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ABSTRACT

Stereochemistry, usually associated to the three-dimensional arrangement of atoms in molecules, is
crucial in processes like life functions, drug action, or molecular reactions. This three-dimensionality
typically originates from sp® hybridization in organic molecules, but it is also present in out-of-plane
sp’-based molecules as a consequence of helical structures, twisting processes, and/or the presence of
non-benzenoid rings, the latter significantly influencing their global stereochemistry and leading to the
emergence of new exotic properties. In this sense, on-surface synthesis methodologies provide the
perfect framework for the precise synthesis and characterization of organic systems at the atomic scale,
allowing for the accurate assessment of the associated stereochemical effects. In this work, we
demonstrate the importance of the initial diastereomeric configuration in the surface-induced skeletal
rearrangement of a substituted cyclooctatetraene (COT) moiety—a historical landmark in the
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understanding of aromaticity—into a cyclopenta[c,d]azulene (CPA) one in a chevron-like graphene
nanoribbon (GNR). These findings are evidenced by combining bond-resolved scanning tunneling
microscopy with theoretical ab-initio calculations. Interestingly, the major well-defined product, a CPA
chevron-like GNR, exhibits the lowest bandgap reported to date for an all-carbon chevron-like GNR,
as evidenced by scanning tunneling spectroscopy measurements. This work paves the way for the
rational application of stereochemistry in the on-surface synthesis of novel graphene-based
nanostructures.

INTRODUCTION

Understanding molecular spatial arrangements is essential to properly describing their properties.!
Stereochemistry is devoted to this topic, considering both static (configuration) and dynamic
(conformation) temperature-depending situations. Stereochemistry is at the core of various disciplines,
from chemistry to biology, as it is essential for correctly describing chemical reactions.? Although the
more common three-dimensional situations in organic chemistry are related to molecules composed of
sp*-hybridized carbon atoms, it is also relevant in out-of-plane geometries composed of olefins and
conjugated compounds, typically considered as planar entities. Among the latter, graphene-based
nanostructures like nanographenes (NG)*>* and graphene nanoribbons (GNRs)> might be of particular
interest given their unique properties. In fact, the stereochemistry of graphene-based nanomaterials is
a flourishing field, as different strategies have been developed to introduce curvature (i.e. three-
dimensionality) in them. For example, curvature has been achieved by steric interactions between rings
or substituents in close proximity, which induce a helical twist in polyaromatic systems, as is the case
for twistacenes® or helicenes;”° or by the addition of structural strain through the incorporation of non-
benzenoid rings in distorted NG.!%!! This distortion also affects their functionalities, enabling new
properties like enhanced solubility, tuned optoelectronic properties,'? improved non-linear optics like
two-photon absorption,' or chiroptical properties.'* Among the strategies mentioned above to induce
curvature, the incorporation of non-benzenoid rings might also influence the aromaticity of the
nanostructures, which is another important attribute that can modify the optoelectronic properties,'’
introduce magnetism,'® or enhance the charge carrier mobility.!”

In this regard, cyclooctatetraene (COT, Figure 1) has been a historical landmark in chemistry since its
first preparation, being crucial for understanding the concept of aromaticity.'® Despite being essentially
antiaromatic, it develops a Jahn-Teller distortion that drives it out of planarity, resulting in a stable Dgq
tub-shape cyclic tetraene. Surprisingly, the three-dimensional architecture of the COT unit presents a
high interconversion barrier between the two degenerated D»q tub-shape geometries, which is highly
dependent on the degree and nature of the substituents, increasing the barrier by a benzoannulation
process.'*! Therefore, configurationally stable structures at high temperatures can be obtained by the
fusion of at least three benzenic subunits. For example, the calculated barrier for tribenzoannulated
COT (triCOT) is ~ 1.91 eV.!" Planar geometries present some degree of antiaromaticity and are
considered intermediates during the interconversion between tub-shape geometries. However,
theoretical work suggest that the interaction with a surface can avoid such intrinsic instability.?*?* In
this sense, the D4 tub-shape stable configuration of the COT moiety constitutes an intriguing option
for integrating curvature into GNRs, allowing the exploration of new functionalities and
reactivities.?*?>

The synthesis of extended graphene-based nanostructures such as GNRs remains challenging for in-
solution chemistry due to their limited solubility and difficult full characterization. In this regard, the
advent of on-surface synthesis (OSS) has been a breakthrough in the synthesis of novel graphene-
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based nanoarchitectures, providing a powerful alternative to conventional synthesis in solution. The
ability to perform experiments in ultra-high vacuum (UHV) conditions and at cryogenic temperatures
allows for the synthesis and study of highly unstable and insoluble compounds unachievable by
conventional bench chemistry.?® The use of atomically sensitive microscopes, such as scanning
tunneling microscopy (STM) and atomic force microscopy (AFM), enables single-molecule
characterization?’-*® and manipulation. The dimensional restriction of the surface, moving from 3D in-
solution chemistry to 2D OSS, has opened up a new range of unprecedented synthetic routes, and it
has unlocked new reaction pathways, due to the catalytic properties of such surfaces.

Therefore, the combination of stable 3D configurations and 2D surfaces may lead to potential
diastereomeric entities, which may translate into a specific type of reactions®*? that can be even more
pronounced on chiral surfaces.>*° It is worth noting that the stereochemical outcome of reactions
involving stereoisomers on surfaces has been largely overlooked.?® As it has been demonstrated,
surfaces tend to induce the planarization of distorted graphene-based nanostructures, even at the cost
of severe skeletal rearrangements as is the case of benzoannulated tropone moieties.’” Therefore, a
similar behaviour can be expected for other benzoannulated high-membered rings like COT
derivatives. However, the reaction pathway and the final product may differ depending on the starting
stereochemistry.

In this work, we demonstrate the importance of the initial diastereomeric configuration in the specific
skeletal rearrangement of a triCOT. Specifically, we show that the configurational stability of triCOT
moieties, when incorporated into chevron-GNR precursors, allows the formation of stable concave and
convex configurations that become diastereomeric geometries when adsorbed on a planar (gold)
surface (Figure 1). These diastereomeric polymeric configurations govern the system’s chemistry
during the cyclodehydrogenation step, resulting in the planarization of the final GNR. Interestingly,
only one of the diastereoisomers generates unprecedented non-benzenoid cyclopenta[c,d]azulene
(CPA) moieties, yielding the lowest bandgap (1.43 eV) for an all-carbon-based chevron-like GNR.
This work paves the way toward using stereochemistry in the rational on-surface synthesis of novel
graphene-based nanostructures as it may open new reactions pathways.

RESULTS AND DISCUSSION

Figure 1 presents the dibrominated triCOT-type monomer (Mono) designed to yield novel chevron-
GNRs on a surface upon sequential Ullmann-type and oxidative cyclodehydrogenation reactions. The
well-defined in-solution distorted geometry of the monomer induced by the presence of the triCOT
moiety, consistent with the high interconversion barriers between the equivalent configurations, results
in two diastereomers when adsorbed on a surface due to the broken symmetry induced by it: concave
(Mono-Cc) or convex (Mono-Cx) (see Figure 2b and 2f for the Mono-Cc and Mono-Cx 3D DFT
optimized configurations, respectively). As a consequence, three different molecular self-assemblies
appear upon room temperature (RT) deposition onto a Au(111) surface: (i) elongated irregular chains
with a bright backbone (see red circle in Figure S1a), (i) square-shaped linear aggregates (white circle
in Figure Sla,b), and (iii) rhomboidal-shaped clusters that arrange into chains or trimers (Figure S1b
blue and green circles, respectively). It is important to note that, according to our quantum ab-initio
and molecular mechanical (QM/MM) simulations, the convex and concave configurations in the
monomeric phase do not interconvert at RT, as the energy barrier for this process is relatively high
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(1.59 eV, see Figure S2). The steric repulsion between neighboring hydrogen atoms from the benzene
rings attached to the central ring and those from the benzene rings attached to the COT moiety hinders
this interconversion (see red crosses in Figure S2a), as it had been suggested previously.'*!
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Figure 1. Top: Schematic representations of the 3D geometries of the gas-phase cyclooctatetraene (COT) and the on-
surface tribenzoannulated COT (triCOT) moieties with its two possible on-surface configurations (convex and concave).
Bottom: Schematic representation of the on-surface synthesis of the cyclopentaazulene-containing GNR 755-GNR.

Interestingly, our high-resolution STM images allow us to unambiguously discern between both
diastereomers, as the Mono-Cc is characterized by a double bright maximum at the outer narrower
side (blue arrows in Figure 2c). At the same time, Mono-Cx exhibits a single bright feature at the
center (green arrow in Figure 2g) due to the out-of-plane highest structural feature in each case. The
STM simulations in Figure 2d,h clearly corroborate this assumption. Considering these aspects, we
assign the elongated irregular chains to an alternating self-assembly of Mono-Cc stabilized by the =-
7 stacking between neighboring dibenzo[a,e]cyclooctene moieties (Figure S1c). On the other hand, the
square-shaped aggregates correspond to the self-assembly of four Mono-Cx molecules rotated by
approximately 90° relative to each other in a chiral configuration (Figure S1d). Finally, the rhomboidal-
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shaped clusters are ascribed to the agglomeration of three tetramers, each composed of two Mono-Cc
and two Mono-Cx arranged alternatingly, as depicted in Figure Sle.

Figure 2. On-surface characterization of Mono-Cc and Mono-Cx on Au(111) at RT. a) Chemical model of Mono-Cec.
Blue arrows depict the brightest features in the STM image c¢). b) QM/MM minimized structure of Mono-Cc on Au(111).
¢) Constant-current STM image of Mono-Cc. d) Simulated constant-current STM image of Mono-Cec. e) Chemical model
of Mono-Cx. The green arrow depicts the brightest feature in the STM image g). f) QM/MM minimized structure of Mono-
Cx on Au(111). g) Constant-current STM image of Mono-Cx. h) Simulated-constant current STM image of Mono-Cx.
Scanning parameters were as follows: (¢) 3.78 nm x 3.78 nm, 50 pA, — 0.05V, (g) 3.78 nm x 3.78 nm, 10 pA, — 0.01 V.

Figure 3a shows an overview STM image of the Au(111) surface upon annealing at 475 K, which
results in the formation of islands composed of molecular chains due to the Ullmann-like coupling
between monomers. Interestingly, we identify two distinct types of interpolymeric interdigitation: a
denser phase (red circle)®® and a less densely-packed phase (white circle).’ A detailed analysis of
various high-resolution STM images, like the one presented in Figure 3b, sheds light on different
interesting aspects. Firstly, the periodicity along the chains corresponds to 1.67 nm, which is in
agreement with the theoretical value (1.76 nm) and with those reported for other chevron-like GNRs.*®
Secondly, the internal appearance observed in the monomeric phase at RT is preserved in the polymeric
phase, allowing us to unambiguously assign them to the corresponding concave/convex configuration
(see simulated images in Figure 3c). From these observations, two important conclusions can be
extracted: (i) our correlation analysis indicates that there is a low correlation (0.218 £ 0.02 for first
neighbors and 0.268 £+ 0.001 for second neighbors, along the polymers) in the growth of the polymer,
i.e. the growth is almost not influenced by the monomeric configuration, not very surprising
considering the relatively large distance between adjacent monomers (around 1.80 nm); (ii) a statistical
analysis on the number of concave/convex monomers in the monomeric and polymeric phases
corroborates that the interconversion barrier in both cases is high enough to avoid a configuration
change even at 475 K, with approximately 50 % of the monomers in each configuration (see Figure
S3). In fact, the interconversion barrier at the polymeric phase is even larger (2.81 eV, see Figure S4)
compared to the monomeric phase (1.59 eV). The presence of both diastereoisomers along the polymer
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with low selectivity and their relative abundance will play a critical role in the atomic structure of the
final GNRs, as shown below.

The system was then annealed to 625 K to complete the formation of the GNRs through a surface-
assisted cyclodehydrogenation (CDH) reaction. Figure 3d shows the resulting GNRs, whose irregular
appearance can be easily distinguished. This irregularity already indicates a lack of selectivity in the
final shape of the GNR and, consequently, suggests the occurrence of intramolecular transformations.
To determine the atomic structure of the final GNRs, bond-resolved STM (BR-STM) imaging with
CO tips has been carried out. Figure S5 presents two different GNR segments where the main precursor
compositions can be easily identified. Apart from the defective products resulting from the partial
decomposition of the precursors during the CDH reaction (Def-GNR), up to three well-defined
products are obtained: (i) cyclopenta[c,d]azulene-based GNRs (755-GNR), (ii) fully-hexagonal
extended pristine chevron GNRs (Ext-GNR), (both being constitutional isomers of Oct-GNR), and
(ii1) the pristine chevron GNRs (Prist-GNR), which implies the loss of two carbon atoms (see Figure
S6).

a) ' 17 Convex

'

/ Concave

I (pA) High |

POLY -475 K

Q.

GNR-625 K

Figure 3. On-surface synthesis of Poly (475 K) and 755-GNR (625 K) on a Au(111) surface. a) Topographic constant-
current STM image of Poly. White and red circles depict the two types of interdigitations observed between polymers. b)
Detailed constant-current STM image of Poly. Green/blue arrows depict convex/concave units. ¢) Simulations of the
constant-current STM images of a six-unit oligomer of Poly with convex units (top) and concave units (bottom). d)
Topographic constant-current STM image after annealing the Au(111) sample at 625 K. e) Constant-height bond-resolved
STM image of a 755-GNR segment. f) Simulation of a constant-height STM image of a 755-GNR segment. Scanning
parameters were as follows: (a) 27 nm x 27 nm, 100 pA, — 0.5V, (b) 7.78 nm x 7.78 nm, 0.16 nA, — 0.05 V, (d) 54 nm x
45.25 nm, 20 pA, — 0.03 'V, (e) 4.64 nm x 4.21 nm, 5.2 mV.

Interestingly, the first main conclusion is that there is no evidence for the formation of Oct-GNR, i.e.
the curved triCOT moiety does not survive the CDH process but transforms into different planar
moieties. This result is equivalent to the one observed for tribenzo-tropone moieties*® and suggests the
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low stability of high-membered rings at temperatures above 475 K on weakly interacting Au(111)
surfaces. This instability can be understood by considering the elevated energy cost and accumulated
stress associated with embedding the distorted configuration of the curved COT fully into the
hexagonal graphene-like structure, preferring to reconstruct it into a planar configuration.

Regarding the products, a statistical analysis over approximately one thousand monomers indicates
that the majority correspond to the 755-GNR, accounting for 27% (see Figure S7), followed by 14%
of the Ext-GNR. Interestingly, 755-GNR constitutes a novel motif in GNRs, particularly rare in
graphene-based nanostructures. Typically, seven-membered rings in graphene-like structures appear
together with a single pentagonal ring, forming an azulene moiety.'®*'** Furthermore, to the best of
our knowledge, this is the first report of an extended architecture bearing 755 moieties on surfaces
where a pentalene and a heptagonal ring are interfused. Figure 3e,f shows the BR-STM and the
simulated BR-STM images of a GNR segment where four consecutive cyclopenta[c,d]azulene-
containing monomers are achieved.

Computational calculations were conducted to determine the reaction pathway from Poly to 755-GNR,
i.e. from the polymeric phase containing the COT units in convex and concave configurations to the
755-GNR majority product. QM/ MM simulations®® were employed to compute the activation barriers
(free energy) for various reaction steps. It is worth noting that all our calculations have been carried
out including a surface adatom, recurrently resulting in lower activation barriers (see Figures S8, S9,
and S13 for a comparison of the activation barrier with and without adatom). Such an assumption is
now well established in the field, with several results highlighting their critical role in surface-assisted
reactions.’! >3

Figure 4a, c displays the schematic representations of the partially cyclodehydrogenated Semi-Cx and
Semi-Cc structures used as the starting point for our computational study. The choice of these
structures has a two-fold motivation: (i) the experimental observation of the unusual skeletal
rearrangement from triCOT to cyclopenta[c,d]azulene after the Ullmann coupling, i.e. during the
cyclodehydrogenation step and (ii) the substantially higher activation barriers obtained when starting
directly from the polymeric phase Poly without any prior partial CDH (see Figures S8, S10, S11).
Additionally, Clair et al. recently observed a homologous semicyclodehydrogenated structure as a key
intermediate in the cyclodehydrogenation process of the pristine chevron-like GNR on Au(111).%° For
clarity, the scheme in Figure 4a includes the labelling of the eight carbon atoms of the COT unit
involved in the reaction pathway.

Based on our experimental findings on the decomposition of the octagonal ring, the first step must
involve the rupture of this ring. In principle, this could occur by breaking one of the eight bonds in the
COT unit. However, our theoretical results indicate that the energy barriers are not equal for all the
bonds. It is especially relevant the mechanism critical dependence on the initial diastereomeric
configuration (i.e. its concavity or convexity). Furthermore, as demonstrated below, only the concave
configuration can yield the formation of 755-GNR, thus being a specific reaction pathway. Among the
eight bonds and the two possible diastereomeric configurations, the cleavage of the concave Ci-C»
bond in the partially CDH intermediate via the insertion of the Au adatom presents the lowest
activation barrier, 1.52 eV vs 4.39 eV for the convex configuration (see Figure S8 for the whole set of
activation barriers). Such a difference in the activation energy can be ascribed to the curvature of each
configuration, which makes the Ci-C> bond height relative to the surface to be 3.1 A in Semi-Ce and
6.4 A in Semi-Cx (note that the Au adatom is 2.3 A above the surface). Such a structural constraint
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makes the C;1-Cz bond inaccessible to the adatom in the convex configuration (see Figure S12, S13 for
further details on the transition states). Additionally, this step will constitute the rate-limiting step of
the whole reaction, as shown below (see Figure S14 for the complete reaction pathway).
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Figure 4. QM/MM calculated activation energies for the first reaction step (C1-C2 bond cleavage) of the COT-755
rearrangement, which shows the specificity of the process. a) Chemical sketch (top) and 3D models extracted from the
QM/MM simulations (bottom) regarding Semi-Cc. b) Free energy diagram corresponding to a). ¢) Chemical sketch (top)
and 3D models extracted from QM/MM simulations (bottom) regarding Semi-Cx. d) Free energy diagram corresponding
to ¢).

Figure 5 displays the subsequent steps of the rearrangement pathway from Semi-Cec to the final product
Semi-Cc-VII. For clarity, the chemical structures have been shortened in the figure for, focusing on
those rings involved in the rearrangement. At step 2 (see Figure S15 for details of the transition state,
TS), a gold-mediated homolytic aromatic addition happens from Cz to Ce after the homolytic breakage
of the C2-Au adatom bond. Intermediate Semi-Cc-III, based on a spiro compound with an unpaired
electron in C7, is formed after overcoming a 0.56 eV activation barrier. A gain of -3.04 eV in free
energy takes place in step 3 after some rearrangements from the spiro Semi-Cec-III to the azulene
intermediate Semi-Cc-V. First, a bond between Cz and C7 is formed from Semi-Cc-III to Semi-Cc-
IV, creating the cyclopropane intermediate Semi-Cc-IV. Simultaneously, the radical formed in C3
bonds to the Au adatom (Figure S16). Second, from Semi-Ce-IV to Semi-Cc-V, the loss of a hydrogen
atom at Cz and the homolytic breakage between C3 and the Au adatom enable the formation of the
double bond between C2 and Cs in the transition state Semi-Cc-IV-TS. Subsequently, due to the
norcaradiene—cycloheptatriene equilibrium,>* the intermediate Semi-Ce-IV-TS shifts into the azulene
intermediate Semi-Cc-V (total activation barrier: 0.64 eV). Lastly, a cyclodehydrogenation reaction
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occurs in step 4 from Semi-Cc-V to Semi-Cec-VII (see Figure S17). After the cleavage of the bond
between the Au adatom and Ci, a bond between C3 and Ci is formed, generating an unpaired electron
at Cz in Semi-Cc-VI (activation barrier: 0.31 eV). The loss of a hydrogen atom in C1 mediated by the
Au adatom and the formation of a double bond between C3 and C: generate the 755-containing
intermediate Semi-Cc-VII (activation barrier: 1.21 eV). Two further cyclodehydrogenations between
adjacent phenyl rings from Semi-Cc-VII trigger the synthesis of the final 755-GNR.

~
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Semi-Cc-ll m Vv
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Figure 5. QM/MM simulations for steps 2, 3 and 4 of the rearrangement reactions from Semi-Ce-II to Semi-Cc-VII. a)
Free energy diagram. Activation barriers are depicted in red. b) Chemical sketches and 3D models extracted from QM/MM
simulation. Chemical sketches are shortened for clarity.

Once the synthesis of 755-GNR and the rearrangement mechanism have been assessed, its local
electronic structure on Au(111) was characterized by STS using a CO-functionalized tip. The red curve
in Figure 6a represents a typical differential conductance (dI/dV) point spectrum recorded at the edge
of the bay of the 755-GNR (see red spot in the inset STM image of Figure 6a), showing peaks at —
1.38 eV, —0.66 eV, 0.77 eV and 1.22 eV, all of them relative to the Fermi energy (V = 0 V). The 755-
GNR valence band (VB) has been assigned to the — 0.66 eV peak, and the peak at 0.77 eV has been
identified as its conduction band (CB), resulting in the shortest bandgap for a purely carbon chevron
GNR reported to date (1.43 eV).3¥3538 This value is further confirmed by the dI/dV maps recorded at

https://doi.org/10.26434/chemrxiv-2024-Irl41 ORCID: https://orcid.org/0000-0001-5858-3833 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-lrl41
https://orcid.org/0000-0001-5858-3833
https://creativecommons.org/licenses/by-nc-nd/4.0/

these positions (see panels b-d), where the VB, CB and CB+1 can be discerned. It is worth mentioning
that, while the states at — 0.66 eV and 1.22 eV can also be found in other non-755 ribbon segments,
the state at 0.77 eV is characteristic of the 755 moieties. The 0.77 eV state can only be experimentally
resolved in those 755 units fully embedded into other 755 units along the GNR (see Figure S18 for
dI/dV maps in a longer segment including non-755 units). Panels e-g show the corresponding
simulated dI/dV maps for an infinite 755-GNR on the Au(111) surface, which are in qualitative good
agreement with the experiment.

In this respect, it is interesting to note that, according to our computed band diagrams (Figure S19)
corresponding to the three different products obtained (755-GNR, Ext-GNR, and Prist-GNR), new
bands emerge in the 755-GNR, which are responsible for the bandgap shortening in comparison to
other all-carbon GNRs. These results show that including a cyclopentaazulene unit embedded in a
GNR leads to a deep modification of its electronic properties.
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Figure 6. Electronic characterization of a 755-GNR segment. a) STS point spectra obtained with a CO-tip. The acquisition
position of the spectra is color coded at the BR-STM image. For the determination of the bandgap, the maxima of the VB
and the CB have been considered, as indicated by dashed lines. b) to d) Constant-height dI/dV maps at different bias values.
e) to g) Simulated dI/dV maps from the gas-phase orbitals of an infinite 755-GNR. Scanning parameters were as follows:
(a) BR-STM image: 3.24 nm x 3.24 nm, 5.2 mV. Point spectra: Vmod= 20 mV; (b) 3.24 nm x 4.67 nm, Vmoa= 20 mV; (c¢)
3.24 nm X 4.67 nm, Vmod= 20 mV (d) 3.24 nm x 4.67 nm, Vyoea= 20 mV.
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CONCLUSIONS

Using STM and computational calculations, we have demonstrated the significance of the initial
diastereomeric configuration in the surface-assisted specific skeletal rearrangement of a triCOT
moiety. Specifically, we have shown that only the concave polymeric configuration of the triCOT
transforms into a cyclopenta[c,d]azulene moiety when incorporated into a chevron-like graphene
nanoribbon. QM/MM calculations confirm that the whole rearrangement process is mediated by a
surface Au adatom in a specific manner. Additionally, we have studied the electronic properties of the
unprecedented 755-GNR with STS spectroscopy and dI/dV mapping, which reveals a bandgap
narrowing due to the presence of the non-benzenoid cyclopenta[c,d]azulene moiety and resulting in
the shortest bandgap for a fully-carbon chevron-like GNR reported to date. This work contributes to a
deeper understanding of the stability of higher-order non-benzenoid rings and the impact of their
configuration on on-surface reactions, paving the way for the rational tailoring of the properties of
GNRs, such as the electronic bandgap, through the stereochemistry of non-benzenoid rings.
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