Downloaded via LIB4RI on January 9, 2024 at 10:19:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is licensed under CC-BY 4.0 @ @

Sterically Selective [3 + 3] Cycloaromatization in the On-Surface
Synthesis of Nanographenes

Amogh Kinikar,T Xiao-Ye Wang,T Marco Di Giovannantonio,T José L. Urgel,% Pengcai Liu,
Kristjan Eimre, Carlo A. Pignedoli,* Samuel Stolz, Max Bommert, Shantanu Mishra, Qiang Sun,
Roland Widmer, Zijie Qiu, Akimitsu Narita, Klaus Miillen,* Pascal Ruffieux, and Roman Fasel*

Cite This: https://doi.org/10.1021/acsnanoscienceau.3c00062 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

Surface-catalyzed reactions have been used to  Selective dimerization by [3+3] cycloaromatization
synthesize carbon nanomaterials with atomically predefined
structures. The recent discovery of a gold surface-catalyzed [3 +
3] cycloaromatization of isopropyl substituted arenes has enabled
the on-surface synthesis of arylene-phenylene copolymers, where
the surface activates the isopropyl substituents to form phenylene
rings by intermolecular coupling. However, the resulting polymers
suffered from undesired cross-linking when more than two Steric hindrance protects reactive
molecules reacted at a single site. Here we show that such cross- intermediates from side reactions
links can be prevented through steric protection by attaching the
isopropyl groups to larger arene cores. Upon thermal activation of isopropyl-substituted 8,9-dioxa-8a-borabenzo|fg]tetracene on
Au(111), cycloaromatization is observed to occur exclusively between the two molecules. The cycloaromatization intermediate
formed by the covalent linking of two molecules is prevented from reacting with further molecules by the wide benzotetracene core,
resulting in highly selective one-to-one coupling. Our findings extend the versatility of the [3 + 3] cycloaromatization of isopropyl
substituents and point toward steric protection as a powerful concept for suppressing competing reaction pathways in on-surface
synthesis.

on-surface synthesis, cycloaromatization, STM, nc-AFM, selectivity, steric protection

the selectivity and the overall reaction yield. These undesirable
side reactions stem from the pronounced reactivity of an
intermediate in the reaction pathway (labeled as B in Figure 1a)
being susceptible to attack by a third molecular species. Given

When embarking on the synthesis of novel materials, it is
imperative to consider the intricacies of the synthetic protocol
and, notably, the selectivity of all of the involved reaction steps.

Beyond merely impacting reaction yields, suboptimal selectivity that the formation of a C—C bond is an irreversible step under
can give rise to defects within the targeted material that the current reaction conditions, a straightforward strategy to
potentially induce unintended properties. In the context of mitigate these side reactions involves preventing the intrusion of
atomically precise carbon nanomaterials, the preferred approach the third molecule into the reaction intermediates. Previously,
often revolves around what is nowadays called “on-surface we demonstrated that one viable approach to achieve this goal is
synthesis”."”> This methodology involves the execution of the employment of pseudohigh-dilution conditions.” This
discerning surface-catalyzed reactions on meticulously designed entails the deposition of molecular precursors onto the gold
molecular precursors under ultrahigh vacuum conditions. The surface at an exceedingly low flux while maintaining temper-
fundamental tenet behind achieving selectivity in on-surface atures higher than those necessary to activate the reaction
synthesis hinges on either engendering a specific class of radicals (Figure 1b). Here selectivity over the reaction products is

that homocouple (in the case of intermolecular reactions) or
harnessing the spatial proximity of reactive moieties (for
intramolecular reactions).” Notably, our recent research has
unveiled the capacity of gold surfaces in catalyzing the
cycloaromatization of isopropyl substituents on aryl cores,
resulting in a [3 + 3] cyclization wherein two isopropyl
substituents merge to form a phenyelene ring.*

Nevertheless, our investigations also unveiled the occurrence
of side-reactions resulting from three or more isopropyl
substituents reacting at a given site, thereby diminishing both

achieved by significantly enhancing the likelihood of the reactive
intermediate undergoing the desired cyclization reaction, far
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Figure 1. (a) Chemical sketch showing the [3 + 3] cycloaromatization
of isopropyl substituents in A to yield C, via the highly reactive
intermediate B. The radical sites in B can be attacked by a third
molecule leading to a side reaction yielding D. (b) The selectivity of the
reaction toward target C can be enhanced under pseudohigh-dilution
conditions, i.e. by depositing a low flux of the molecule on the hot
substrate. (c) Installing isopropyl groups on wider aryl cores sterically
prohibits the synthesis of D, thereby increasing the selectivity of the
reaction toward the target C.

surpassing the probability of a third molecule impinging upon
the intermediate due to the low precursor flux.

In this study, we showcase that similar control over the
reaction products can be achieved through judicious introduc-
tion of steric hindrance (Figure lc). By strategically installing
isopropyl substituents onto wider aryl cores, the reaction is
sterically confined to involve only two molecules. To elucidate
this phenomenon, we provide comprehensive characterizations
of the reaction products using scanning tunneling microscopy
(STM) and non-contact atomic force microscopy (nc-AFM),
complemented by density functional theory (DFT) simulations,
thereby unraveling the underlying factors contributing to the
remarkable one-to-one coupling selectivity. Furthermore, our
investigation is enriched by temperature-programmed X-ray
photoelectron spectroscopy (TP-XPS) measurements, which
furnish additional insights into the intricate dynamics of the
cycloaromatization process.

The molecule 4,13-dibromo-2-isopropyl-8,9-dioxa-8a-
borabenzo|fg]tetracene (1) (Scheme 1) was synthesized as a
potential precursor for the synthesis of the OBO-ZGNR 3 by
cyclodehydrogenation of the polymer resulting from debromi-
native homocoupling, 2. However, 2, could not be achieved
because the access to the radical sites generated by
debromination is sterically hindered (red dashed ellipses,
Scheme 1). As we will show in the subsequent discussion, 1
instead undergoes highly selective dimerization via [3 + 3]
cycloaromatization toward 4 (Scheme 1).

Precursor 1 was synthesized in four steps from commercially
available 4-isopropylaniline (for details, see the Supporting
Information). 1 was deposited onto a clean Au(111) single-
crystal surface held at room temperature under ultrahigh
vacuum conditions. The subsequent sample annealing at 160
°C triggered homolytic cleavage of the C—Br bond. TP-XPS

Scheme 1. Expected and Observed On-Surface Reaction of 1
on Au(111)

[3+3] cyloaromatization
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debrominative
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maps (shown in Figure 4 and discussed below) reveal an almost
complete debromination of 1 at 160 °C, which however did not
afford the initially targeted structure 2 due to the steric repulsion
between the aromatic hydrogen atoms of the molecular cores
(red areas in Scheme 1).®” Instead, STM images of the surface
obtained upon cooling to 5 K show large islands consisting of
dimers (Figure 2a,b).

Radical sites, being highly reactive, can undergo a variety of
reactions, such as metalation with Au adatoms, bromination
with chemisorbed Br atoms, or passivation with H atoms.
Previous work has shown a temperature-dependent equilibrium

21 A

Figure 2. Achieving high selectivity of [3 + 3] cycloaromatization. (a)
STM images acquired on the Au(111) surface after deposition of 1 and
subsequent annealing to 160 °C show the formation of large self-
assembled islands. (Tunneling parameters: V= 0.3 V, I =10 pA.) Inset:
A few still fully brominated molecules of 1 (indicated by the arrows) are
observed in the smaller islands (V= —0.5 V and I = 10 pA). (b) STM
image acquired inside one of the self-assembled islands, revealing that
these are composed of dimers (V= —0.5V, I = 10 pA). (c) The dimers
consist of two singly debrominated molecules of 1 bound through a Au
adatom. (d,e) Simulated STM image (d, at V= —0.52 V) of the DFT-
optimized geometry of the proposed dimer structure shown in (e). (f)
Annealing the surface to 200 °C induces the [3 + 3] cycloaromatization
yielding 4 (V= —0.1V,1=100 pA). (g) Among the minor byproducts,
the molecule labeled § is most often observed (V= —0.1 V,I= 100 pA).
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on Au(111) between debrominated products and brominated
precursors.® Presently, heating the surface to 160 °C did not lead
to the complete desorption of Br atoms chemisorbed on the Au
surface, as evidenced by the distorted herringbone reconstruc-
tion (Figure 2a). We therefore speculate that, after the annealing
step, cooling of the sample for imaging caused partial
rebromination from the available bromine atoms that are
chemisorbed on the gold surface (see Figure 4f). We propose
that the dimers result from a competition between the two
reversible reactions that are possible on the surface: formation of
a C—Br bond or formation of a C—Au bond. The image shows
that within a dimer, two precursor molecules are bound to one
atomic species on the surface. This clearly cannot be a Br as it is
monovalent and therefore, it must be an Au adatom. Second, we
do not see the formation of organo-metallic chains, but simply
the formation of dimers. Thus, the second radical site on the
precursor molecule must be passivated with a monovalent
species, i.e., by Br leading to the proposed structure shown in
Figure 2c. Simulated STM images of the proposed organo-
metallic dimers, optimized using DFT, agree well with the
experimental findings (Figure 2c—e).

A striking change occurs upon further annealing the surface to
200 °C (Figure 2f). The self-assembled organometallic dimers
have given way to self-assembled chains of molecules of 4 with a
distinctive ‘dog-bone’ shape (Figure 2f). As we will show below,
these dog-bone-shaped molecules are covalently linked dimers
that have undergone the intermolecular [3 + 3] cyclo-
aromatization of their isopropyl substituents. The molecules
are organized into chains as a results of the hydrogen bonding
between the OBO-substitutions in the benzotetracene core. We
find that 77 + 6% of the precursor units have been consumed in
the formation of 4 (see Supporting Information S1). This shows
that highly selective one-to-one coupling using the [3 + 3]
cycloaromatization reaction has been achieved on the Au(111)
surface.

The nc-AFM in Figure 3a confirms the chemical structure of 4,
clearly resolving its two benzotetracene cores and the
phenyelene linker. Although the latter appears wider, it is in
agreement with previous reports on molecules containing
similar para phenyelene linkers,”~"" with the apparent widenin
attributed to bending of the CO molecule on the nc-AFM tip'
(see Supporting Information S2). DFT geometry optimization
determined the minimum-energy adsorption conformation of 4
on the Au(111) surface (Figure 3d). Simulated nc-AFM
images' ' of this structure (Figure 3¢) match the experimental
image. The DFT simulation can also explain the difference in
contrast seen on the two zigzag edges of the molecule. When the
oxygen atoms are adsorbed over Au atoms they appear darker;
when they are adsorbed over a bridge site they appear brighter.
Evidently the presence of a Au atom directly underneath the
oxygen atoms pulls them closer to the substrate.

Based on the previously reported [3 + 3] cycloaromatization
mechanism,” we propose a reaction pathway for the formation of
4 (Scheme 2): C—Br bond cleavage occurs below 160 °C on the
Au(111) surface, and annealing to 200 °C triggers the
cycloaromatization. This process is initiated by the dehydrogen-
ation of the isopropyl-substituent into an isopropenyl-group
(1b), leading to the formation of 1c through C—H activated
coupling at the CH, site. Further oxidative dehydrogenation
forms 1d which undergoes cycloaromatization to finally afford 4.

29 Hz
22A

-2.6 Hz

2.6 Hz

-2.5 Hz

Figure 3. Chemical structure of 4 determined by nc-AFM. (a) Bond-
resolved nc-AFM image acquired over a molecule of 4 resolves the two
aryl subunits and the phenylene ring coupling them (feedback switched
off over the Au surface at —5 mV, 150 pA; the tip was lifted up by Az =
235 pm, and the frequency shift was measured in constant-height
mode). (b) STM image of the same molecule (V=—0.1V,I=150 pA).
(c) Simulated nc-AFM image, using the probe-particle model, of 4 on
an Au(111) slab with DFT-optimized geometry, is in good qualitative
agreement with the experimental results. (d) Top view of the optimized
geometry of 4 on Au(111).

Scheme 2. Proposed Reaction Pathway for the On-Surface
Synthesis of 4
lective de- 0.5-0
® hydrogenation (JX_1 I
Br

g

1b

C-H activated
coupling

cyclo- oxidative de-

hydrogenation

Additionally, ten H atoms are released per molecule of 4
during cycloaromatization, stochastically passivating the four
radical sites that were generated by debromination.'> Among the
few side products, trimeric molecule § is frequently observed
and contains a preformed cycloaromatization dimer (see
Supporting Information S3). In §, the site of the cleaved C—
Br bond on the cycloaromatization product is covalently
coupled to a third molecule at its isopropyl substituent site.
This reaction is likely to occur only if the radical site generated
by debromination has not been passivated by hydrogen
(mechanistic details are shown in Supporting Information S4).
The presence of § evidences that [3 + 3] cycloaromatization and
radical site passivation occur simultaneously. It is the presence of
the radical sites generated by debromination that leads to side
reactions, limiting the yield of 4 to ~80%.
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Scheme 3. Steric Protection from Cross-Linking”

a Reaction between isopropenyl group and b Steric protection of the intermediate 1d
o-radicals can lead to cross-linking

®
oo+ —
®
6d

“(a) Proposed reaction pathway leading to cross-linking. (b) Steric protection afforded by the large OBO-doped benzotetracene core prevents the
coupling of three or more molecules.
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Figure 4. Kinetics of the reaction via TP-XPS: C 1s and Br 3d core level photoelectron spectra as a function of temperature track the progress of the
reaction through the distinct stages indicated in (a) and (b) . (c) C 1s map, with the three distinct regions indicated by dashed white lines. (d) Br 3d
map with the three regions indicated by dashed white lines. Desorption of bromine beyond 280 °C leads to the disappearance of the Br 3d doublet. (e,f)
Population fraction curves of C 1s (e) and Br 3d (f) reveal how the population of the identified species evolves with temperature. C 1s population
fraction curves are underlaid as dashed lines in (f). Vertical dashed lines mark the transition temperatures.

benzotetracene core, which is not present when the isopropyl
group is affixed to smaller arenes.”'® Supporting this, the key

Reactions involving more than two molecules at the isopropyl stages of the cross-linking reaction pathway are outlined in
site are never seen on the surface; the yield of dimerization Scheme 3a. 6a, a cycloaromatization intermediate, is highly
arising from the [3 + 3] cycloaromatization is thus 100%. This reactive. Without steric protection, radicals in 6a can be attacked
safeguard is attributed to the steric protection from the large by the CH, group of another molecule, 6b. This leads to three

D https://doi.org/10.1021/acsnanoscienceau.3c00062
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molecules coupling at the isopropyl site, forming cross-linked
polymers 6¢ and eventually yielding 6d. In our case (Scheme
3b), the large, planar, OBO-doped benzotetracene core and the
2D confinement onto the surface contribute to shield the radical
sites in 1d against additional coupling reactions. Steric
.17 s .

protection’’ can prevent unwanted cross-linking, extending
the utility of surface-catalyzed [3 + 3] cycloaromatization.

The frequent use of debrominative homocoupling in GNR
synthesis'® makes the coexistence of Br and isopropyl
substituents an opportunity to examine their interaction as a
function of temperature. XPS spectra over the C 1s and Br 3d
core levels measured at various temperatures provide this
characterization (Figure 4). Chemical shifts in these core levels
during heating with a constant rate of 0.1 °C/s give direct
insights into the population fraction of different species in such
thermally triggered reactions. We identify three regions with a
dominant species in C 1s (corresponding to 1, 1a and 4, Figure
4a) and Br 3d maps (corresponding to Br on 1, Br chemisorbed
on Au and desorbed into a vacuum, Figure 4b). Temperatures at
which only a single surface species exists are identified, and XPS
spectra at these temperatures are used to fit intermediate
temperature spectra and obtain population fractions as a
function of temperature'””’ (See Methods for fitting
procedure).

From the population fraction curves in Figure 4e, we
determine that the debromination of 1 to 1a happens between
90—160 °C, and the formation of 4 between 180—300 °C, with
half conversion at 130 and 260 °C for the two steps, respectively.
A reduction in the total intensity of the C 1s signal is caused by
desorption of some precursor molecules of 1 from the Au(111)
surface (Figure 4c,e) as the starting coverage was slightly larger
than that of a full monolayer of precursor molecules. As the
sublimation temperature of the precursor is relatively low at 95
°C, we expect the precursors from the second layer to desorb,
thus leaving a monolayer of molecules that are more strongly
interacting with the Au surface. The TP-XPS measurements
indicate that the formation of 4 starts at 180 °C, hence
maintaining the sample at 200 °C for extended period of time
would allow the reaction to complete, as seen in Figure 2f,g.
Additionally, comparing Figure 4e and Figure 4f it is seen that
the formation of 4 occurs in the presence of chemisorbed Br
atoms. This suggests the Br presence”’ does not significantly
impact the fate of the isopropyl substituents toward [3 + 3]
cycloaromatization. Additionally, these results provide useful
insights into the design of molecules incorporating Br and
isopropyl substitutions for future on-surface synthetic attempts.

The [3 + 3] cycloaromatization of isopropyl substituents on
arenes provides an efficient strategy for the synthesis of arylene-
phenylene copolymers on Au surfaces. Such arylene-based
copolymers, in general, find use in organic field-effect transistors,
where a major limitation is the low charge-carrier mobility
caused by short oligomers. Our results show that installing the
isopropyl substituents on wide arene cores sterically prevents
undesirable cross-linking reactions. Therefore, this strategy can
be used to obtain long copolymer chains free of branching, based
on the [3 + 3] cycloaromatization reaction. More generally, our
demonstrated steric protection is widely applicable and can be

used in on-surface synthesis to enhance the selectivity of other
surface-catalyzed intermolecular reactions.

See Supporting Information, section 1.

The experiments were performed in ultrahigh vacuum (UHV) systems
with a base pressure better than § X 107'% mbar. The Au(111) single
crystals (MaTeck GmbH) were cleaned by repeated cycles of Ar* ion
sputtering (1 keV) and subsequent annealing (400 °C < T <450 °C). 1
was sublimated from a quartz crucible at ~95 °C and deposited onto the
cleaned surfaces (held at room temperature) in situ using a custom-
made evaporator to achieve submonolayer coverages. The sample was
subsequently annealed to the desired temperatures and kept at those
temperatures for ~30 min.

The sample was then cooled down and inserted into the liquid
helium cooled STM (Scienta Omicron) operated at 4.7 K. The STM/
nc-AFM measurements were performed with a tungsten tip placed on a
qPlus tuning fork sensor.”* For nc-AFM measurements™ > the qPlus
sensor was excited at its resonance frequency of 26589 Hz (Q-factor
53000) and the shift in the frequency was tracked in the constant-height
mode using Omicron Matrix electronics and HF2Li PLL by Zurich
Instruments. The tip was functionalized with a single CO molecule at
the tip apex picked up from the previously CO-dosed surface.”® Az is set
to zero when the feedback loop is switched off. It is positive when the
tip—surface distance is increased and negative when it is decreased.

All DFT calculations were performed with the AiiDAlab platform®’
based on AiiDA®® and the CP2K code.”” The surface—adsorbate
systems were modeled within the repeated slab scheme, with the
simulation cell consisting of 4 atomic layers of Au along the [111]
direction. To suppress the Au(111) surface state, the bottom side of the
slab was passivated by a layer of hydrogen atoms. 40 A of vacuum was
included in the simulation cell to decouple the system from its periodic
replicas in the direction perpendicular to the surface. The electronic
states were expanded with a TZV2P Gaussian basis set>® for C and H
species and a DZVP basis set for Au species. A cutoff of 600 Ry was used
for the plane-wave basis set. The frozen core electrons of the atoms were
represented by norm-conserving Goedecker-Teter-Hutter pseudopo-
tentials.”’ We used the PBE parametrization for the generalized
gradient approximation of the exchan%e-correlation functional®” and
the D3 scheme proposed by Grimme® to account for van der Waals
interactions. The gold surface was modeled using a supercell, with its
size ranging from 39.8 X 40.0 A (corresponding to 896 Au atoms) to
35.38 X 35.74 A> (841 Au atoms) depending on the dimensions of the
adsorbate. To obtain the equilibrium geometries, we kept the atomic
positions of the bottom two layers of the slab fixed to the ideal bulk
positions, and all other atoms were relaxed until the forces were lower
than 0.005 eV/A. For nc-AFM simulations with AiiDAlab, the
equilibrium geometries and the electrostatic potential obtained with
CP2K are used in combination with the probe particle code developed
by Hapala.**

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on the PEARL beamline® of the SLS synchrotron radiation
facility (Villigen, Switzerland), using linearly polarized radiation with
photon energy of 425 eV. After molecule deposition at room
temperature, the sample was transferred into the analysis chamber
where the temperature-resolved XPS map was recorded during the in
situ annealing of the sample at a rate of 0.1 °C/s. The XPS spectra were
obtained in normal emission geometry, using a hemispherical electron
analyzer equipped with a multichannel plate (MCP) detector. The XPS
measurement was performed using the “fix” mode (snapshots of the C
1s level and Br 3d level), acquiring one spectrum each every S s with SO
eV pass energy. These spectra were plotted as a function of the
temperature into TP-XPS maps. To obtain the population fraction
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curves, we averaged XPS spectra in a 10 °C window centered at the
following temperatures: T1:20 °C (for both C 1s and Br 3d maps),
T2:180 °C (for the C 1s map), 233 °C (for the Br 3d map), and T3:343
°C (for both C 1s and Br 3d maps). These six XPS spectra,shown in
Supporting Information S5, are chosen to represent the six pure states
shown in Figure 4a,b. We obtain the population fraction at intermediate
temperatures by expressing the XPS spectra obtained at that
temperature [XPS(T)] as a linear sum of the corresponding pure
state XPS spectra. The obtained coeflicients are thus equivalent to the
population fractions. For example: for the C 1s map, consider T such
that T1 < T < T2 where T1 =20 °C and T2 = 180 °C. We calculate the
following: XPS(T)= n(T) X XPSpy(T1) + m(T) X XPSp,.(T2),
where n(T) and m(T) are optimized with a linear fit. Thus, n(T) and
m(T) are population fractions corresponding to 1 and la. The
population fraction of state at T1 is taken to be unity. The code for
reproducing the analysis is shared alongside the raw data as a Jupyter
notebook. Additionally, high-resolution XPS spectra obtained before
and after the TP-XPS ramp are shown in Supporting Information S6.

CCDC 2213680 (1) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
ing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: + 44 1223 336033. The data that
support the findings of this study are available at the Materials
Cloud Platform (DOI: 10.24435/materialscloud:21-aj).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00062.
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