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ABSTRACT: Nanographenes (NGs) have gained increasing attention due to their immense potential as tailor-made organic materials
for nanoelectronics and spintronics. They exhibit a rich spectrum of physicochemical properties that can be tuned by controlling the
size, the edge structure or by introducing structural defects in the honeycomb lattice. Here, we report the design and on-surface
synthesis of NGs containing several odd-membered polycycles induced by a thermal procedure on Au(111). Our scanning tunneling
microscopy, non-contact atomic force microscopy and scanning tunneling spectroscopy measurements, complemented by computa-
tional investigations, describe the formation of two non-benzenoid NGs (2A and 2B) containing four embedded azulene units in the
polycyclic framework, via on-surface oxidative ring-closure reactions. Interestingly, we observe surface-catalyzed skeletal ring rear-
rangement reactions in the NGs, which lead to the formation of additional heptagonal rings as well as pentalene and as-indacene units
in 2A and 2B, respectively. Both 2A and 2B on Au(111) exhibit narrow experimental frontier electronic gaps of 0.96 and 0.85 eV,
respectively, and Fermi level pinning of their HOMO together with considerable electron transfer to the substrate. Ab initio calcula-

tions estimate moderate open-shell biradical characters for the NGs in gas phase.

INTRODUCTION

Graphene-based materials have attracted tremendous interest in the
science and technology field since the successful isolation of gra-
phene in 2004.1 In the last decades, numerous experimental studies
have confirmed that graphene exhibits unique mechanical,> mag-
netic,® optical* and electronic® properties with prospects in future
devices.® ! For instance, charge carriers in graphene behave like
massless Dirac fermions, which results in many new physics phe-
nomena.’? Despite its unique properties, graphene also presents
several drawbacks. For instance, it possesses a zero band gap,
which hinders its application as an electronic switch. Remarkably,
tailoring the electronic and optical properties of graphene is possi-
ble by controlling the size,® the edge structure'* or by introducing
structural defects like pentagons, heptagons, or octagons and com-
binations thereof in the honeycomb lattice.'516

Therefore, the synthesis of well-defined nano-sized graphene frag-
ments (nanographenes, NGs), also known as extended polycyclic
aromatic hydrocarbons (PAHSs), has recently captivated the interest
of the scientific community.*° NGs present electronic gaps of a
few eV due to quantum confinement, they are suggested to have

toxicity much lower? than that of inorganic quantum dots and can
be used as model m-electron systems in chemistry. In addition,
PAHSs containing unpaired electrons (open-shell PAHSs) have re-
ceived increased interest in recent years due to potential applica-
tions in organic spintronics.?* To date, most reported NGs consist
exclusively of benzenoid rings. Nevertheless, the controlled intro-
duction of structural defects, i.e. odd-membered polycycles (penta-
gons or heptagons), in the honeycomb lattice may have a consider-
able impact on the physicochemical properties of NGs, arising from
local changes in strain and conjugation.?2

Under this scenario, atomically-precise bottom-up approaches have
provided in the last decades an appealing playground for the design
and investigation of NGs with perfectly defined structures and
properties,?#?5-% in contrast to the well-known disadvantages such
as non-regular edge structures or uncontrollable sizes presented by
the top-down approach.’ In this regard, on-surface chemical reac-
tions have proven to be a versatile tool for the formation of stable
molecular graphene structures that cannot be synthesized in solu-
tion.
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Scheme 1. Synthesis of non-benzenoid NGs 2A and 2B reported in this work. Colored rings highlight the formation of heptagons via oxida-
tive ring-closure (depicted in green) and cyclodehydrogenation (depicted in blue), and pentalene (2A) and as-indacene (2B) moieties via

ring-rearrangement (depicted in red).

Over the last decades, reactions such as Ullmann coupling, imine
coupling, alkyne homocoupling or cyclodehydrogenation among
others, have been studied with ultimate spatial resolution on single-
crystal metal surfaces.®* However, on-surface investigations of
other fundamental chemical reactions with important implications
in organic synthesis have remained scarce. For instance, rearrange-
ment reactions* have been shown to be important in areas of chem-
ical research and industry, representing an excellent alternative to
induce the formation of novel nanostructures that are not accessible
otherwise. Only recently, a few rearrangement reactions*** in-
cluding Fritsch-Buttenberg-Wiechell (FBW)* and Bergman Cy-
clization*®#” have been studied on surfaces. Therefore, further in-
vestigations regarding this type of chemical reactions are impera-
tive in order to access molecular mechanistic insights.

In this article, we report the on-surface synthesis of NGs containing
odd-membered polycycles, predicted to be open-shell in gas phase
by DFT calculations, on a coinage metal surface under ultra-high
vacuum (UHV) conditions (Scheme 1). To this end, we synthesized
precursor (1), which contains 1,10-dimethyldibenzo[a,m]rubicene
as core motif with additional anthracene moieties that can be sub-
limed intactly and converted to the NGs (2A and 2B) by thermal
activation on the metal surface. Our molecular-level investigations
reveal the formation of embedded azulene units in the polycyclic
framework of the NGs via on-surface oxidative ring-closure reac-
tions of the methyl substituents, as recently reported in previous
studies.?* Notably, the core of the NGs contains a unique combina-
tion of pentagonal and hexagonal rings, i.e. pentalene and as-inda-
cene formed via surface-catalyzed ring-rearrangement reactions.
Such observations highlight the capability to exploit on-surface
synthesis protocols in the investigation of ring rearrangement reac-
tions. The chemical structure of the targeted nonbezenoid NGs has
been determined by scanning tunneling microscopy (STM) and
non-contact atomic force microscopy (nc-AFM), and comple-
mented by density-functional theory (DFT) calculations. In addi-
tion to our detailed chemical and structural investigation, we have
performed scanning tunneling spectroscopy (STS) measurements
to characterize their electronic structure. We observe considerable

charge transfer from the NGs to the substrate. Theoretical charac-
terization shows moderate open-shell character for the final com-
pounds and provides insight into the mechanisms propelling the
ring-rearrangement reaction.

RESULTS AND DISCUSSION

Precursor 1 was synthesized in three steps from 5,14-dibromo-
1,10-dimethyldibenzo[a,m]rubicene (S1) (Scheme 1).2* Compound
S1 was first borylated to the corresponding boronic ester. The re-
action led to a mixture of mono-borylated compound S2 (yield
31%) and bis-borylated compound S2B (yield 42%), which were
separated by column chromatography. The Suzuki coupling of
compound S2 with 9-bromoanthracene gave compound S3 with a
yield of 42%, followed by bromination toward precursor 1 (see
Supporting Information for detailed procedures and characteriza-
tion).

After sublimation of 1 onto an atomically clean Au(111) surface
held at room temperature and subsequent annealing to 340°C (Tsin
Scheme 1), large-scale STM images (Figure 1a) reveal the predom-
inant presence of rectangle-shaped NGs. Some of these NGs are
fused together, which is attributed to non-selective CH bond acti-
vation that occurs at the same temperature as the formation of the
expected NGs. High-resolution STM images shown in Figure 1b-d
allow us to clearly discern two different NGs, namely a linear spe-
cies (blue dashed rectangle) and a curved variant 2B (green dashed
rectangle) that we attribute to 2A and 2B, respectively. Such NGs
are compatible with the formation of dimers via dehalogenative
aryl-aryl coupling of 1 and subsequent cyclodehydrogenation and
oxidative cyclization reactions (see Figure S1 for RT phase of 1
and intermediate temperature STM images, which correspond to Ty
and Tz in Scheme 1, toward the formation of 2A and 2B). The pres-
ence of two types of dimers arises from the two possible ways that
1 can adsorb on the surface.

To access the chemical structures of 2A and 2B, we performed nc-
AFM measurements using a carbon monoxide (CO)-functionalized
tip.*® Figure le,f depict the constant-height frequency-shift nc-



AFM images. Both 2A and 2B adopt a planar conformation on the
surface, which is in accordance with the DFT-optimized structures

Figure 1. On-surface synthesis of non-benzenoid NGs 2A and 2B on Au(111). a) Overview STM topography image of the surface after annealing at 340°C,
revealing the predominant presence of 2Aand 2B . V,=—1.0 V, Iy = 100 pA, scale bar: 20 nm. b) Zoom-in high-resolution STM image of (a) acquired with a
CO-functionalized tip. V, = 0.1 V, I = 200 pA, scale bar: 1 nm. c¢,d) High-resolution STM images, acquired with a CO-functionalized tip, of isolated 2A and
2B NGs, respectively. ¢) V, =0.02 V, 1; =70 pA. d) V, =0.02 V, I; = 100 pA. Scale bars: 1 nm. e,f) Constant-height frequency-shift nc-AFM images of panels
(c) and (d) acquired with a CO-functionalized tip (z offset —30 pm below STM set point: 5 mV, 70 pA). Scale bars = 1 nm. g,h) Top views of the DFT
equilibrium geometries of 2A and 2B. Heptagons highlighted in green and blue are formed via oxidative ring-closure of the methyl substituents and cyclode-
hydrogenation, respectively, while the pentalene (g) and as-indacene (h) moieties highlighted in red are formed via surface-catalyzed ring-rearrangement

reactions.

of 2A and 2B on Au(111) revealing a planar adsorption with an
adsorption height of 3.3 A with respect to the underlying surface
(Figure 1g,h). Furthermore, oxidative ring closure of the four me-
thyl substituents affords the formation of four heptagonal rings to-
ward the termini of both NGs (green arrows and green-filled hep-
tagons in Figure le,f and Figure 1g,h respectively).?#?® Interest-
ingly, the cyclodehydrogenation reactions expected to occur at the
center of 2A and 2B gave rise to an unforeseen ring rearrangement
in the molecular backbone. Herein, two hexagons from the former
anthracene segments were rearranged into two pentalene units for
2A (red arrows and red-filled pentagons in Figure le,g respec-
tively) and an as-indacene unit for 2B (red arrows and red-filled
hexagon and pentagons in Figure 1f,h respectively), with the con-
comitant formation of another two heptagonal rings for both 2A
and 2B (blue arrows and blue-filled heptagons in Figure le,f and
Figure 1g,h respectively). Such ring-rearrangement reactions as
well as the pentalene and as-indacene segments formed are rarely
observed in the synthesis of organic compounds on surfaces and
therefore investigations on these reactions have remained scarce.*
We note that the NGs that should be formed from cyclodehydro-
genation and oxidative cyclization reactions of 1 without undergo-
ing any ring-rearrangement reactions (that is, 2A-e and 2B-e)
would exhibit highly strained structural conformations on Au(111),
with strain energies around 0.75 eV as found by our DFT calcula-
tions (Figure S2). This considerable strain is likely the driving force

behind the ring rearrangement reactions, which are further facili-
tated by the underlying surface (see Figure S3 for the proposed re-
action mechanism).

A statistical distribution of the reaction products indicates that after
annealing at 340°C, 77% of the NGs formed on the surface present
the expected rectangular shape (with equal populations of 2A and
2B), while the remaining 23% of the species corresponds to fused
oligomers (with 5% attributed to two fused 2A/2B NGs, 8% to a
2A/2B NG fused to a molecular precursor with one radical position
passivated by hydrogen from the residual hydrogen partial pres-
sure, and the remaining 10% to ill-defined oligomers). High-reso-
lution STM imaging at low bias voltages with a CO-functionalized
tip reveals that all curved NGs (as-signed to 2B) exhibit the same
appearance, but the linear NGs (previously assigned to the fully
conjugated species 2A) present two slightly different appearances
(Figure 2). From constant-current STM imaging alone (statistics
out of ~ 500 NGs), a majority of the linear NGs (65%) exhibit a
characteristic two-lobed local density of states (LDOS) feature typ-
ical of 2A (highlighted with arrows in Figure 2c). However, the
remaining 35% exhibit no such LDOS feature (Figure 2a), we refer
to these NGs as 2A". Further differences are resolved in the corre-
sponding bond-resolved ultrahigh-resolution STM (UHR-STM)
images (Figure 2b,d).**%° The UHR-STM image of 2A (Figure 2d)
reveals strong convolution of LDOS with structural features, which



obscures the bond resolution. Since UHR-STM images are ac-
quired at low tunneling biases (typically, | V| <5 mV), this ob-
servation indicates the presence of considerable LDOS in the NG
near the Fermi energy. Conversely, UHR-STM imaging of 2A"
(Figure 2b) does not present any LDOS near the Fermi energy, and
leads to clear resolution of the structural features. However, a no-
table difference exists in the appearance of the outer pentagonal
rings of the two pentalene units: while the pentagonal ring at the
lower part of the NG (highlighted by a green arrow) reveals a
smooth apex, the one at the upper part of the NG (highlighted by a
red arrow) reveals a sharp kink at the apex, which has previously
been observed for —-CH2 groups.?*5! We thus propose that the apical
carbon atom of the upper pentagonal ring is saturated with two H
atoms, which is further confirmed by nc-AFM images of 2A” which
reveal a feature of increased frequency shift localized at the apex
of one pentagon (see Figure S4). With the identities of 2A and 2B
determined, we next investigated the possibility of generating the
fully conjugated NG 2A from 2A” via STM tip-induced hydrogen
removal (Figure 2f).To do so, we located the tip at the center of 2A”
and turned the feedback loop off at the setpoint conditions Vi, = 100
mV and It = 5 pA. Upon increasing the tunneling voltage Vb to ~
3.6 V for a few seconds, we reproducibly observed an abrupt
change in the tunneling current, which is attributed to a successful
manipulation event.?4445253 UHR-STM images taken after such
tip-induced H-cleavage indeed reveal the successful transformation
of 2A” into 2A.

a) 2A° b)

voltageI
pulse

Figure 2. Transformation of 2A” into 2A via STM tip-induced H-cleav-
age. (a,b) High-resolution STM image of an individual 2A” nanographene
and its corresponding UHR-STM image acquired with a CO-functionalized

tip. The non-benzenoid framework appears completely undistorted as ob-
served in (b). (c,d) High-resolution STM image of an individual 2A nanog-
raphene and its corresponding UHR-STM image acquired with a CO-
functionalized tip. In this case, the chemical structure of the nanographene
2A appears strongly convoluted with the LDOS as observed in (d). e)
Chemical sketch illustrating the controlled removal of a hydrogen atom
from 2A” which contains a doubly hydrogenated pentagonal apex to form
2A. f) High-resolution STM images that show the generation of 2A through
voltage-pulse-induced dissociation of individual hydrogen atoms from 2A".
The blue star indicates the position of the tip where the voltage pulse was
realized. Scanning parameters: a) Vb = 50 mV, lt= 80 pA. b) open feedback
parameters: Vb =5 mV, lt= 50 pA; Az=-0.5 A. ¢) Vb = 17 mV, |t = 150
pA. d) open feedback parameters: Vb =5 mV, lt= 50 pA; Az=-0.5 A. )
Left: Vb =50 mV, |t =80 pA, Right: Vb = 20 mV, lt= 100 pA. Scale bars:
1nm.

Next, we performed STS measurements on 2A and 2B to probe
their electronic structure. For 2A (Figure 3a), differential conduct-
ance (dI/dV) spectra show prominent peaks in the density of states
at +17 mV and +980 mV. These peaks can be assigned respectively
to the HOMO and hybridized LUMO/LUMO+1 of 2A by compar-
ison to a DFT-based projected density of states analysis of the
2A/Au(111) system (Figure 3a,b; HOMO and LUMO refer to the
highest occupied and the lowest unoccupied molecular orbitals, re-
spectively). The projection analysis was performed on closed-shell
gas phase orbitals as the molecules did not exhibit spin polarization
on the Au(111) substrate. For 2B (Figure 3d,¢), the results are qual-
itatively similar: the HOMO is found at -20 mV and the hybridized
LUMO/LUMO+1 at +830 mV. Therefore, the measured HOMO-
LUMO gaps of these non-benzenoid nanographene are found to be
~0.96 and ~0.85 eV on Au(111), respectively, for 2A and 2B. Con-
stant-height mapping of the dI/dV signal at the energetic positions
of the HOMO and the LUMO/LUMO+1 resonances, together with
the corresponding STM topography images of 2A (Figure 3c) and
2B (Figure 3f) allow us to visualize the spatial distribution of these
states. The DFT-calculated local density of states (LDOS) maps at
the corresponding resonances, evaluated at a height of 3 A above
the molecular plane, exhibit an excellent agreement with the exper-
imental dI/dV maps, which confirms the assignment of the states to
molecular orbital resonances (see Figure S5 for experimental and
calculated dI/dV maps assigned also to HOMO-1 and HOMO-2 for
2A and 2B). The experimental dlI/dvV maps and computational
PDOS results show that the HOMO resonance is located very close
to the Fermi level and is partially unoccupied, i.e. the HOMO is
pinned to the Fermi-level, which is characteristic of systems exhib-
iting charge transfer.3+-% To investigate this, we computed the ion-
ization energies for 2A and 2B to be 4.0 eV, which is considerably
lower than the computed Au(111) work function of 5.1 eV (Figure
S6a). Additionally, we performed Bader’s atoms in molecules
(AIM) analysis®"58 on the DFT charge density of the adsorbed sys-
tems, and obtained a charge transfer of 1.25 and 1.17 electrons from
the molecules to the metal surface for 2A and 2B, respectively.
Charge density redistribution calculations (Figure Séb,c) clearly re-
flect this charge transfer, and in addition reveal some intramolecu-
lar charge redistribution due to weak hybridization with substrate
orbitals that is most pronounced on the p; orbitals of the edge car-
bons which are closest to the substrate.
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Figure 3. Electronic properties of 2A and 2B on Au(111). a,d) dI/dV spectra of 2A and 2B, respectively, acquired on the nanographenes at the positions
indicated by the blue cross, and reference spectra taken on the bare Au(111) surface (pink lines). b,e) Projected density of states (PDOS; left y-axis) on the
molecule for the DFT-optimized NGs on Au(111), and projection of the orbitals of the gas-phase NGs to the orbitals of the NG/Au(111) (right y-axis).
Gaussian broadening applied with FWHM of 0.1 eV. c,f) High-resolution STM images (left), simultaneously acquired constant-height differential conductance
(di/dV) maps (center) and corresponding DFT-calculated LDOS maps (right) at the energetic positions corresponding to the HOMO (top) and the
LUMO/LUMO+1 peak (bottom) of 2A and 2B, respectively. Tunneling parameters for the STM images and the associated dl/dV maps: ¢) HOMO (V, = 17
mV, Iy =100 pA); LUMO/LUMO+1 (V, =800 mV, I; = 150 pA), f) HOMO (V, = -20 mV, I, = 100 pA); LUMO/LUMO+1 (V, = 750 mV V, I, = 100 pA). All

scale bars: 1 nm.

To characterize the magnetic ground states of 2A and 2B in the gas
phase, we performed restricted and unrestricted DFT calculations
at the B3LYP/6-311+G** level of theory. In both cases, the ground
state turned out to be the open-shell singlet with moderate biradical
character of y=0.61 and y=0.33 for 2A and 2B, respectively (Table
S1). The resulting spin densities shown in Figure 4a,b indicate that
the maximum spin densities are located at the outer edges of two
heptagonal rings. Additionally, we characterized the local aroma-
ticity pattern of the molecules with the NICSz(1) GIAO-B3LYP
method (Figure 4c,d), showing large overall aromaticity with aver-
age NICS values of -6.7 ppm and -5.9 ppm for 2A and 2B, respec-
tively. The (hypothetical) NGs without ring rearrangements, that is,
2A-e and 2B-e, show considerably higher biradical character of
y=0.78 and 0.86, respectively, (Table S1) and anti-aromaticity
(Figure S2), which further manifest their lower stability compared
to the observed products 2A and 2B.

a) 4 b)

AfGiatic fnti-arom |
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Figure 4. Computational characterization of the electronic structure of
2A and 2B. a,b) Spin densities of the open-shell singlet ground state of 2A
and 2B at the UB3LYP level of theory. Isovalues at +-0.005 a.u. are shown.
The highest amplitude of spin density indicates the locations of radical sites
(arrows). c,d) Local aromaticity patterns of 2A and 2B calculated with the

-30 -20 -10 O 10 20 30
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NICS.(1) GIAO-B3LYP method. For comparison, at the same level of the-
ory, benzene NICS,(1) value is -29.3 ppm and biphenylene’s anti-aromatic
4-carbon ring NICS,,(1) value is 37.2 ppm.

In conclusion, we have demonstrated the sequential on-surface syn-
thesis of well-defined NGs 2A and 2B containing odd-membered
polycycles on Au(111) from precursor 1. The expected dehalogen-
ation and oxidative ring-closure reactions of the four methyl sub-
stituents afford the formation of four heptagonal rings per nanog-
raphene upon annealing at 300°C. Further thermal activation at
340°C induces a ring rearrangement reaction driven by intramolec-
ular structural strain where two additional heptagonal rings and
pentalene and as-indacene segments are formed for 2A and 2B, re-
spectively. The chemical structures of 2A and 2B have been eluci-
dated by STM and nc-AFM. STS studies reveal that 2A and 2B
exhibit narrow experimental frontier electronic gaps of 0.96 and
0.85 eV on Au(111), respectively, with moderate open-shell char-
acters in gas phase elucidated by ab initio calculations, and a con-
siderable charge transfer from the NGs to the Au(111) surface upon
adsorption. Our results motivate the rational fabrication of larger
non-benzenoid ring topologies as functional centers toward the per-
spective of engineering graphene-based devices.
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