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ABSTRACT: Synthesis of nanographenes (NGs) with structural precision has attracted enormous interest
in organic chemistry and materials science. However, their ordered two-dimensional (2D) self-assembled
structures on surfaces, which are of great importance for the future nanotechnologies, remain challenging.
In this work, embedding heteroatoms (oxygen-boron-oxygen) into the zigzag edges of NGs is proven as
a useful strategy to afford ordered 2D self-assemblies based upon intermolecular hydrogen bonding. We
have thus synthesized OBO-doped [4]triangulenes, whose planar geometry is revealed by single-crystal
X-ray diffraction. Their photophysical and electrochemical properties show significant differences from
those of pristine [4]triangulene. Self-assembly on metal surfaces is explored by scanning tunneling mi-
croscopy (STM) associated with the minimum spanning tree (MST) analysis. Highly ordered 2D super-
structures can be demonstrated and the packing modes depend sensitively upon the substrate.

Nanographenes (NGs), namely nanoscale graphene fragments, have been considered as next-generation
semiconductors due to their potential in, for example, optoelectronics, bio-imaging, and energy storage. '
> Bottom-up fabrication of NGs is crucial for controlling their structures at the atomic level and precisely
tuning their functions. During the past years, a large number of structurally well-defined NGs with various
sizes and topological features have been synthesized in solution and on metal surfaces.®!” Furthermore,
incorporation of heteroatoms has further expanded the possibilities of generating novel structures with
desirable properties. '8

On the other hand, steering molecular assembly to form ordered two-dimensional (2D) networks has
attracted much attention due to the superiority of 2D materials for optoelectronic applications.>*** Many
efforts have been devoted to constructing molecular 2D architectures on metal surfaces by adjusting in-
termolecular and molecule—substrate interactions.>*” Nevertheless, it remains a significant challenge for
NGs to form 2D self-assembled structures owing to the lack of lateral interactions among the large NGs.!
So far, only very few NG-based 2D assemblies have been reported, mainly driven by intermolecular -+ 7
interactions (in the case of curved NGs)*® and templating effects of the surface.*® Attractive intermolecular
forces driving the formation of 2D networks based on planar NGs have been less explored, although they
have played an important role in the design of various 2D organic nanostructures.>*-*!
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Figure 1. Chemical structures of [4]triangulene and the OBO-doped [4]triangulene reported in this work, as well as the
schematic representations of their on-surface self-assembled behaviors.

Herein, embedding heteroatoms into the zigzag edges of NGs is shown to furnish highly ordered 2D
nanoarchitectures of NGs, without the need of attaching pendent attracting substituents (Figure 1). A va-
riety of zigzag-edged triangular NGs, namely triangulenes, have been synthesized on metal surfaces re-
cently, mainly displaying random distribution patterns on the substrate.*? Toward extended 2D assemblies,
oxygen-boron-oxygen (OBO) segments are incorporated into the three zigzag edges of [4]triangulene,
leading to OBO-doped [4]triangulenes with high ambient stability. Importantly, highly ordered 2D self-
assemblies driven by intermolecular C—H---O hydrogen bonds are observed on different substrates,*>**
and an interesting substrate-dependent assembly behavior is observed, thus demonstrating the great po-
tential of OBO-doped triangulenes for constructing 2D functional materials.

Scheme 1. Synthetic route to OBO-doped NGs 1a and 1b.
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The synthetic route to OBO-doped [4]triangulenes 1a and 1b is depicted in Scheme 1.* The correspond-
ing precursors 3a and 3b were synthesized through a Suzuki coupling reaction of 1,3,5-tribromobenzene
and two aryl boronic acids (2a and 2b) in 92% and 91% yields, respectively. Boron atoms were then
incorporated into the skeleton by the tandem demethylation-electrophilic borylation reaction,***’ giving
air-stable 1a and 1b as white solids in 82% and 95% yields, respectively. Compound 1b was well soluble
in common organic solvents and characterized by 'H and '*C NMR spectroscopies as well as high-reso-
lution mass spectrometry (HRMS), whereas compound 1a was only characterized by 'H NMR spectros-
copy and HRMS due to its poor solubility.

Figure 2. (a) Single-crystal X-ray structure of 1b (top and side view). Thermal ellipsoids are shown at 50% probability.
Alkyl chains and hydrogen atoms are omitted for clarity. (b) Selected bond lengths and (c¢) packing diagrams of 1b. (d)
Calculated 2D ICSS(1),, maps and (e) ACID plots of 1b at 1 A above the XY plane. Alkyl chains are replaced by methyl
groups for simplicity during the calculations.

Single crystal of 1b was successfully obtained, allowing or X-ray structural analysis. Compound 1b
exhibits a fully planar n-conjugated framework, indicating the minimum effect of OBO units on the pla-
narity of the molecule (Figure 2a). In the C4BO rings, the B-O bond lengths (1.38-1.44 A) are similar to
the common B—O single bonds, whereas the C—O bonds (1.37-1.44 A) are slightly longer, as compared
with the previously reported oxaborines (1.37-1.39 A) (Figure 2b).*¢ It is noteworthy that the C—B bonds
(1.43—1.51 A) are significantly shorter than the classic C-B single bonds in triphenylborane (1.57-1.59
A) as well as those in oxaborines (1.52—1.54 A), indicating the effective n-delocalization from the central
benzene ring to the empty p-orbital of the boron center. Interestingly, compound 1b displays a column
stacking structure with a short n-r distance of only 3.33 A (Figure 2c). The calculated isotropic chemical
shielding surface (ICSS) maps and the anisotropy of the induced current density (ACID) plots reveal that
the benzene rings are aromatic while the C4BO rings are non-aromatic (Figure 2d and e).
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Figure 3. (a) Normalized UV-vis absorption and emission spectra of 1a (blue) and 1b (red) in toluene solutions. (b)
TDDFT-calculated degenerated frontier molecular orbitals and the energy diagram of 1b. Alkyl chains are replaced by
methyl groups for simplicity during the calculations.

UV-vis absorption and fluorescence spectra of 1a and 1b were recorded in dilute toluene solutions (Fig-
ure 3a). Two compounds exhibit similar absorption features in the UV region with three major electronic
absorption bands. The lowest energy band for 1a peaks at 347 nm, whereas 1b shows a slightly red-shifted
absorption maximum at 351 nm. Time-dependent density functional theory (TDDFT) calculations reveal
that the low-energy absorption band is assignable to the HOMO—LUMO transition, and HOMO and
LUMO are delocalized over the whole skeleton (Figure 3b and Table S3). Furthermore, compounds 1a
and 1b display similar emission spectra peaking at 385 and 390 nm with absolute fluorescence quantum
yields of 57% and 58%, respectively.

The electrochemical properties of 1b were studied by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements, whereas the same characterization for 1a was hindered by its low
solubility (Figure S1). According to the DPV results, the HOMO and LUMO energy levels of compound
1b are estimated as —5.95 and —2.69 eV, respectively. The electrochemical HOMO-LUMO gap of 1b is
thus determined as 3.26 eV, which is in good agreement with the optical gap that is deduced from the
absorption onset (3.28 eV).

Previous studies have demonstrated that NGs with OBO edges tend to form ordered superstructures on
metal surfaces via the intermolecular C—H...O hydrogen bonds.**** Hence, the self-assembled behavior
of 1a on metal surfaces was investigated. A sub-monolayer of the molecules was deposited on different
substrates under ultra-high vacuum (UHV) conditions, yielding self-assembled structures according to
molecule-resolved scanning tunneling microscopy (STM) images. The less regular 2D assemblies of 1a
are observed on Au(111) surface, showing two different phases denoted as phase I and phase II (Figure
4a and b). High-resolution STM images indicate that phase I is composed of two specific structural motifs,
named a and y, whereas phase II consists of binding motifs B and y (Figure 4e, f; the binding modes are
shown in Figure 1). In contrast, 1a exhibits a highly ordered close-packed structure on Ag(111) surface
and a porous structure (pore-to-pore distance of ~1.95 nm) on Cu(111) surface with consistent structural
motifs B and v, respectively (Figure 4c,d,g,h).
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Figure 4. STM images of the self-assembled structures of 1a on the (a, b) Au(111), (¢) Ag(111) and (d) Cu(111) sub-
strates. Enlarged images of the self-assembled structures on the (e, f) Au(111), (g) Ag(111) and (h) Cu(111) substrates.
(i) Three characteristic structural motifs of the 1a dimer (a, B, y), with the hydrogen bonds indicated by dashed lines. In
e—h, the dimeric binding motifs are marked with dashed contours. Tunneling parameters are /; = 150 pA, V,=-1.0V for
(a); ;=80 pA, b, =—1.0 V for (b); I = 500 pA, Vb, =—1.0 V for (c); Iy = 50 pA, V, =—1.5V for (d); I, = 150 pA, Vs, =
—0.4 V for (e); i =110 pA, V', =—1.0 V for (f); ;=50 pA, V', =-1.0 V for (g); I = 150 pA, V', =-2.0V for (h).

In order to understand the unique assembled behavior, DFT calculations on the dimeric binding motifs
and the assembly structures were performed (Figure S7). The three motifs exhibit similar binding energies
of —0.163 eV for a, —0.111 eV for 3, and —0.168 eV for y, which verifies the existence of different assem-
bly structures on Au(111) surface. Moreover, the extended arrangement built from motif o shows a higher
relative energy (defined as 0 eV) compared with that of motifs § (—0.267 eV) and y (—0.089 eV). This can
explain the disappearance of motif o on Ag and Cu substrates. Furthermore, the relative stronger interac-
tions between 1a and Ag/Cu substrate may also facilitate the formation of highly ordered 2D self-assem-
blies.?’

We then performed the minimum spanning tree (MST) analysis of the STM image of 1a on Ag(111)
surface to quantify the degrees of disorder of the 2D self-assembled structures (Figure 5a).*° Based on
the MST image, a Voronoi tessellation can be constructed, representing molecules with various highly
ordered hexagonal cells (Figure 5b). Besides, the mean normalized distance (x«) of MST image edges
(green lines) is calculated as ~1.045 with a standard deviation (o) of ~0.021 (Figure 5¢). According to the
characteristic u—o plots of different lattices, the 2D structure of 1a on Ag(111) surface is assigned as the
triangular lattice To systematically investigate the 2D architectures on different surfaces, the MST anal-
ysis of large-scale STM images is also conducted, revealing that the self-assembled modes of phase I on
Au(111) surface and on Cu(111) surface are assigned as the honeycomb lattice, whereas the assembly of
phase II on Au(111) surface is regarded as the triangular lattice (Figure 5d). In addition, the superstruc-
tures of 1a show higher values of standard deviation on Au(111) surface (¢ = 0.116 for phase I and 0.084
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for phase II) than those on Ag(111) surface (¢ = 0.030) and on Cu(111) surface (¢ = 0.040), which is in
accordance with the observations of more motifs on Au(111) surface.
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Figure 5. (a) MST analysis of 1a on Ag(111), overlaid with an arbitrary color scheme used for identifying each molecule
(the corresponding STM image is illustrated in Figure 4c). The mass center of each molecule is selected as nodes; the
red edges represent the distance between neighboring nodes; the green edges represent the shortest distance of the disjoint
red lines that link all of the nodes. (b) Voronoi tessellation of the MST image. Color coded by the number of edges of
each cell. (c) Histogram of the MST’s edge length. (d) u versus ¢ deviation of the MST’s edge length. The dots fitted as

solid lines show the distortion trajectory from the (u, o) plots of the ideal triangular, square and honey-
comb lattices (at ¢ = 0) to a random distribution of nodes. The red crosses represent the u—c values of
experimentally observed self-assembled structures.

In summary, we have synthesized the unprecedented air-stable OBO-doped [4]triangulenes 1a and 1b.
The structure of 1b is unambiguously determined by single-crystal X-ray analysis. The photophysical and
electrochemical properties have been investigated in conjunction with theoretical calculations. Moreover,
highly ordered 2D self-assemblies of 1a are observed on metal surfaces, driven by intermolecular C—
H---O hydrogen bonding interactions. Furthermore, different substrates exert a significant influence on
the self-assembled structures, leading to a uniform triangular lattice on Ag(111) surface and a honeycomb
lattice on Cu(111) surface. This work provides a potential heteroatom-doping strategy for realizing 2D
self-assembly of NGs, which could stimulate the development of novel NG-based 2D materials for future
nanotechnological applications.
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