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Abstract: The synthesis of long n-peri-acenes (n-PAs) is challenging as a result of their inherent
open-shell radical character, which arises from the presence of parallel zigzag edges beyond a
certain n value. They are considered as m-electron model systems to study magnetism in
graphene nanostructures; being potential candidates in the fabrication of optoelectronic and
spintronic devices. Here, we report the on-surface formation of the largest pristine member of
the n-PA family, i.e. peri-heptacene (n = 7, 7-PA), obtained on an Au(111) substrate under ultra-
high vacuum conditions. Our high-resolution scanning tunneling microscopy investigations,
complemented by theoretical simulations, provide insight into the chemical structure of this
previously elusive compound. In addition, scanning tunneling spectroscopy reveals the
antiferromagnetic open-shell singlet ground state of 7-PA, exhibiting singlet—triplet spin-flip
inelastic excitations with an effective exchange coupling (Jeff) of 49 meV.

Over the last decade, the synthesis of structurally well-defined nanographenes (NGs), has
captivated the scientific community. Such NGs can be considered as model m-electron systems
in organic chemistry, with exciting properties,[1-3] which arise from their n-bond topology. The
modulation of their electronic states depends heavily on the presence of parallel zigzag edges,
which is typically the origin of their distinct electronic and magnetic properties, as well as their
chemical reactivity.[4,5]

Among the different NG families, n-Acenes and n-peri-acenes (n-PAs) consist of linearly fused
benzene rings and two laterally peri-fused linear acenes, respectively (n refers to the number of
annulated rings formed along the zigzag axis), representing the two most important families of
rectangle-shaped NGs. Both families can exhibit, above certain length, diradical or polyradical



character arising from the lateral m-extension of their framework by virtue of the gain of
additional Clar sextets (defined as six m-electrons localized in a single benzene-like ring
separated from adjacent rings by formal C—C single bonds) in their open-shell resonance forms,
which may partially compensate the energy needed to dissociate a C(sp2)—C(sp2) n-bond by
providing aromatic stabilization.[6,7] While the solution-based synthesis of pristine higher
acenes stabilized on different matrixes has been recently achieved, they exhibit short
lifetimes,[8—12] and the attachment of bulky aryl substituents onto the most reactive zigzag
edges has been shown necessary to attain a reasonable kinetic stability.[13—-16] In fact, by
following this strategy, only recently the solution-based synthesis of 4-PA (peri-
tetracene)[13,14] and 7-PA[16] employing the bulky 2,6-dichlorophenyl, mesityl and/or tert-
butylphenyl groups at the reactive zigzag peripheries have been afforded.

Under this scenario, during the last decade oxidative ring-closure and cyclodehydrogenation
reactions catalyzed on metal surfaces under ultra-high vacuum (UHV) conditions, have emerged
as an alternative approach toward the synthesis of open-shell NGs, which could not be obtained
via conventional solution synthesis. In recent years, significant progress has resulted in the
synthesis and characterization, via advanced scanning probe techniques, of members of the n-
acene[17-25] and triangulene[26—29] families among others.[30-34] However, only the shorter
members of the n-PA family such as 2-PA (perylene),[35] 3-PA (bisanthene),[36—39] 4-PA[40]
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and 5-PA  (peri-pentacene),[41,42] together with  heteroatom-doped[43] and
dibenzoperihexacene[44] derivatives, as well as several 1D carbon-based nanostructures
containing n-PAs as building block units,[45—49] have been synthetized and characterized on
metallic surfaces (see Scheme 1).

Scheme 1. Representative n-PA nanographenes synthesized on surfaces. 4-PA, 5-PA and 7-PA present an
open-shell singlet ground state.[41,42] Their chemical sketch represents only one of the possible diradical
non-Kekulé resonance structures. Purple filled benzenoid rings denote Clar sextets. The literature
mentioned in the Scheme refers to the first time such compounds were studied on surfaces.

This communication presents the first synthesis, direct visualization, and electronic
characterization of the longest peri-acene (7-PA) reported to date, highlighting the potential of
the on-surface synthesis approach in the formation of large pristine PA species featuring
increased singlet open-shell ground state character. For this purpose, we have synthesized the
precursor 4,5,9,10-tetrakis(3-methylnaphthalen-2-yl)pyrene (1) in solution, which can be
sublimed on Au(111) in a UHV environment and converted into the targeted 7-PA molecule by
thermal activation at 300 ¢9C via surface-assisted oxidative ring-closure and
cyclodehydrogenation reactions (Figure 1a). Our molecular-level investigations reveal the



chemical structure of 7-PA, which has been determined by scanning tunneling microscopy
(STM). Furthermore, scanning tunneling spectroscopy (STS) measurements, complemented by
spin-polarized density functional theory (DFT) calculations reveal the antiferromagnetic open-
shell singlet ground state of 7-PA (leff = 49 meV). Our approach provides fundamental
understanding toward the rational synthesis and characterization of NGs comprising open-shell
ground states, which can also be considered as potential building blocks in the fabrication of
optoelectronic and spintronic devices.

The molecular precursor 1 was synthetized in 30% yield through a Suzuki coupling reaction
between compounds 4,5,9,10-tetrabromopyrene and 4,4,5,5-tetramethyl-2-(3-
methylnaphthalen-2-yl)-1,3,2-dioxaborolane (see Figures S1-S3 in the Supporting Information
for synthetic and characterization details). Sublimation of 1 onto a clean Au(111) surface held at
room temperature and subsequent annealing to 300 °C affords the oxidative ring-closure and
cyclodehydrogenation of the precursors. STM images (Figure 1b,c) reveal that approximately 8%
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of the isolated NGs present on the surface exhibit a rectangular-shape with a uniform apparent

height of 1.7 A, which are, at this point, tentatively attributed to the formation of 7-PA.
Additionally, several ill-defined NGs are formed due to loss of methyls and/or the rotation of
ortho-methylnaphthalenyl substituents prior to cyclization. Such NGs coexist with fused
segments which arise from the nonselective C-H bond activation that occurs at the same
temperature as the formation of the expected 7-PA (see further analysis below). Constant-
height STM images acquired with a CO-functionalized tip (Figure 1d) allow us to resolve features
assigned to twenty benzene rings, thus directly confirming the obtained NGs as 7-PA.



Figure 1. Structural and electronic characterization of 7-PA synthetized on Au(111). a) Solution and on-
surface synthesis of 7-PA reported in this work. b) Overview STM image after annealing precursor 1 at 300
°C. The green rectangles highlight two 7-PA molecules, coexisting with ill-defined nanostructures. Vb =
900 mV, It = 10 pA, scale bar 2 nm. c) High-resolution STM image of a rectangular-shaped NG assigned to
a 7-PA molecule. Vb = 5 mV, It = 30 pA, scale bar 0.5 nm. d) Constant-height STM image of the same
molecule acquired, resolving features assigned to twenty benzene rings (open feedback parameters: Vb
=5mV, It = 30 pA, scale bar 0.5 nm). Both STM images shown in (c) and (d) were acquired with a CO-
functionalized tip. e) Differential conductance spectra on selected positions of the 7-PA molecule; the
position at which the spectrum on the molecule was acquired is highlighted in the inset STM topography
image with a blue and red cross. The orange cross corresponds to the reference dl/dV spectrum acquired
on Au(111). f,g) Zoomed-in differential conductance spectra (open feedback parameters, Vb =40 mV, It =
550 pA, Vrms = 6 mV) and the corresponding inelastic electron tunnelling spectroscopy (IETS) spectra
(open feedback parameters, V =40mV, 550 pA, Vrms =4 mV) where the value of Jeff is defined. Acquisition
positions for the spectra are indicated by colour cross marks. h) Experimental dl/dV maps (top row) and
calculated DFT-LDOS maps (bottom row) acquired at the HOMO-1, SOMO, SUMO and LUMO+1
resonances, respectively. Tunnelling parameters for the dI/dV maps: HOMO — 1 (Vb =-0.45V, It = 250
pA); SOMO (Vb =-0.3 V, It = 250 pA); SUMO (Vb = 0.77 V, It = 400 pA), and LUMO + 1 (Vb =120V, It =
250 pA). Vrms = 8 mV for all the recorded spectrum and experimental maps. i) The inelastic spin
excitations dl/dV maps of the 7-PA are acquired at Vb =+ 47 mV and It = 100 pA with Vrms = 10 mV.

Next, we have investigated the electronic structure of 7-PA. Spin-polarized DFT-B3LYP[50]
calculations of the free-standing molecules indicate an antiferromagnetic open-shell singlet
ground state (total spin S = 0), with the ferromagnetic open-shell triplet (total spin S = 1) and the
nonmagnetic closed-shell states being higher in energy by 146 meV and 741 meV,
respectively,[16] (see Figure S4 for the scheme of PDOS, canonical DFT orbitals for singlet open-
shell structure of peri-heptacene and its spin density distribution describing the spin polarization
of the molecule). In order to confirm the theoretical predictions, STS measurements are
performed. Figure le shows the long-range differential conductance di/dV spectra featuring a
series of prominent peaks in the local density of states (LDOS) assigned to the HOMO -1 (-450
mV, HOMO = highest occupied molecular orbital), SOMO (-300 mV, SOMO = singly occupied
molecular orbital), SUMO (760 mV, SUMO = singly unoccupied molecular orbital) and LUMO +1
(1200 mV, LUMO = lowest occupied molecular orbital). The experimental Coulomb gap of 7-PA
is 1060 meV, established on the basis of the energies of the SOMO and SUMO resonances (110
meV smaller than the one reported for 5-PA studied on the same substrate).[41] Furthermore,
a clear indication of its magnetic ground state is unveiled acquiring short-range di/dV spectra in
the proximity of the Fermi level. Figure 1f depicts such a dl/dV spectrum, which shows (respect
to the Fermi level) assigned to inelastic excitation steps. Furthermore, the corresponding
inelastic electron tunneling spectrum (Figure 1g) reveals an experimental exchange parameter
Jeff = 49 meV (with a computed Jeff of 146 meV calculated with DFT-B3LYP, which is higher due
to intrinsic limitations of the method).[41] In addition, the experimental diI/dV maps recorded
at the energy position of the different frontier orbitals (Figure 1h top row) indicate a notable
agreement with the calculated dl/dV maps[51,52] (Figure 1h bottom row, evaluated at a height
of 4 A above the molecular plane), further supporting our findings. The observed
antiferromagnetic open-shell singlet ground state of 7-PA can be intuitively explained in terms
of the Clar’s sextet theory, which assumes that from the closed-shell to the open-shell diradical
form, the molecule gains three aromatic sextet rings, providing extra aromatic stabilization for
the open-shell ground state (Figure S5). In addition to the interplay between energy penalty for
the formal loss of a m-bond and aromatic energy gain, the degeneracies of the non-Kekulé
structures of 7-PA should be taken into account in order to evaluate its radical character.



Frequently, the on-surface synthesis of targeted nanostructures via oxidative ring-closure of
precursors equipped with methyl groups presents several reaction pathways that hamper their
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selectivity.[53-56] Therefore, in spite of the successful formation of ’7-PA, we have further
conducted a careful investigation of the byproducts obtained after annealing of the sample at
300 °C. Figure 2a shows a representative overview STM image where five different individual
nonbenzenoid NGs (P1-P5), coexisting with a minor amount of fused species (> 5%), can be
discerned. A statistical distribution of the reaction byproducts (Figure 2b, statistics over ~ 400
NGs) indicates that the majority of the NGs formed on the surface (~ 44%) present an
unexpected “T-shaped” structure P1 (vertical red bar), while the formation of other
asymmetrical NGs (vertical orange (P2), purple (P3), pink (P4) and light blue (P5) bars) are also
observed. Such species are formed due to the cleavage of one or two methyl groups from 1
during the annealing of the sample together with the rotation of naphthalenyl units and
subsequent ring rearrangement reactions as deduced from the constant-height STM images, as
shown in Figure 2c-g. The possible reaction pathways towards these five byproducts are
summarized in Figure S6. Finally, NGs containing saturated carbon atoms with two H atoms
(those shown in Figure 2d,e,g), can be potentially transformed into fully conjugated NGs via STM
tip-induced hydrogen removal, in agreement with previous reports.[26,32,40] After such
manipulation, they may show prominent zero-bias peaks, attributed to a Kondo resonance (S =
1/2) (see Figure S7 for the STM tip-induced removal of a hydrogen at the saturated carbon atom
of P5).[57]

Figure 2. NG species generated via loss of methyl groups prior to oxidative ring closure from 1. a) Overview
STM image of the sample after annealing at 300 °C on Au(111), Vb =500 mV, It = 30 pA, scale bar 10 nm.
b) Histogram depicting the percentage of nonbenzenoid P1-P5 NGs different from 7-PA observed on the
surface. c-g) High-resolution STM images of the four different byproducts (top row), bond-resolving STM
images recorded with a CO-functionalized tip (middle row) and corresponding molecular structures
(bottom row). The 5- and 7 membered rings in the structures are labeled for a better perception. Scanning



parameters (top row): Vb =5 mV, It = 30 pA. Open feedback parameters (middle row): Vb =5 mV, It = 30
pA with z-offset +70 pm, +70 pm,+ 75 pm, +60 pm and +80 pm respectively. All scale bars: 0.5 nm.

In summary, we have shown the unprecedented synthesis and characterization of the (up to
now) largest member of the n-PA family, 7-PA, resulting from the oxidative ring-closure and
cyclodehydrogenation reactions of precursor 1 on Au(111) upon annealing at 300 °C. The
chemical structure of 7-PA has been elucidated by STM. STS measurements complemented with
theoretical calculations reveal that 7-PA presents an antiferromagnetic ground state with an
experimental exchange coupling of 49 meV. In addition, many of the nonbenzenoid NGs
observed on the surface present a different aspect with respect to 7-PA, noticeable in the
topography STM images. The formation of such NGs is attributed to the loss of one or more
methyl group from 1 after annealing of the sample, which typically induces the rotation of
naphthalenyl substituents followed by a ring rearrangement reaction. Our work serves as a
valuable guideline for the design of new precursors toward the synthesis of open-shell NGs,
shedding light on the scope and limitation of intramolecular methyl-aryl coupling. In addition, it
provides new insights into the study of the n-PA family and their interesting ground states,
contributing to the expansion of the chemical toolbox of organic materials with potential in
semiconductor and spintronic applications.
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