynic structure, whose orbital distributions were well
reproduced by DFT calculations. This work opens up another
strategy for the synthesis of cyclocarbons directly from linear
ones.

B EXPERIMENTAL AND THEORETICAL 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 a base
pressure better than 1 X 107'° mbar. The single-crystalline Au(111)
surface was cleaned by several 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
one- and two-monolayer (ML) thickness. The perbromocyclopenta-
1,3-diene (CBrg, purchased from Shaanxi Yikunte Pharmaceutical
Technology Co. Ltd., 98%) and hexabromobenzene (C¢Br,,
purchased from Adamas-beta, 98%) molecules were separately
deposited on cold NaCl/Au(111) surface by thermal sublimation
from a molecular evaporator (sublimation temperature: 44 C for
C,Brg, 85 C for C4Brg). CO molecules for tip modification™ were
dosed onto the cold sample via a leak valve. We used qPlus sensors*®
with a resonance frequency f,, = 29.49 kHz, quality factor Q = 45,000,
and a spring constant k = 1800 N/m operating in frequency-
modulation mode.*” 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 A. The tip-

height offsets Az for constant-height AFM images are defined as the
offset in the tip—sample distance relative to the STM set point at the
NaCl surface. The positive (negative) values of Az correspond to the
tip—sample distance increased (decreased) with respect to a STM set
point. Additional supporting figures are shown in Figures S10 and
S11.

Density Functional Theory Calculations

Density functional theory (DFT) calculations were carried out in the
gas phase using Gaussian 16 program package.”® @B97XD exchange-
correlation functional®® in conjunction with def2-TZVP* basis sets
was used for calculations of cyclic C,5 and Cs in gas phase.

The AFM simulations were conducted by the PP-AFM code
provided by Hapala et al.*>' The detailed parameters are listed below.
The lateral spring constant for the CO tip was 0.2 N/m, and a
quadrupole-like charge distribution at the tip apex was used to
simulate the CO tip with ¢ = —0.1 ¢ (e is the elementary charge and
refers to lel, and g is the magnitude of quadrupole charge at the tip
apex). The amplitude was set as 1 A. The difference in probe height
between “sim. far” and “sim. close” corresponded to the respective
difference between “AFM far” and “AFM close.”

CASSCF Calculations

All multireference calculations were performed using the OpenMolcas
package.”> The CASSCF method was employed to describe the
multiconfigurational character of the systems, and the resulting
energies were further refined using CASPT2 corrections.*>** The
def2-SVP basis set was employed throughout this work.”® For C,s, the
active space comprised 8 electrons in 8 molecular orbitals located near
the Fermi level, whereas for C,Br, the active space included 9
electrons in 10 orbitals.

For geometry optimization, the initial geometries were taken from
DFT-optimized structures and subsequently reoptimized at the
CASSCE level using the default SLAPAF algorithm implemented in
OpenMolcas. When oscillations in the total energy impeded
convergence, the keywords C2-DIIS, CARTESIAN, and a reduced
MAXSTEP value were applied to stabilize the optimization process,
ensuring convergence within 0.02 mHa.

To obtain more accurate frontier orbital energies, single-point
calculations were performed at the CASPT2(14,12) and CASPT2-
(13,12) levels for C,5 and C,Br, respectively, using the same basis set.

Dyson orbitals were computed using the RASSI module in
OpenMolcas based on the optimized geometries.”>** For NIR, the
Dyson orbitals were obtained from the overlap between the N-
electron and (N + 1)-electron wavefunctions, corresponding to
electron attachment. In contrast, for PIR, the Dyson orbitals were
derived from the overlap between the N-electron and (N — 1)-
electron wavefunctions, corresponding to electron detachment.

Molecular orbitals were visualized using a combination of Multiwfn
3.8(dev) code for wavefunction analysis and Visual Molecular
Dynamics (VMD) for graphical rendering.*®™*

B ASSOCIATED CONTENT

Data Availability Statement

All data are available in the main text or the Supporting
Information.
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