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Phenalenyl is a radical nanographene with triangular shape that hosts an unpaired electron
with spin S = }5. The open-shell nature of phenalenyl is expected to be retained in covalently
bonded networks. Here, we study a first step in that direction and report the synthesis of
the phenalenyl dimer by combining in-solution synthesis and on-surface activation and its
characterization both on Au(111) and on a monolayer of NaCl on top of Au(111) by means
of inelastic electron tunneling spectroscopy (IETS). IETS shows inelastic steps that, together
with a thorough theoretical analysis, are identified as the singlet—triplet excitation arising
from interphenalenyl exchange. Two prominent features of our data permit to shed light
on the nature of spin interactions in this system. First, the excitation energies with and

without the NaCl decoupling layer are 48 and 41 meV, respectively, indicating a significant
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renormalization of the spin excitation energies due to exchange with the Au(111) electrons.
Second, a position-dependent bias-asymmetry of the height of the inelastic steps is
accounted for by an interphenalenyl hybridization of the singly occupied phenalenyl
orbitals that is only possible via third neighbor hopping. This hybridization is also essential
to activate kinetic interphenalenyl exchange. Our results set the stage for future work on

the bottom-up synthesis of spin S = % spin lattices with large exchange interaction.

Phenalenyl is a polycyclic conjugated hydrocarbon that possesses a magnetic ground state
with spin S =%, whereby an unpaired electron is hosted in a non-bonding n-molecular orbital.
Its experimental study has been hampered by its high chemical reactivity, typical of radical
species!. Recent progress in the on-surface synthesis and manipulation under ultra-high
vacuum conditions has now made it possible to overcome this problem and study the
electronic properties of unsubstituted phenalenyl on a gold surface?. Inelastic electron
tunneling spectroscopy (IETS)? based on scanning tunneling microscopy (STM) shows a
prominent zero bias peak that is associated with the formation of a Kondo singlet between
the unpaired electron of the phenalenyl and the conduction electron of the surface, endorsing

the picture of phenalenyl as a S = % molecule.

Two possible applications can be foreseen for this type of molecules. First, as in the case of

10-14 " phenalenyl could

the larger S =1 triangulene*® and other open-shell nanographenes
serve as a building block for covalent nanographene arrays that behave as chains or lattices
of S =% interacting spins®. Both the low spin and the small magnetic anisotropy make these
artificial spin networks suitable to explore quantum magnetism, and perhaps to be used for
engineering electronic phases with topological order that can be used for robust quantum

information processing. Second, S = % objects provide a natural realization of spin qubits.

Progress in these two directions requires the understanding, and eventually the control, of
exchange interactions of phenalenyl, both with the substrate and with other molecules when
integrated within covalent arrays. Here, we undertake the first steps in this direction, both by
exploring the electronic properties of a phenalenyl dimer (hereafter referred to as
diphenalenyl) on a conducting surface as well as by including a decoupling layer between

diphenalenyl and the conducting substrate.
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Figure 1. (a) Tip-induced activation of diphenalenyl on Au(111). STM (top) and nc-AFM (bottom)
images before and after dehydrogenation via voltage pulses (black crosses). The images were taken
with CO tip at closed feedback with -100 mV/50 pA (STM) and opened feedback on Au(111) with -5
mV/100 pA, Az = 1.8 A (AFM). (b) dI/dV spectroscopy taken with CO tip on diphenalenyl (green) and
Au(111) (grey), revealing the SOMOs and SUMOs at -0.6 V and +1.1 V, respectively, as well as the
onsets of the HOMO-1 and LUMO+1 at -1.9 V and +1.9 V. The inset displays the positions, where the
spectra were taken. Feedback loop opened at -2 V/350 pA, Vims = 20 mV. Dashed lines mark energies
of dI/dV maps displayed in (d). (c) MFH Energy diagram of the single-particle states. (d,e) Constant
current dl/dV maps and MFH calculated projected density of states of the corresponding orbitals.
HOMO-1 and LUMO+1 taken at 250 pA and Vims = 30 mV, SOMOs and SUMOs at 200 pA and Vims = 14
mV. Scale bars: 0.5 nm (a, d).

The preparation of diphenalenyl is achieved through a combined solution and on-surface
synthesis approach. In the solution phase, the 2H-diphenalenyl precursor is synthesized in a
sequence of nine steps starting from naphthalene (for details, see the Sl). The use of hydro
precursors has the advantage that activation of the target open-shell compound can be
achieved using atom manipulation with a scanning tunneling microscopy (STM) tip® and does
not necessarily require the catalytic action of metal substrates. We have recently shown that
phenalenyl and triangulene can be achieved through selective activation of the corresponding

hydro precursors using controlled voltage pulses from the STM tip?. Here, we follow a similar



approach to sequentially activate the two hydro-phenalenyl subunits of the precursor. The
substrate was prepared by sublimation of NaCl on a clean Au(111) surface held at room
temperature, which leads to a sub-monolayer coverage of NaCl organized into 1ML and 2ML
islands. The molecular 2H-diphenalenyl precursor was deposited by sublimation onto the
previously prepared sample, kept at a temperature of about 100 K during the deposition and
rapidly transferred into the STM. An overview STM image of the so-obtained sample is
reported in Figure S2, where, the molecular precursors can be found in sub-monolayer
coverage adsorbed both on the Au(111) surface and NaCl islands. Sequential tip-induced
cleaving of the hydrogen atoms from the sp3 carbon atoms?# yields the target diphenalenyl
diradical, as proven by constant-height nc-AFM measurements of the precursor and the
target compound (Figure 1a, bottom) both adsorbed on Au(111). The precursor molecules
adsorbed on 1ML NaCl were similarly manipulated into diphenalenyl diradical as shown in
Figure S2 (b,c). The change in the electronic structure can also be observed in the STM images
(Figure 1a), showing distinct lobes and nodal planes for the activated molecule. Constant-
height dI/dV spectroscopy of the activated molecule adsorbed on Au(111) is shown in Figure
1b, revealing the presence of two distinct resonances at —=0.6 eV and 1.1 eV, and the onset of
two conductance peaks at 1.9 eV. To do a first assignment of the observed conductance
peaks to the respective molecular orbitals, we used a tight-binding (TB) level of theory, taking
into account the electron—electron Coulomb repulsion within the mean-field Hubbard (MFH)
approximation. The calculated energy diagram reported in Figure 1c features two frontier
states, commonly denoted as singly occupied and unoccupied molecular orbitals, SOMOs and
SUMOs, respectively'®. A comparison of the calculated local density of states (LDOS) and the
experimental d//dV maps of the molecule's electronic resonances allows a clear assignment

of the experimentally observed resonances (Figure 1d,e).

In order to probe the magnetic properties of diphenalenyl, d//dV spectroscopy at low bias
voltages was conducted both on Au(111) and monolayer NaCl. As displayed in Figure 2a, the
spectra show steps in the differential conductance at + 41 mV and +48 mV for the molecules
on Au(111) and NaCl, respectively. Ovchinnikov's rule!’ and Lieb's theorem?!® predict the
single spins of the two phenalenyl units to form an S = 0 ground state. For two coupled spins

with S=7% and Heisenberg coupling J$1-S2, the excited state is S=1 with energy E=J.



Therefore, the observed steps in differential conductance can be assigned to spin excitations

from the singlet ground state to the triplet excited state.
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Figure 2. Inelastic spectroscopy of the spin excitations of diphenalenyl on Au(111) and 1ML-
NaCl/Au(111). (a) d//dV spectroscopy (solid lines) and second derivative (circles) of diphenalenyl
adsorbed on Au(111). Tip positions are marked in the image above and the reference spectrum
(bottom) is taken on Au(111). The dotted vertical lines mark the dip/peak positions of the second
derivative at 41 mV. Feedback opened at -100 mV/750 pA; Vims = 2 mV (b) Constant d//dV images
(10 nS, Vims= 3.5 mV) taken at energies above spin excitation. The red arrows in bottom panel
highlight the asymmetry for different bias polarities. (c) d//dV spectroscopy (solid lines) and second
derivative (circles) of diphenalenyl on monolayer NaCl. Tip positions are marked in the image above
and the reference spectrum (bottom) is taken on NaCl. Dotted vertical lines at dip/peak of second
derivative at 48 mV. Feedback opened at -100 mV/250 pA; Vims = 2.8 mV (d) Constant current STM
images (20 pA) of diphenalenyl on NaCl/Au(111) taken at the onset energies of the frontier orbitals,
displaying the asymmetry of the SOMOs and SUMOs. Scale bars: 0.5 nm (b, d).



A specific feature of our system is the marked asymmetry of the height of the conductance
steps in Figure 2a. The di/dV spectra taken between the phenalenyl units (blue lines) show a
higher step at negative bias polarity, compared to the smaller step at positive bias polarity.
This effect can be seen for diphenalenyl on Au(111) as well as on NaCl islands. Figure 2b
displays two iso-d//dV maps'®, using the d//dV signal as feedback, taken at energies just
outside of the spin excitation gap. The asymmetry with bias polarity becomes clearly visible.
Therefore, the asymmetry of the spectra taken in the center of the dimer is an intrinsic
property of the diphenalenyl molecules and independent from the underlying substrate. On
the other hand, for the molecule deposited on Au(111), the inelastic steps are broadened and
show pronounced triangular overshoots. For the spectra taken at the sides of the molecule
these overshoots are significantly larger for positive bias (Figure 2a). This asymmetry is not
present when the molecule is adsorbed on NaCl, and thus is non-generic. As discussed below,

our calculations are able to account for both asymmetries.

Importantly, there are three main differences between the spectra acquired for diphenalenyl
on Au(111) with those taken on NaCl. First, the singlet—triplet excitation energy is significantly
higher on NaCl with 48 meV, compared to 41 meV on Au(111). Second, the peak-like features
at the excitation steps are not present in the spectra taken on NaCl and, third, the width of
the steps is much broader on Au(111) than on NaCl. The latter becomes apparent in the

numerical derivation of the d//dV signal in Figure 2a.

We now resort to theory to rationalize the main properties of the observed inelastic
excitations by addressing i) their different energies and broadening, depending on the
presence, or not, of a NaCl decoupling layer, and ii) the bias asymmetry of the excitation line
shapes. First, we provide evidence that inelastic excitations observed at around 40 meV are
associated with interphenalenyl exchange. For that matter, following our previous
works,#2%21 we build a generalized Hubbard model, that also includes long-range Coulomb
interactions (see Sl for computational methods). Our calculations show that diphenalenyl

remains open-shell, possessing an S = 0 ground state and an S = 1 excited state with energy in



the range of the experimental observations. Thus, diphenalenyl hosts two

antiferromagnetically coupled unpaired spins.
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Figure 3. Calculations for extended Hubbard model of diphenalenyl (see Sl and Ref. 2for details). (a)
Zero mode distribution of diphenalenyl. Due to missing weight at the binding site, the intermolecular
hybridization between the two phenalenyl units is driven by third-neighbor hopping t; instead of ti.
(b) Simplified two-site model of diphenalenyl with effective hopping parameter te+ and effective
Coulomb repulsion Ues. () Molecular orbitals in the single-particle picture. Hybridization of the
SOMOs (blue, red) leads to bonding (HOMO, purple) and anti-bonding (LUMO, green) frontier
orbitals. (d) Singlet—triplet splitting of diphenalenyl as function of Coulomb repulsion for kinetic
exchange only (KE, purple squares) and Coulomb driven exchange (CDE, green circles). Considering
both exchanges (light blue triangles) predicts a splitting close to the experimentally observed

energies (horizontal dashed line) for a wide range of values for the Coulomb repulsion.

There are two mechanisms for intermolecular exchange in this type of system, as discussed
by two of us recently.?’ One is driven by intermolecular hybridization of the zero modes of
the phenalenyls, the other by Coulomb-mediated virtual occupation of higher-energy

extended molecular orbitals. Based on a model with first-neighbor hopping only, one could



expect that intermolecular hybridization vanishes, as the zero-modes have a null weight on
the binding sites (as depicted in Figure 3a). Our DFT calculations show that this description is
not complete and that hybridization does not vanish (see the SI). This automatically suggests
that third-neighbor hopping is non-zero (see figure 3a and also ref.!®). Therefore,
intermolecular hybridization is present, so that the two mechanisms for intermolecular
exchange are active and can be accounted for by means of exact diagonalization of the model
in a restricted set of multi-electronic states (see the Sl). The predictions of this model for the
total exchange, and the relative contribution of the two mechanisms are shown in Figure 3d.
They show that, for a wide range of values of the Coulomb interactions, the predicted singlet—
triplet excitation energy is close to the experimental value. Importantly, the ratio of
intermolecular hybridization and intramolecular addition energies show the dimer has a

strong diradical character.

We now address the substrate-dependent energy and linewidth of the excitations. To do so,
we include in our Hamiltonian the hybridization of the molecular orbitals (MOs) with the
conduction electrons in the substrate. Our ab initio calculations show that this hybridization
strongly depends on both substrate and MO. (see the SI and refs.2%22), The interacting MOs
coupled to the conduction electrons in the substrate constitute a multi-orbital Anderson

model that we solve in the one-crossing approximation?® (OCA).

The key quantity that permits to relate the model calculations to the experimental results are
the spectral functions of the electrons in the molecule which are directly connected to the
di/dV in the tunneling regime?* and include both the many-body interactions and the
influence of the substrate. We compute the spectral functions Axw) projected MOs within
OCA, taking into account the MOs shown in Figure 3c, i.e. the HOMO-1, HOMO, LUMO and
LUMO+1 (see the Sl and ref.?! for details). The results are shown in Figure 4. The coupling to
the substrate has two major effects on the system: on the one hand, it leads to screening of
the Coulomb tensor, generally lowering the Hubbard U, and therefore modifying the bare
excitation energies. On the other hand, the coupling to the substrate gives rise to finite
linewidths of the spectral features and relatedly to Kondo exchange which renormalizes the
excitation energies?%?. In our calculations, the screening of the Coulomb tensor is taken into

account by a screening parameter in our model Hamiltonian (see the Sl and ref.2%). Finite



linewidths and Kondo exchange on the other hand are a consequence of solving the Anderson
model (by OCA) which includes the single-particle broadening of the MOs due to coupling to
the substrate obtained from realistic DFT calculations of the molecule on both surfaces (see

the Sl and refs.2122),

Our DFT calculations (see the SlI) show that in the presence of the NaCl monolayer, the
coupling of the molecule to the substrate is very weak. Therefore, renormalization of the
excitation energy by Kondo exchange coupling is negligible, and we can account for the
experimentally observed excitation energy of ~ 48 meV in our model, if we take U ~ 5.4 eV
(c.f. Figure 3d). In contrast, for the Au(111) surface, DFT calculations show that hybridization
with the molecule is appreciable, and thus leads to a substantial renormalization (see Figure
4f and the SI). At the same time, we expect the Coulomb interaction in the molecule to be
smaller for Au(111) than for the NaCl monolayer due to screening by the conduction
electrons. We find good agreement with the experimental value for Au(111) of ~ 41 meV for
a Coulomb interaction tensor corresponding to a Hubbard-U of 2.5eV. Therefore, we
conclude that the observed energy difference is due to a combination of enhanced substrate-
induced renormalization and screening of the interactions when the molecules are deposited
on Au(111). As expected from previous work??, the linewidth of the calculated spin-excitation
stepsis larger for the molecule on Au(111), in agreement with the experiments. It isimportant
to note, however, that the linewidth is somewhat smaller than the experimental value, which

probably reflects the limitations of the OCA method.

Finally, we address the origin of the bias asymmetries, both, the generic one seen for both
substrates for spectra taken at the central part of the molecule (blue lines in Figure 2a,c), as
well as the bias asymmetry observed in the spectra taken at the outer parts of the molecule
deposited on Au(111). First, we note that the contribution of the HOMO and the LUMO to the
step heights (Figure 4a,d) already results in pronounced and opposite asymmetries for both
substrates: the HOMO has a significantly larger step for negative bias than for positive bias,
while for the LUMO it is exactly the opposite. This asymmetry is ultimately caused by
proximity and height of the ion resonance closest to the step, that is, with the same bias
polarity. Additionally, in the case of Au(111) the steps show the characteristic triangular

overshoots induced by Kondo exchange with the conduction electrons?%242°, The overshoot



is especially pronounced for the positive-bias step in the LUMO spectral function. The reason
is the enhancement of the product of the conduction electron density of states N(Ef) and
Kondo exchange Jk, given by lNuwmo/Ea, due to the proximity of the positive ion resonance and

thus low electron-addition energy Ea.

The bias and position dependence of the d//dV are related to the LDOS that in our many-body

picture relates to orbital-resolved spectral function A«(w) as:

p(Fiw) = Y |9k (7) 2 Ar(w)
k

where the index k labels the MO, and |1« (7)|? are the square of the MO wave functions.

Figures 4c and 4f show the LDOS computed at three different points over the molecule as
indicated by the colors corresponding to the circles of the same color in Figure 4b and 4e,
respectively. These show the same bias asymmetries observed in the experiment. First, over
the center of the molecule (blue line) the LDOS shows the generic asymmetry common to
both substrates where the negative bias step is significantly larger than the positive bias step.
The reason is the vanishing of the LUMO wave function at the center of the molecule (c.f.
Figure 3c). Therefore, the LDOS is dominated by the HOMO spectral function (purple lines in
Figure 4a,d). In contrast, both HOMO and LUMO contribute to the LDOS at the outer parts of
the molecule (red and black lines in Figure 4c,f). In the case of the NaCl monolayer, this leads
to almost symmetric steps, in agreement with experiment (c.f. Figure 2c). On the other hand,
for the gold substrate the dominant height of the positive bias step in the HOMO also leads
to a predominance of the positive bias step in the LDOS over the side units with the

characteristic Kondo exchange induced overshoot, again in agreement with experiment.
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Figure 4. (a,d) Spectral function of HOMO (purple) and LUMO (green) for Diphenalenyl on ML-
NaCl/Au(111) and Au(111), showing significant spectral weight at both bias polarities. The inset in (a)
displays a zoom of the inelastic step features. (b,e) Constant height local density of states (LDOS)
maps at energies of the highest Hubbard peaks of the HOMO and LUMO spectral functions. (c,f)
Calculated d//dV spectra for different positions, marked by circles in (b,e). Vertical dotted lines mark
the singlet—triplet excitation energies. (g) Measured d//dV spectroscopy taken with CO tip on
diphenalenyl on Au(111). The vertical dotted lines indicate the positions of the resonances
corresponding to the HOMO (purple) and LUMO (green), for both polarities. Position of spectra are
marked by circles in (h). Feedback loop opened at -1 V/350 pA, Vims = 14 mV. (h) Measured d//dV
maps at negative bias voltages, matching the LDOS of the LUMO (top) and HOMO (bottom). Maps
taken at 200 pA and Vims = 14 mV.

Figure 4b,e shows LDOS maps, p(7;w), computed at the energies w of the highest Hubbard
peak in the HOMO and the LUMO spectral functions for both substrates. These correspond to
constant height maps of the d//dV at fixed voltage. Clearly, comparison with Figure 3c shows
that the LDOS maps at negative energies resemble the density map of the HOMO while those
at positive energies resemble the density map of the LUMO. Naturally, the correspondence is

not 100% since also the other orbital(s) contribute with some weight.
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Further validation of our model, and additional evidence for intermolecular hybridization,
comes from the prediction for the molecule on Au(111) of a splitting of the negative ion
resonance, that arises from the HOMO-LUMO hybridization splitting, of about 100 meV. In
the many-body picture, both MO contribute to the negative ion resonance, at slightly
different energies (Figure 4a,b). This prediction is confirmed by STS with a CO-functionalized
tip, which, depending on the position of the STM tip over the molecule (shown in the inset),
exhibits peaks at different voltages. For the position over one of the lobes at the center of the
dimer (blue), where only the HOMO contributes (see Figure 4h, bottom), there is a
pronounced peak at around —0.6 V, while at the position away from the center (red), where
the LUMO contribution is the strongest (see Figure 4h top), a broader peak around -0.7 V is
found. Constant current d//dV maps taken at these voltages (Figure 4h, top) further confirm

the assignment of these peaks to HOMO and LUMO.

In summary, thorough spectroscopy studies combined with theory portray diphenalenyl as an
open-shell molecule, where strong interphenalenyl antiferromagnetic exchange leads to an
S =0ground state and an S = 1 excited state. Additionally, we have provided strong evidence
for the existence of intermolecular hybridization. The peculiar nature of the zero-modes in
this class of system makes it possible to unveil the role of third-neighbor hopping, dominant
for these states, and very frequently ignored in the modeling of graphene. By comparing the
spectra for the same molecule on two different surfaces, we also show the relevant role of
coupling to the substrate, that changes not only the lifetimes, but also the energies of the
inelastic excitations. These findings need to be taken into account for the design of platforms
that exploit phenalenyl and other planar nanographene radicals as molecular building blocks
for quantum technologies such as quantum computing, quantum simulation or quantum

sensing.
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