On-surface Synthesis of [7]triangulene Quantum Ring via Antidot Engineering
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Abstract: The ability to engineer geometrically well-defined antidots in large triangulene homologues
allows for creating an entire family of triangulene quantum ring (TQR) structures with tunable high-spin
ground state and magnetic ordering, crucial for next-generation molecular spintronic devices. Herein, we
report the synthesis of an open-shell [ 7]triangulene quantum ring ([7]TQR) molecule on Au(111) through
the surface-assisted cyclodehydrogenation of a rationally-designed kekulene derivative. Bond-resolved
scanning tunneling microscopy (BR-STM) unambiguously imaged the molecular backbone of a single
[7]TQR with a triangular zigzag edge topology, which can be viewed as [7]triangulene decorated with a
coronene-like antidot in the molecular centre. Additionally, d//dV mapping reveals that both inner and
outer zigzag edges contribute to the edge-localized and spin-polarized electronic states of [7]TQR. Both

experimental results and spin-polarized density functional theory calculations indicate that [7]TQR



retains its open-shell septuple ground-state (S = 3) on Au(111). This work demonstrates a new route for
the design of high-spin graphene quantum rings as the key components for future quantum devices.

Introduction

Open-shell graphene nanostructures (GNs) have attracted tremendous interest due to their unique
electronic and magnetic properties, which make them promising candidates for carbon-based molecular
spintronics. [!* The magnetic ordering of these open-shell GNs can be precisely tailored via engineering
their topological structures and edge configurations. > In particular, cutting triangular motifs along the
zigzag orientation of graphene creates an entire family of triangulenes with high-spin ground states and
large spin quantum number scaling linearly with the number of carbon atoms at their zigzag edges. ["~"]
The ground-state spin quantum number of the triangulenes is associated with the sublattice imbalance, as

10,11

predicted by Ovchinnikov’s rule and Lieb’s theorem for bipartite lattices. ['%!!] As such, the ground-state

spin quantum number (S) of triangulenes is equal to WAZ;NBl, where N, and Ny represent the number of

carbon atoms from the two interpenetrating sublattices (A and B), respectively.
Recently, [3]-, [4]- and [S]triangulene molecules have been successfully fabricated on different
surfaces and their chemical structures and spin-polarized edge states have been characterized by scanning

12-14] A further extension of triangulene molecules to a larger system not only increases

probe techniques. !
their ground-state spin quantum number but also offers higher feasibility for the device fabrication. [5!
Apart from tuning the size of triangulenes, topological engineering via creating an antidot (denoted as
antidot engineering) in large triangulene homologues provides an alternative approach to fabricate a series
of intriguing triangulene quantum rings (TQRs) with tailored spin quantum number and magnetic

16-19

ordering associated with both inner and outer zigzag edges. "61°) Compared to the triangulene

counterparts, the presence of an antidot in TQRs results in a larger number of zigzag edges per unit area.
Moreover, the spin-polarized energy gap and spin density distribution of TQRs, together with the
magnetic ordering in both inner and outer zigzag edges, can be precisely controlled via tailoring the

20-22

topology of antidots. 2221 Therefore, antidot engineering constitutes a flexible and versatile strategy



towards the fabrication of a plethora of novel magnetic quantum nanostructures, crucial to unlocking their
full potential in next-generation spintronics applications.

Analogously to triangulenes, the ground-state spin quantum number of TQRs can also be predicted by
Ovchinnikov’s rule by evaluating their sublattice imbalance. As illustrated in Figure la, excavating a
coronene-moiety from the centre of an intact [7]triangulene molecule (Figure la, right) generates a
[7]TQR molecule containing a hexagonal coronene-like antidot (Figure 1a, middle right). Notably, the
as-removed hexagonal motif consists of the equal number of two sublattices (A- and B-type). As a result,
the ground-state spin quantum number (S = 3) is preserved after introducing such a hexagonal antidot in
[7]triangulene. In contrast to [7]triangulene, the presence of inner zigzag edges in [7]TQR is expected to
modulate its spin density and magnetic ordering in this system. [2!1 Similarly, larger TQRs also retain the
same high spin quantum after removing hexagonal antidots (e.g., high-order coronene-like moieties) in
the triangulene hosts (e.g., [10]TQR, Figure 1b, right). By contrast, incorporating triangular antidots into
triangulenes can reduce the sublattice imbalance and thus lower their ground-state spin quantum numbers,

as exemplified in the case of [8]TQR and [9]TQR (Figure 1b, left). Both of them have the same ground-
state spin quantum number of S = 3, lower than that of [8]triangulene (S = 2) and [9]triangulene (S = 4),

respectively. In this case, the ground-state spin quantum number S only depends on the width of the ring,
as defined by the number of benzene units (Ny,) between outer and inner edges: S = 3(Ny, + 1). 2l
Therefore, the ground-state spin quantum number of TQRs can be modulated by tailoring the topology of

the antidots, including the lateral size (Figure 1b, right) and width of the ring (Figure 1b, left).

Results and Discussions

To demonstrate the concept of antidot engineering, we designed a new precursor 1 containing a
kekulene-core attached by three 2,6-dimethylphenyl substituents at meso- positions of three alternating

edges. The kekulene is well-known for its annelated macrocyclic topology that provides an ideal platform

23-27

for antidot engineering. [23-?7] The dehydrogenation of methyl groups of precursor 1 generates benzylic



radicals, which then couple with the neighbouring carbon atoms of kekulene-core. Subsequently, an
aromaticity-driven ring-closure reaction leads to the formation of [7]TQR (Figure 1a). Precursor 1 was
obtained via multiple solution-phase synthetic steps as inspired by our previous work (see details in the
Supporting Information). 28! In brief, a macrocyclic oligo(m-phenylene) intermediates 7 carrying six vinyl
ether groups was first synthesized by Suzuki coupling reaction. The subsequent Bi(OTf); catalyzed
cyclization reaction of 7 in 1,2-dichloroethane at 90 °C led to the formation of the 2,6-dimethylphenyl-
substituted kekulene 1 in 76% yield. The structure of the precursor 1 was confirmed by 'H NMR, 13C
NMR spectra, and mass spectrum.

Precursor 1 was first deposited onto Au(111) at a submonolayer coverage, under ultra-high vacuum
conditions. It exhibits a three-lobed appearance in the STM image attributed to its three-fold structural
symmetry (Figure S1). Subsequently, a post-annealing of Au(111) substrate at 550 K for 10 minutes
triggers the surface-assisted cyclodehydrogenation of 1 towards the formation of [7]TQR. *°)  An
overview STM image captures that as-formed products contain both isolated triangular-shaped molecules
and irregular oligomers presumably arising from intermolecular coupling on Au(111) during thermal
annealing process (Figure 2a, Figure S1). Isolated triangular-shaped molecules constitute approximately
26% of all the products, as estimated by a statistical analysis of multiple STM images. In addition, a
magnified STM image of triangular-shaped products with a metallic tip resolves a dim hole-like feature
in the molecular centre (Figure 2b and Figure S1) and characteristic edge-localized nodal patterns,
resembling the patterns observed at the zigzag edges of the zigzag-edged graphene nanostructures in the

13,14.29.301 To probe the chemical structure of an isolated product 1, we performed bond-

previous reports. [
resolved STM (BR-STM) imaging with a carbon monoxide-functionalized tip (CO-tip). *!-3*] The BR-
STM imaging was conducted at constant-height mode with reduced tip-sample distances (i.e. Pauli
repulsion regime), wherein the CO molecule undergoes a lateral relaxation over the areas with high

electron density (repulsive) areas (chemical bonds), which modulates the overall tunneling conductance

between tip and sample, resulting in sharp features associated with the chemical bonds in the current



35361 The corresponding BR-STM image of a single triangular-shaped molecule (Figure 2c)

image. |
unambiguously resolves the molecular backbone consisting of twelve fused benzene rings with a clear-
cut hexagonal antidot (a diameter of 5.7 A) in the molecular centre. Furthermore, the flat adsorption
geometry of final products on Au(111) indicates the absence of any chemical bonding of molecule to the
surface. These observations confirm the successful synthesis of the [7]TQR on Au(111).

To unveil the electronic structure of [7]TQR, we acquired differential conductance spectra (d//dV)
over a single molecule on Au(111) using a calibrated metallic tip. The characteristic point d//dV spectra
collected at the corner (red curve) and the edge centre (blue curve) of a [7]TQR along with the reference
spectrum recorded on bare Au(111) (grey dashed curve), are presented in Figure 3a. The d//dV spectrum
collected at the edge corner of the molecule (red cross in the inset image in Figure 3a) shows two
pronounced peaks at -0.61 V (£0.05 V) and +0.91 V (£0.05 V), presumably corresponding to the positive
and negative ion resonances (PIR and NIR), respectively. We also observed a weak “bump” feature
around -0.3 V (£0.05 V) that overlaps with the Au(111) surface states, which can be better resolved in
dZ/dV spectrum acquired in a smaller bias range (Figure S3). In addition, a prominent peak at -1.47 V
(+0.05 V) and a substantial rise above +2.0 V can be observed at both d//dV spectra acquired at the corner
and the edge centre.

In order to gain a more in-depth insight into the electronic structures of [7]TQR, we performed spin-
polarized density functional theory (DFT) calculations. 3738 Firstly, our calculations reveal that the
septuple ground-state (S = 3) of a freestanding [7]TQR is lower in energy by 378 and 448 meV than its
S=1 open-shell states, respectively (Figure 2d, Figure S2), consistent with the theoretical predictions of

13.14] Figure 3b presents the calculated single-particle DFT spin-polarized energy

the triangulene systems.|
level diagram of a freestanding [7]TQR in the ferromagnetic septuple state (S = 3). The frontier orbitals
of a neutral [7]TQR (Figure 3a) contain six singly occupied molecular orbitals (denoted as SOMOs

including spin-up P31 — YPgr) and six singly unoccupied molecular orbitals (denoted as SUMOs including

spin-down Y3, — 1g;) with the corresponding wave function plots shown in Figure 3d. It is noted that a



large energy splitting of 200 meV between Y31 — Y51 and Yer — Pgr of SOMOs leads to a double peak
feature associated to SOMOs in density of states (DOS) (Figure 3c). This is consistent with our
experimental observations of a pair of occupied electronic states at -0.61 V and -0.3 V, which thus can be
assigned as SOMO; and SOMO: (Figure 3c), respectively. In contrast to SOMOs, a reduced energy
splitting between SUMOs leads to a single peak feature of SUMOs-derived DOS, in agreement with the
experimental observation of a single broad peak located at +0.91 V (labelled as SUMOs in Figure 3c).
Such a discrepancy between SOMOs and SUMOs-derived DOS features can be attributed to their
different degrees of orbital degeneracy (Figure 3b). According to the energy ordering of these molecular
orbitals, a sharp peak at -1.47 V (£0.05 V) and a substantial rise above +2.0 V can be assigned to HOMO-
1 (highest occupied molecular orbital) and LUMO+1 (lowest unoccupied molecular orbital) derived from
Y1, — Yoy and Yor — Y101, respectively.

To resolve the spatial distribution of these molecular orbitals, we performed the differential
conductance mapping at the corresponding energetic positions of the aforementioned peaks (Figure 4a-
e). d7/dV maps collected at -0.61 V (Figure 4b), -0.3 V and +0.91 V (Figure 4d) reveal the edge-
localization and the characteristic nodal patterns for both the outer and inner edges of [7]TQR, wherein
the nodal patterns of outer edges resemble that of m-extended triangulenes in previous reports. 13141 Ag
for the triangulenes, SOMOs and SUMOs-derived states often show the identical spatial patterns.
However, it is noted that d//dV maps acquired at -0.61 V (SOMO;), -0.30 V (SOMO>), and +0.91 V
(SUMOs) exhibit slightly different spatial patterns. Such a difference can be attributed to the different
frontier orbitals comprising SOMO;, SOMO; and SUMOs, respectively. Notably, SOMOs with a lower
degree of degeneracy split into two sub-sets of nearly-degenerate orbitals ({31 — P51 , SOMO; and Y —
Ygr, SOMO») (Figure 3b and c), resulting in slightly different patterns in the d//d}V maps. All the key
features of experimental d//d} maps taken at -0.61 V and -0.3 V (Figure 4c) are well reproduced in the
calculated d7/dV maps involving the orbitals of P31 — s (SOMO)) and Ygr — Pgr (SOMOy). 1 In

contrast to SOMOs, SUMOs of [7]TQR with a higher degree of degeneracy (Figure 3b) yield a single



peak in d//dV spectrum. A direct comparison between experimental and theoretical d//dV map reveals
that orbitals 15, and ¢, with similar wave function patterns (Figure 3d) have a considerable contribution
(high weightage) to the dZ/d/ map of SUMOs. Such observations further imply that these probed orbitals,
indeed, correspond to the frontier SOMOs and SUMOs of [7]TQR.

In addition, d//dV map recorded at -1.47 V (HOMO-1) reveals a triangle lobe at the centre and
characteristic nodal pattern (three bright lobes) at the outer edges. In contrast, d//d/ map taken at +2.20
V (LUMO+1) exhibits a hexagonal protrusion at the centre and faint feature at the outer edges, suggesting
a larger contribution from the inner edge states to LUMO+1. Moreover, the calculated d//dV images
involving the spin-down Y;; — 1, and spin-up Yqg; — P11 orbitals show excellent agreement with dZ/dV
maps taken at -1.47 V (HOMO-1) and +2.20 V (LUMO+1), respectively (Figure 4f and j).

Lastly, the energy gap of Au-supported [7]TQR is determined to be 1.21 eV based on the energy
separation between SOMO; and SUMOs (Figure 3A), lower than the theoretically predicted value (2.25
eV) of a free-standing [7]TQR. This can be attributed to the gap reduction arising from the screening
effect from metallic Au(111) surface, consistent with the observation in m-extended triangulenes and

131440441 A]] these observations discussed above manifest that the septuple

other similar systems. !
magnetic ground states (S = 3) of [7]TQR is likely to be retained on Au(111).

Conclusion

In summary, we have demonstrated a new synthetic route to use the substituted-kekulene as the
precursor for the synthesis of unsubstituted [7]TQR with a coronene-like antidot on Au(111). BR-STM
characterization unambiguously reveals the chemical structure of [7]TQR at the sub-molecular level,
while d//dV measurements unveil the spin-polarized electronic states contributed from both inner and
outer zigzag edges of [7]TQR. Both experimental data and theoretical calculations suggest that [7]TQR
retains its open-shell septuple ground-state (S = 3) on Au(111). The successful synthesis of triangulene
quantum ring via antidot engineering opens up a new avenue for the fabrication of high-spin quantum

nanostructures towards next-generation quantum devices.
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Figure 1. Schematic illustration of the synthesis of [7]TQR via antidot engineering of triangulene
molecules. (a) Illustration of the synthetic route towards [7]TQR. [7]TQR with a coronene-like antidot
and [7]triangulene have the same ground-state quantum spin number of S = 3. (b) Engineering of
triangular and hexagonal antidots within n-extended triangulene molecules. Incorporating a triangular
antidot in the centre of triangulene modifies the molecules’ ground-state spin quantum number. In contrast,
introducing a hexagonal antidot in both [7] and [10]- triangulene retains the ground-state spin quantum

number
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Figure 2. Structural characterization of a single [7]TQR synthesized on Au(111). (a) Large-
scale STM image of [7]TQR molecules on Au(111) after annealing the precursor 1 at 550 K
(V=10 V, I=300 pA). (b) Magnified high-resolution STM image of an individual [7]TQR
molecule (V=-0.61 V, I=600 pA). (c) Corresponding BR-STM image (V=5 mV, Az=-1.1 A,
setpoint prior to turn off feedback: V=50 mV, /=300 pA). (d) DFT-calculated spin density

distribution of a freestanding [7]TQR molecule. Scale bar: a: 4 nm, b and c: 5 A.
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Figure 3. Electronic structure characterization of 7TQR. (a) Point d//dV spectra acquired over
different sites of [7]TQR and Au(111) substrate. d//dV curves taken at the corner (red curve),
centre of the edge (blue curve) and taken on Au(111) (grey-dashed curve). (b) DFT-calculated
spin-polarized molecular orbital energy diagram of a freestanding [7]TQR. The black and red
symbols refer to spin-up and spin-down states, respectively. (¢) Calculated density of states
(DOS) of a freestanding [7]TQR. (d) DFT calculated wave functions of six pairs of SOMOs
and SUMOs (31, — Ygr,). The blue and green isosurface colours indicate opposite phase of

the wave function, respectively. (a.u., arbitrary units).
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Figure 4. Experimental and calculated d//dV maps of 7TQR. (a)- (e) Constant-current dZ/dV’
maps recorded at different energy positions. (a) and (e) refer to the HOMO-1 (-1.47 V) and
LUMO+1 (+2.20 V), of [7]TQR respectively. (b-d) and refer to the SOMO; (-0.61 V), SOMO,
(-0.3 V) and SUMOs (+0.91 V) of 7TQR, respectively. (f)-(j) Simulated d//dV maps acquired

at different energy positions corresponding to different sets of orbitals: (f) Pq; — Yqy, (g)

Y31 — Yst, (h) Yer — Ygr, (1) Y31 — Pgy and (j) YPor — YPy1. Scale bar: 5 A.



