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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are a family of organic compounds comprising two or
more fused aromatic rings, which feature manifold applications in modern technology. Among
these species, those presenting an open-shell magnetic ground state are of particular interest for
organic electronic, spintronic, nonlinear optics and energy storage devices. Within PAHs, special
attention has been devoted in recent years to the synthesis and study of the acene and fused acene
(periacene) families, steered by their decreasing HOMO-LUMO gap with length and predicted
open-shell character above some size. However, an experimental fingerprint of such magnetic

ground state has remained elusive.

Here, we report on the in-depth electronic characterization of isolated peripentacene molecules on
a Au(l11) surface. Scanning tunnelling spectroscopy, complemented by computational
investigations, reveals an antiferromagnetic singlet ground state, characterized by singlet-triplet
inelastic excitations with an experimental effective exchange coupling (Jerr) of 40.5 meV. Our
results deepen on the fundamental understanding of organic compounds with magnetic ground

states, featuring perspectives in carbon-based spintronic devices.
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Polycyclic aromatic hydrocarbons (PAHs) have been the subject of intensive studies from both
experimental and theoretical points of view since the middle of last century.! Most of the PAHs
reported to date present a stable closed-shell (non-magnetic) electronic configuration in their
ground state. However, recent advances in the methods for synthesis and analysis of PAHs have
led to the creation of PAHs with an open-shell (antiferromagnetic or ferromagnetic) ground state,
conferring them unique electronic, optical and magnetic properties >* While magnetism is
generally related to transition metals and lanthanides, the magnetic properties of carbon-based
nanostructures have attracted increased attention recently.’ Their electronic structure has unique
dependence on size, geometry and edge-shape with strongly spin-polarized edge states, inherent
to the m-electron network, being created at its zigzag edges.® Physically, the kinetic energy
(hopping), the electrostatic Coulomb and the exchange interaction of valence electrons may lead

to closed-shell or open-shell ground states, respectively.

The synthesis of PAHs with open-shell ground states is challenging for organic chemists due to

their intrinsic high reactivity which emerges from their unpaired electron spin density. One of the



main driving forces in the formation of such open-shell PAHs is related to the presence of more
aromatic sextet rings in their open-shell resonance forms, where the energy needed to break a
double bond is compensated by the increased resonance stabilization energy. Importantly, the
ground state of periacenes (rectangular graphene fragments formed by fused acenes and
comprised of both zigzag and armchair edges, see scheme 1), has been under intensive debate
during the last years.” '3 They can be considered as model compounds to study the size
dependent evolution of different physical properties foreseen for graphene nanoribbons, where
periacenes larger than peritetracene are predicted to possess an open-shell singlet ground
state.”!* Up until now, sterically protected peritetracene is the largest member of the periacene

11,12

family synthetized in solution, *'“ while only experimental signatures for peripentacene have

been suggested by mass spectrometry in the residue after sublimation of pentacene.'’

Able to side-step reactivity issues, on-surface synthesis has emerged as an appealing playground
for the investigation of rationally-designed reactive molecules under ultra-high vacuum (UHV)

conditions studied via advanced scanning probe techniques. Recently, the synthesis of several

16-21 22,23

members of the acene, !¢ 2! indenofluorene,?>?* anthene®* and triangulene® 2’ families, together
with some zigzag graphene nanoribbons (ZGNRs)?® has been reported. Nevertheless, successful
experimental investigations on periacenes has remained scarce and only recently the synthesis of
peritetracene, peripentacene and heteroatom-doped perihexacene on metallic single crystals has
been achieved.'**** Whereas there are theoretical reports on the electronic structure of

peripentacene in literature,”!!

there is a lack of experimental evidence. Here we provide, to the
best of our knowledge, the first description via scanning tunnelling spectroscopy of the Coulomb

gap of peripentacene on Au(111) under UHV conditions,? while revealing its open-shell

character and its preservation on a metallic substrate, which is manifested as singlet-triplet



inelastic excitations. Our experimental results are supported by spin-polarized density functional
theory (DFT) and ab initio density matrix renormalization group (DMRG) calculations, which
reveal the antiferromagnetic open-shell singlet ground state of the peripentacene, shedding light
on the fundamental understanding of the open-shell ground state of PAHs with prospects in

optoelectronic and spintronic devices.

n-peri-acenes

armchair

Scheme 1. Chemical structure of periacenes and their structural relationship to graphene.

To study the electronic structure of pristine peripentacene, we sublimed 13,13'-
bis(dibromomethylene)-13H,13'H-6,6'-bipentacenylidene (1) onto an atomically clean Au(111)
surface held at room temperature and subsequently annealed at 180 °C. Annealing samples at
such temperature affords the thermal cyclodehydrogenation of the peri-positions of 1 as well as
the cleavage of dibromomethylene functional groups, which gives rise to the formation of a
minority of peripentacene monomers as a side product coexisting with the formation, via
homocoupling, of diradical one-dimensional peripentacene polymers, as recently reported by our

group (see Figure 1a for the synthetic route toward the formation of peripentacene polymers and



molecules).’! Herein, the formation of individual peripentacene molecules after the annealing
step is attributed to hydrogen passivation of the radical sites associated with the presence of
residual hydrogen gas in the vacuum chamber.>* Figure 1b shows a high-resolution STM
image of a rectangle-shaped nanostructure compatible with a peripentacene molecule. To
confirm the chemical structure of the molecule observed in Figure 1b, an ultrahigh-resolution
STM (UHR-STM) image acquired with a CO-functionalized tip was recorded in the Pauli
repulsion regime (Figure 1c).”® Hereby, intramolecular features corresponding to a peripentacene
molecular backbone are clearly distinguished.?’ The experimental features of the individual
peripentacene molecule observed in Figure 1c are in agreement with the planar conformation of
the molecular species given by the DFT-optimized geometry on the Au(111) surface (Figure 1d),
which shows an adsorption height of 3.3 A with respect to the underlying gold surface. Figure le
shows spin-polarized DFT calculations performed in order to evaluate the electronic ground state
of the free-standing molecule. The maximum spin density for the molecule is located at the
zigzag edges with the largest amplitude on the central zigzag carbon atoms, in agreement with

previous ab initio DMGR calculations.'!

In addition, our calculations reveal an antiferromagnetic open-shell singlet ground state (total
spin S = 0), over the ferromagnetic open-shell triplet (see Table S1 and S3). Also the non-
magnetic closed-shell states is few eV higher in energy with respect to the open-shell

singlet ground state depending on method. At this point a rather simple, but intuitive comment
regarding the Clar’s sextet rule*® and the role of the Kekulé and the non-Kekulé structures in the
radical character of periacenes is convenient. While the Kekulé structure of peripentacene
presents two migrating aromatic sextets, the non-Kekulé diradical resonance structure of

peripentacene admits five aromatic sextets by breaking one n-bond, resulting in two unpaired



electrons, which leads to a gain in aromatic stabilization energy. In addition to the interplay
between energy penalty for breaking a m-bond and aromatic energy gain, the degeneracies of the
non-Kekulé structures of the peripentacene molecule should be taken into account in order to
evaluate its radical character, as recently reported by Yeh and Chai*’ (see Figure S1 where a
closed-shell Kekulé and an open-shell non-Kekulé diradical structures of peripentacene are

shown).

Next, the electronic structure of peripentacene is probed on Au(111) via STS (Figure 1f,g).
Voltage-dependent differential conductance spectra (dZ/dV vs. V) acquired with a CO-
functionalized tip on a peripentacene molecule show resonances in the local density of states
(LDOS) at —1000 mV, =470 mV, 700 mV and 960 mV (highlighted with grey dashed lines in
Figure 1f). Experimental constant-current d//d} maps acquired at the respective energies
evidence an excellent agreement with the simulated d//dV maps of the HOMO—-1, SOMO,
SUMO, and LUMO+1 molecular orbitals (MO) with a CO-tip*® for a free-standing peripentacene
molecule (Figure 1h). Therefore, we found an experimental Coulomb gap of 1170 meV deduced
from the energy separation between single occupied MOs, i.e. SOMO and SUMO (see Figure S2
for the calculated energy diagram of the peripentacene). Interestingly, having a closer look to the
energy region near the Fermi level (Figure 1g) we observed an abrupt stepwise change in
conductance, which is symmetric around the Fermi energy at £40.5 meV, indicative of an
inelastic excitation® (see Figure 1i for the short range d//dV maps and Figure S6b for the
threshold extracted from the d*//dV? spectrum derived from Figure 1g). Such an inelastic
excitation, together with the presence of single occupied MOs, evidences the magnetic ground
state of the molecule and, as we will discuss in the following, is assigned to a singlet-triplet

magnetic excitation due to the tunnelling electrons. The differences in the zig-zag region



between the SOMO/SUMO and spin excitation d//dV maps are assigned to selection rules for the
tunneling current between the electronic states of peripentacene molecule and CO-tip, as well as
to distinct tip-height setpoints for acquiring the dl/dV maps under comparison (see Supporting
Information for full discussion). Only recently, inelastic excitations have been observed for
other graphene-like nanostructures designed and adsorbed on surfaces,*** though this is, to the
best of our knowledge, the first visualization of such excitations for a member of the periacene

family investigated on a surface.
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Figure 1. On-surface synthesis and electronic characterization of peripentacene on
Au(111). a) Synthesis scheme of diradical peripentacene polymers and peripentacene monomers
on Au(111). b) High-resolution STM topography image of a peripentacene molecule after
annealing precursor (1) at 180°C. I, =-60 mV, Iy = 150 pA, scale bar = 1 nm. ¢) Constant-height
ultrahigh-resolution STM image acquired with a CO-functionalized tip showing intramolecular
features attributed to peripentacene molecule. Open- feedback parameters 3 mV, 5 pA. Scale
bars: 1 nm. d) Top (upper panel) and side (lower panel) views of the DFT equilibrium geometry
of the peripentacene on Au(111). ¢) Calculated spin density distribution of a free standing
peripentacene using DFT-B3LYP. Spin polarizations of opposite signs appear at the zig zag
edges. f) Differential conductance spectra on selected positions of the peripentacene molecule;
the red and blue curves were acquired at the corner and apex positions of the molecule, as
indicated in the constant-current STM images in (b). The orange curve corresponds to the
reference d//dV spectrum acquired on Au(111). g) Zoom-in differential conductance spectra
taken from (f) where an abrupt stepwise change in conductance around the Fermi energy is
observed. See Figure S6a,b for the fittings of the d//dV shown in (g) and the d*7/d}? spectra
respectively. h) Top panel: d//dV maps acquired at the peaks labelled H—1, SO, SU and L +1 in
(f). Bottom panel: corresponding DFT calculated d//dV maps at the energetic positions
corresponding to H —1, SO, SU and L +1. Tunneling parameters for the d//dV maps: H—1 (V= -
1.0 V, I;=150 pA); SO (b, =-0.47 V, Iy = 150 pA); SU (Jb=0.65V, Iy = 150 pA) and L+1 (=
0.90 V, It= 150 pA). 1) dI/dV maps acquired at V', ==+ 60 mV, I = 150 pA revealing the physical
location of the inelastic spin excitations of the molecule. Open feedback parameters for d//dV
spectra: (f) Vo =-1.0 V, Iy = 150 pA, Vims = 16 mV; (g) ', =0.2 'V, [ = 250 pA, Vims =8 mV.

Every experimental image was acquired at 4.3 K.



Unrestricted DFT** calculations reveal a singlet (S=0) open-shell ground state for a free-standing
peripentacene, whereas the triplet (S=1) state is higher in energy in the range of 20-100 meV
depending on the employed DFT functional (see Table 1 in SI). We have also performed DFT-
PBE simulations of the peripentacene molecule on the Au(111) surface to estimate the effect of
the metallic surface on its diradical character. The calculation reveals that the peripentacene
molecule conserves the open-shell singlet state as the ground state. However, the difference
between the singlet and triplet energies reduces by ~30% with respect to the gas-phase
calculation with the same exchange-correlation functional to 15 meV. This indicates that the
additional screening driven by the proximity of the metal surface reduces the singlet-triplet

excitation energy.

Additionally, we have explored the nature of the molecular ground state using high-level wave-
function-based electronic structure theory, i.e. DMRG calculations, employing the full & active
space comprising 44 p, carbon orbitals. Herein, our calculations for free-standing peripentacene
molecule corroborate an open-shell singlet ground state, with a computed singlet-triplet gap of
130 meV, which is much larger than the experimental value. This discrepancy can be caused by
two effects: i) the presence of the metallic substrate substantially reduces the molecular gap* and
i1) an absence of correlations effects in DMRG calculations including excitations outside the «

active space.

To address the influence of the proximity of the metal surface on the singlet-triplet gap of the
peripentacene we have scaled its HOMO-LUMO gap with scissors operator.*®4” A reduction of
the HOMO-LUMO gap by ~15% is manifested itself in the reduced DMRG singlet-triplet gap of

101 meV (Table 2 in Sl). In order to estimate the effect of the dynamical correlation missing in
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the DMRG calculations (excitations outside the w active space), we have performed supplementary
multireference coupled cluster calculations with single and double excitations (see Supporting
Information) in the 7 active space and in the full orbital space, and used the difference between the
two singlet-triplet gaps as a dynamical correlation correction (52 meV, Table 3 in SI). The final
estimate of the singlet-triplet gap based on the DMRG results with the scaled HOMO-LUMO gap
and corrected by the effect of dynamical correlation corresponds to 49 meV, in an excellent
agreement with the experimental value. This analysis shows that the exchange coupling scales
proportionally with the molecular gap and the dynamical correlations beyond the 7 active space
play important role.

Notably, the DMRG occupation numbers of natural orbitals reveal the diradical open-shell nature
of peripentacene (see Supporting Information, Figure S9), in agreement with previous
calculations.!! Thus, our experimental and theoretical findings reveal that peripentacene species
on Au(111) present a singlet open-shell ground state, with an experimental singlet-triplet
excitation energy (exchange coupling) of Jefr=40.5 meV, significantly larger than the Jerr found

in other nanographenes formed on Au(111).%°

It is noteworthy mentioning that several peripentacene molecules present a different aspect,
especially noticeable in UHR-STM images. Such species are usually located at the elbows of the
herringbone ridges of the Au(111) surface. Figure 2a shows a UHR-STM image recorded at low
bias sample where six brighter lobes at one of the zigzag edges of the molecule reveals an
enhancement of the local density of states (LDOS); while the opposite zigzag edge presents a
considerable loss of resolution, tentatively attributed to the bonding of the carbon at the apical
position of the central benzene ring of the molecule to the elbow region of the herringbone ridges

of the Au(111) surface (see chemical structure proposed in Figure 2b). Additionally, differential
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conductance d//dV spectra recorded at low bias voltages (Figure 2c¢) at the high LDOS locations
(zigzag edge of the molecule which is not bounded to the gold surface) show prominent zero-
bias peaks, attributed to a Kondo resonance (S = ).3>*" The rather strong interaction of
molecules presenting a large open-shell character with the underlying surface has been recently
reported for other graphene-like nanostructures,'!”?>4° where the registry of the molecules with
the surface plays an important role for their electronic and magnetic properties. We also detect a
minority of species on the surface where the central carbon atoms at both edges are saturated, i.e.
extra-hydrogenated, by two hydrogen atoms. We have investigated the possibility of generating
the peripentacene molecule from the extra-hydrogenated species via STM single atom
manipulation. We have located the CO-functionalized tip at one of the central carbon atoms at
one edge and turn off the feedback loop (setpoint conditions: ¥, =200 mV and I = 50 pA).
Subsequently, the tunneling voltage V% is increased to = 2.0 V for a few seconds, and an abrupt
change in the tunneling current is detected, which is attributed to the manipulation event (see

Figure S7).13!7

........................

d//dV (arb. units)

,,,,,,,,,,,,,,,,,,,,,,,,,

Sample Bias (mV)

Figure 2. Au-peripentacene on Au(111). a) Constant-height ultrahigh-resolution STM image
acquired with a CO-functionalized tip at 4.3 K showing intramolecular features attributed to
peripentacene molecule bounded to gold at one of the zig zag edges. Open- feedback parameters
3 mV, 5 pA. Scale bars: 0.5 nm. b) Chemical sketch of the Au-peripentacene system shown in
(a). ¢) dI/dV spectra showing the Kondo resonance at the unbound end of the molecule (blue

line). Reference spectrum is taken on the bare Au(111) surface (orange line). Open feedback
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parameters: V', = 0.05 V, I; = 150 pA, Vims = 0.8 mV. See Figure S6c for the fitting of the Kondo

resonance shown in (c).

In conclusion, we have performed an in-depth characterization of the electronic structure of the
peripentacene molecule on Au(111) via STS, complemented with DFT and DMRG calculations.
Annealing precursor (1) at 180°C induces the cyclodehydrogenation and cleavage of
dibromomethylene moieties, giving rise to the on-surface formation of peripentacene coexisting
with diradical one-dimensional polymers. The peripentacene molecule presents an experimental
electronic gap of 1170 meV. DFT and multiconfigurational DMRG calculations reveal its
antiferromagnetic singlet open-shell ground state, which is experimentally manifested as a
singlet-triplet inelastic excitation, featuring a relatively strong exchange-coupling of 40.5 meV.
Notably, several peripentacene molecules show a different aspect noticeable in UHR-STM
images. Some of them present prominent zero-bias peaks attributed to a Kondo resonance (S =
2), while a minority of species appear passivated by two hydrogen atoms at the central carbon
atom of both edges. Our work reveals the open-shell antiferromagnetic ground state of the largest
member of the periacene family synthetized to date. We expect that our findings are of general
relevance for the study of open-shell PAHs with perspectives in optoelectronic and spintronic

devices.
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