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Abstract: Metalated phthalocyanines (Pc's) are robust and versatile molecular complexes,
whose properties can be tuned by changing their functional groups and central metal atom.
The electrinic stgcture of magnesium Pc (MgPc) - structurally and electronically similar to

chloropAyl™= rbed on the Ag(100) surface is investigated by low-temperature scanning
tunneling py (STM) and spectroscopy (STS), non-contact atomic force microscopy
(ncAFM) ity functional theory (DFT). Single, isolated MgPc’s exhibit a flat, four-

fold roﬁtianetric morphology, with doubly degenerate, partially populated (due to
surface-togmolecule electron transfer) lowest unoccupied molecular orbitals (LUMOs). In
contrast, l\&vith neighbouring molecules in proximity undergo a lift of LUMOs
degeneracyf; withfa near-Fermi local density of states with reduced two-fold rotational
symmetryadicgdfive of a long-range attractive intermolecular interaction. The latter is
assigned t ce-mediated two-step electronic hybridization process. First, LUMOs
interact with Ag(#00) conduction electrons, forming hybrid molecule-surface orbitals with
enhanced spatial extension. Then, these delocalized molecule-surface states further hybridize
with thoseE\bouring molecules. This work highlights how the electronic structure of
molecular tes — including orbital degeneracies and symmetries — can be significantly
altered ViC—mediated intermolecular hybridization, over extended distances (beyond 3
nm), havinlg important implications for prospects of molecule-based solid-state technologies.

(O

1. Introducti

Tetrap ules — in particular phthalocyanines (Pc’s) and porphyrins — with single
coordinated metal atoms at their core allow for a vast range of applications in, e.g.,
catalysis[ [ 2], photovoltaic devices[3-5], light-emitting devices[6-8], molecular magnets[9-
11], molecular rofors[12], nanoelectronics[ 13], gas sensing[ 14], molecular switches[15].
These fun @ jes are dictated by the electronic structure at the single molecule level[16-
18]. SysteMgofdofactical interest are generally composed of many molecules, and their
ieacharacter can be affected by intermolecular interactions (e.g., covalent,
non-coval@nt, electrostatic, magnetic). Moreover, solid-state technologies based on such

e interfacing with a solid surface, which can further perturb their electronic
properﬂHrefore of fundamental and technological importance to develop an in-depth
understandi he electronic structure of such metal-organic systems, in particular of their
interactions wit underlying solid as well as with other adsorbates.

of neutral, non-interacting metal-porphyrins and metal-Pc’s (M-Pc’s) is

, with four-fold rotational symmetry, and mirror symmetry planes along the
isoindole-iso1 molecular axes and perpendicular to the molecular plane[17, 18]. Their
electronic structure is characterised by two degenerate lowest unoccupied molecular orbitals
(LUMOs) with strong (if not dominant) contributions from the organic Pc ligand[19]. When
adsorbed on a solid surface, in some instances, these structural and electronic molecular

symmetries can be maintained[10, 20-22]. In other cases, these can be broken via anisotropic
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electronic interactions with the underlying substrate[23-26] or with other adsorbates[27, 28].
Such a break of symmetry can be accompanied by a lift of the LUMOs degeneracy[26-28].
Upon adsqrption,the doubly degenerate LUMOSs can become partially occupied due to
surface%e electron transfer which can lift the degeneracy via Jahn-Teller (JT)

distortion ing the extra negative charge and reducing the rotational symmetry from
four-to t 7,29, 30].

Scanniig Wg microscopy (STM) and differential conductance (dZ/dV) scanning
tunnellinggspectroscopy (STS [31]) allow for addressing and correlating changes in
morpholog*lectronic structure of adsorbed molecules with intramolecular real-space
resolutionfowder, phenomena such as surface-to-molecule charge transfer, Kondo
effect[10, 3], lifts of orbital degeneracies due to JT distortion, and molecular
vibrationa often give rise to dZ/dV STS signatures at or near the Fermi level (within
an energy @igidow typically on the order of tens of meV[28, 34-36]). This can make it
challenging to disentangle and fully understand these different physical phenomena.

Because (')E@tential magnetic functionality, adsorbed M-Pc’s with d-block transition
metal ato ir core (e.g., NiPc, FePc, CuPc, ZnPc, CoPc) have been studied extensively
by STM aC STS, in particular on noble metal (100) surfaces, where they preserve their
structural 8nd electronic, four-fold rotational symmetry[10, 23, 37]. Adsorbed M-Pc’s with a
simpler electronic structure (e.g., with s-block transition metal atoms at their core, lacking d-

electrons)€a e it easier to disentangle these contributions but remain underexplored. For
instance, a STM/STS characterisation of the atomic-scale morphology and electronic
structu lock magnesium Pc (MgPc[19]) — similar to chlorophyll[38] and with
potential ight-harvesting and light-emitting technologies[5, 39, 40] — adsorbed on a noble
metal (1 ce has not been performed to our knowledge.

Here we show by means of low-temperature STM, d//dV STS, non-contact atomic force
microscopy (ncAFM) and density functional theory (DFT), that single MgPc molecules on
Ag(100) hold rotationally symmetric with doubly degenerate and partially populated
LUMOs, si 0 other M-Pc’s[10, 23, 28, 32-34]. However, when another MgPc is in
proximity rmolecular distances up to ~3 nm), the LUMOs degeneracy can be lifted
and the near-Fermi LDOS can exhibit a reduced two-fold rotational symmetry. We explain
our obsery@ations by a two-step electronic hybridization process resulting in an effective long-
range lecule-molecule interaction, where: (i) the degenerate LUMOs of an MgPc
molecu ith Ag(100) conduction electron states, forming hybrid molecule-surface

orbitals wﬁced spatial extension; (ii) these delocalized hybrid molecule-surface

orbitals associate with a pair of nearest-neighbouring molecules can hybridize in turn. This
work repo
range sub

st experimental evidence and detailed theoretical understanding of long-
ediated molecule-molecule electronic hybridisation, resulting in an

tive intermolecular interaction which survives beyond distances of ~3 nm.
Such interacti uld have important implications in the design of prospective molecule-
based solid-state technologies.
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2. Results
2.1 Structural Characterization of MgPc on Ag(100): STM, ncAFM and DFT

We depositeddMeoPc molecules onto a clean Ag(100) surface via thermal evaporation (see
Methods) @ sequently characterised the MgPc/Ag(100) system via low-temperature

€ 1a shows an STM topographic image of molecules appearing as cross-
like fedfrES™@ @Facteristic of the phthalocyanine (Pc) ligand[41-43]. The molecules adsorb
with their We-isoindole axes (green and magenta dashed lines in Figure 1a) following a

+29 +1° w respect to the [011] crystalline directions of Ag(100), consistent with
dies

previous , 23]. We identified two types of MgPc’s on the Ag(100) surface. The first
type labelle gle” has the four-fold rotational symmetry and mirror symmetry planes
along the {801 -isoindole axes inherited from the gas phase, as shown in the apparent
height pro (@0lid magenta and green curves) in Figure 1a. The second type consists of

MgPc’s -bias STM topography, in contrast with the “single” molecules, reveals a
reduced two-folsotational symmetry, with two mirror-symmetric isoindole groups having
an apparent height larger than those along the other orthogonal isoindole-isoindole axis (see
height proffile differences in Figures 1b, c). Notably, we observed this reduction of symmetry

for MgPc’ e in proximity of another MgPc molecule, with their lowest-apparent-
height isoi iBoindole axis collinear to the axis defined by the two Mg-Mg centers. We
named su f nearest-neighbour MgPc’s with collinear isoindole-isoindole axis “++”
dimers (orange Trame in Figure 1a).

To qua ¢ break of molecular symmetry observed in STM topography, we defined a
topographi etry parameter, sty = KZ;:Z;;Z Z‘m ,where z; (j = 1,..., 4) is the
maxim parent height of each of the four isoindole units of a molecule (such that

zy > 73 > 7, > 7,). Figure 1d shows agpy for a single isolated MgPc (blue) and for MgPc
of a “++” Smer :Mg-Mg distance d... = 2.1 nm; orange) as a function of applied bias voltage
V. For the single MgPc, agty is close to zero and independent of V4, The “++” dimer is
qualitativent, with agtym peaking at V', = 0.02 V and attenuating symmetrically [see
Figure S3 porting Information (SI)].

In order t:determine whether this reduction of STM rotational symmetry is due to a change
in intra’ orphology, we performed frequency-shift (Af) ncAFM measurements

with a cHoxide (CO)-functionalized tip (Methods), on a single MgPc (Figure 2a)
and a “++inda Figure 2b). This technique enables real-space intramolecular structural
characterisation sth chemical bond resolution[44, 45]. Both the single molecule and “++”
dimer cases show_very similar four-fold rotationally symmetric morphologies, with the four
1soindole units identical to their Lewis structure. The Mg centers of both

show a “hash”-shaped appearance, where the four nitrogen (N) atoms of the
pyrrole rings seCM interconnected. The latter could be explained by the flexibility and dipole
moment of the CO tip, known to introduce artefacts[46, 47]. Similar imaging was reported
for FePc[48], attributed to a lowered density of electrons at the metal centre. Importantly,
constant-height Af profiles along the isoindole-isoindole axes (solid green and magenta
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curves in Figures 2a, b) corroborate that the intramolecular morphology of MgPc remains the
same (within our experimental resolution) for both single and “++” dimer configurations.
We perfoged DET calculations to determine the theoretical lowest-energy (relaxed)

morpho single isolated MgPc and of the “++” dimer on the Ag(100) surface
(Figures 2 Methods for computational details). These calculations show that, in both
cases, the lar conformation is quasi-identical, with the central Mg atom sitting on

top of @Mollow site, and with molecular height differences of, at most, ~3 pm
(smaller than our experimental error). This agrees with our STM and ncAFM data (Figures
2a, b; SI &1, S2), and with previously reported studies of other M-Pc’s on (100) noble
metal surfg€es[ T 23, 37]. Combined with the bias voltage dependence of agty (Figure 1d),
we conclu e observed break of STM topography symmetry is not due to a different
adsorptiongitegaf the molecule, nor to an intramolecular structural deformation; it is
exclusivemult of changes in the molecular near-Fermi electronic structure induced by
interactions with a neighbouring molecule.

2.2 Electronic ESucture of MgPc on Ag(100): d7/dV STS and DFT

To elucida ectronic structure of both single MgPc and MgPc in “++” dimers, we
performedidifferential conductance (dZ/dV) STS measurements (Methods). Figure 3 contains
dZ/dV poi taken at the periphery of the Pc ligand (blue) and on the Mg center (red),
for both si Pc (triangles) and “++” dimer (squares). In both single MgPc and dimer
cases, we prominent features at V, =-1.45 and 2.8 V. Given that these bias voltages
are far which agry 1s maximum (Figure 1d), we conclude that the electronic
states asSO@mated with these features play no role in the break of molecular topographic
symmetry d in Figure 1 (see SI Section S5 and Supplementary Figure S7 for details
on the maidistribution of these far-from-Fermi resonances).

At small absolute values of bias voltage, d//dV spectra for both the single MgPc and “++”
dimer sho Mg center, step-like features (red arrows in Figure 3) symmetric in energy
) e Fermi level (V, = 0), and a sharp resonance at ~ -0.1 V on the Pc ligand. In

e focus on these near-Fermi spectroscopic features. Note that we did not
ondo-effect-related zero bias peak or dip. We fit (Figure 4a) the central Mg-
relatecjﬂh a sum of an attenuated reference spectrum taken on bare Ag(100) (to
accou i tures), and three pairs of Fermi-Dirac distributions symmetric with respect
to ZWets at =£0.005 + 0.001, £0.089 + 0.001 and £0.2 = 0.001 V (see SI section
S6 for details on fitting). Given their step-like near-Fermi character and their symmetry with
respect to the Fefimi level, we attribute these features to inelastic contributions to the
differenti ctance given by molecular vibrational modes associated with the Mg-N

bonds and s g of the isoindole units. This is consistent with previous studies of MgPc
’s[34, 49, 50]. The d//dV maps at V}, =+0.2 V in Figures 4b-e, associated with
the spatial ibutions of these vibrational step-like features, are qualitatively identical for
both single (Figures 4b, c¢) and dimer (Figures 4d, e), with symmetries that do not correspond
to the topographic changes observed in Figure 1. Therefore, we conclude that the break of
symmetry observed in Figure 1 is not related to these vibrational d//dV features. We ascribe
the variations in d//dV signal around the molecular periphery observed in these d//d} maps at
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Vy=+0.2 V (Figures 4b-e) to tip asymmetries which could be exacerbated by the multipass
measurement technique (SI section S7).

The bluHF igure Sa corresponds to the d//dV spectrum at the peripheral Pc ligand of
a single M gR eraged over areas indicated by dashed blue circles in Figure 5b). Similar to
the Mg ce @ fit this dZ/dV spectrum with a pair of energy-symmetric Fermi-Dirac
distributions (onsets at £0.202 = 0.001 V; related to the most prevalent vibrational mode) and
a Gausfia men‘[ered at —0.097 £ 0.001 V). The d//dV map associated with this Gaussian
peak (Fighith predominant intensity at the peripheral Pc, shows regions with
vanishing jgten8igy along the axes defined by two opposite isoindole groups (grey arrows).
This expefmentall map is similar to the simulated d//dV map derived from DFT calculations

(Methodsmnergy related to the doubly degenerate (populated) MgPc/Ag(100) LUMOs

(Figure 5 erg each LUMO extends along two opposite isoindole groups, with two nodal
planes (grey arr®ws) orthogonal to the molecular plane and to each other, along the isoindole-
isoindole (see SI Figure S18). Therefore, we attribute the Gaussian peak at ~ -97
mV in Fi the doubly degenerate gas-phase LUMOs. The nodal planes indicated by
grey arrowﬁt the symmetries of the corresponding molecular orbitals: the d//dV map in
Figure 5b@ssociated with these LUMOs, with its two nodal planes, is four-fold rotationally
symmetric:

The Gaus associated with the LUMOs crosses the Fermi level, indicative of partial
filling of the LUMOs due to Ag(100)-to-MgPc electron transfer. Bader charge analysis[51]
calculations estimates that ~1.3 electrons are transferred to MgPc upon
adsorption, in ement with previous work[10]. The symmetry of this d//dV map in Figure
5b indi e transferred negative charge populates each of the two LUMOs with
equal probability, and that adsorption on Ag(100) does not lift the LUMOs degeneracy.

In the “++mconﬁguration, the Pc ligand dZ/dV spectra (orange and green curves in

Figure 5a) aggesimilar to that for single MgPc. However, they present subtle differences
dependinxact acquisition location (orange and green dashed circles in Figures 5d,
e). Whilst ¥ fte able to fit well the orange spectrum in Figure 5a with a pair of Fermi-

Dirac distig (onsets at £0.198 £ 0.001 V; vibrational mode) and a Gaussian peak (-
0.098 £ 0.801 V). the green spectrum required the addition of an extra Gaussian peak at 0.157
+0.002 V' see S?‘Section S6). Figures 5d, e show d//dV maps associated with these Gaussian

peaks, at'-#. d 0.15 V, respectively. The map at 0.15 V was subtracted by the d//dV map
at 0.08 V El/dm(ms v;008v) = (dI/dV)g 15y — (dI/dV)g 0gv), in order to
attenuate i i contributions from molecular vibrational modes (which dominate the

spectra near Feuagi; Figures 4c, e) and enhance peripheral Pc ligand features related to the
Gaussig 4@ The dZ/dV map at -0.08 V in Figure 5d exhibits only one nodal plane parallel
to the Mg-M@8diwer axis. The d//dV map at +0.15 V in Figure 5e shows only one nodal plane
perpendicular to this Mg-Mg axis. Based on these nodal planes, each of these two d//dV maps
is qualitatively identical to its rotation by 180° with respect to an axis going through the Mg
center perpendicular to the surface. That is, the d//dV maps of MgPc in the “++” dimer at -
0.08 and +0.15 V have each two-fold rotational symmetry. The d//d}V map at -0.08 V of a
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molecular in the “++” dimer, rotated by 90°, is qualitatively identical to that at 0.15 V for the
same molecule. This is in stark contrast to a single MgPc (Figure 5b), with its two nodal
planes (four-fold symmetry). We attribute the two Gaussian peaks in the green d//dV

spectru ¢ 5a, and their associated reduced spatial symmetry (from four-fold
rotational old rotational, i.e., from two nodal planes to only one; Figures 5d, e), to the
two LUM&ir degeneracy lifted by interactions with the neighbouring molecule in
the “++; Wne LUMO is occupied (-0.08 V); the other one is empty (0.15 V). This
reduction @f orbital rotational symmetry (i.e., reduction of nodal plane number) and lift of
LUMOs d%y is the cause of the break of symmetry observed in the STM topography
in Figure h consistent with DFT-simulated d//dV maps of the “++ dimer (Figures 5h,
1), which ar-Fermi occupied and empty electronic states, associated with the
LUMOs, ¢ ith one nodal plane perpendicular to that of the other (that is, each LUMO
with a twwationally symmetric spatial distribution orthogonal to that of each other).
To address the influence of the noble metal substrate, we used DFT to calculate differential
conductance mapg of a neutral MgPc “++” dimer in the gas phase, at energies related to the

(here uno e LUMOs (see SI Figure S20). We observed a similar lift of degeneracy and
reduction E nal symmetry of the LUMOs, but only for small (d;.. < 2 nm) Mg-Mg
intermoledular distances. We therefore infer that the extended spatial range of the
intermolecular interaction on Ag(100) is surface mediated.

Similar phgn a have been observed previously for other M-Pc’s with partially filled
LUMOs (1%, tively charged) on metals and atomically thin insulators, where degeneracy
lifting emal symmetry reduction were induced by Jahn-Teller distortions mediated
by inhomo s or anisotropic interactions with the substrate [26, 43] or neighbouring
adatoms e latter case, the molecule-adatom interaction was repulsive, resulting in
the lo LUMO nodal plane being perpendicular to the axis defined by the M-Pc

center and the adatom. In our “++” dimer case, we observe the opposite: the lowest-energy
LUMO nadal plane is parallel to the Mg-Mg dimer axis (Figure 5d), whereas the nodal plane
of the high energy LUMO (Figure 5e) is perpendicular to this axis. This indicates that the
interactio % the MgPc molecules in the “++” dimer is effectively attractive (see SI
Figure S1 Qupdespite their identical (negative) charge. The d//dV map at 0.15 V for a single
isolated M ggure 5c) hints towards the presence of two orthogonal nodal planes (grey
arrows). THis is qualitatively similar to the d//d} map at -0.08 V related to the degenerate
LUM ). Note that the non-optimal d//dV signal contrast in Figure 5c could be
explainwubtraction by the 0.08 V dZ/dV map (performed to attenuate contributions

from molgraﬁonal modes, as above).

We under e comparable nodal plane assignment and symmetries between the -0.08
and 0.15 as a consequence of the partial filling of the doubly degenerate LUMOs,
and of ard energy U necessary to overcome the Coulomb repulsion when injecting a

tunneling elec into these[34] (i.e., for V', > 0). The 0.15 V map can be interpreted as a
residue (tail) of a possible LUMO+U spectroscopic feature at higher energy (see SI Section
S9).
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Figures 6a-c show d//dV maps at V', =-0.08 V (associated with the below-Fermi partially
populated LUMO) for MgPc “++” dimers with different Mg-Mg intermolecular distances d..
.. For a small d...(Figures 5d, 6a), the below-Fermi partially populated LUMO associated
with th%bits one nodal plane parallel to the Mg-Mg axis; this orbital is two-fold

rotationalm. As d. increases (Figures 6b, c), we observe the gradual appearance

of'a secon e, perpendicular to the former; the orbital regains four-fold rotational
syrnmeﬁyMeneracy, as for a single isolated MgPc.

To quantiuriation of LUMOs symmetry for MgPc in a “++” dimer, we defined from

our d//dV usapshag V', = -0.08 V (e.g., Figures 5b, d) an experimental spectroscopic asymmetry
parameter

adr/dav m
— ff|R90° ( /dV)bin(x, Y, Vb = —0.08 V)] - (dl/dv)bln(xr Y, Vb = —0.08 V)l dx dy
JI 1R g0° dV)pin(x, y, Vp = —0.08 V)] + (dI/dV)pin(x, ¥, V, = —0.08 V)| dx dy

where (dI/ o (x,y,V, = —0.08V) is the binarized dI/dV map as a function of tip
position (§ v), and Rqo-[(dI/dV)pin(x, v,V = —0.08 V)] its 90° clockwise rotation around
an axis pe lar to the surface going through the Mg center (see SI section S11 for
details). Fj shows the calculated aq;/qy for MgPc in “++” dimers with different values
of d.., yiml sav = 1 for the dimer with the smallest d... considered (~2 nm, i.e., most
marke tational symmetry, top panel, Figure 6a), decaying monotonically until
Adrjav = _c > 3 nm (i.e., four-fold rotational symmetry and degeneracy are

recover: t single isolated MgPc).

Similarly, we calculated theoretical asymmetry parameters ag;%) (de_) and ag;l;)(dc_c) (red
triangles ﬁd blue pentagons in Figure 6g) from DFT-simulated differential conductance

maps for ¢ 1mers on Ag(100) and in the gas phase (GP), respectively, at a similar bias
voltage rej@ opthe low energy LUMO (see Figures 6d-f, consistent with experimental data
in Figures 8 and ST Figure S20). The dependence of ag;/qv, ag;gr) and a]()(;? on d._. can
be fit wmng exponential function o e ~%-c/% (dashed curves in Figure 6g), with
Adrjav nm and A](ﬁ:gT) = 0.6 £ 0.1 nm, showing good agreement between

experin’#eory. For the gas phase “++” dimer, A](JGFI? = 0.09 £ 0.02 nm. That is, the
range of tmvely attractive intermolecular interaction is significantly larger (> 5 times)

on the no surface than in the gas phase. Whilst ag;/qv, ag;%) > 0 ford._. > 3 nm,

(GP) = 0 fi

AppT ¥. = 2 nm (see details in SI Figure S20).

We considered several phenomena to explain the effective intermolecular attractive
interaction that reduces the LUMO rotational symmetry observed both experimentally and in
our DFT calculations. We exclude dipole-dipole or substrate-mediated (Friedel oscillations,
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spin-spin) interactions as lacking consistency with our observations (see SI section S12 for
details). Our DFT calculations of single MgPc on Ag(100) show significant spectral energy
broadening and spatial delocalization of the LUMOs (when compared to those of the gas
phase),Hridization with the substrate conduction electron states (SI Figure S18).

In order tphysical interpretation for the effective attractive interaction between

MgPc’s in'a dimer, we considered a simple model where we assume that: (i) the MgPc
negativ% c@sulting from the LUMOs partial filling via surface-to-molecule electron
transfer) 1 d by the Ag(100) conduction electrons which give rise to an image charge

mitigating@i?cular Coulomb repulsion (similar to the case of other molecules with

charge of Same sign adsorbed on metal surfaces [52]); and (ii) two spatially delocalized

electrons, @n associated with a different MgPc in a “++” dimer] can in turn hybridize,
splitting th&*thit#dlly two-fold degenerate LUMOs into non-degenerate ones. In this model,

for a “++ ith a specific d._., we considered four (two per MgPc) degenerate
delocalize /Ag(100)-conduction-electron orbitals, that we first assumed non-

interactinﬁure 7¢). We considered an effective one-electron Hamiltonian including

orbitals [eac ulting from the interaction between a LUMO and Ag(100) conduction
‘ ia?l

two attracfive central potentials (< —1/7) centered at each of the two Mg atoms of the “++”

dimer. Th ve Hamiltonian accounts for the attractive Coulomb interaction between

negative of one MgPc with positive nuclei of the other MgPc within a “++” dimer
(see SI sedi ). We then constructed new hybrid orbitals for the interacting “++” dimer
via lin ination of the four, initially degenerate molecular orbitals (LCMO).

We used the west energy LCMO-generated hybrid orbitals (labelled |¢;) and |¢,)) to
simula ponding differential conductance maps (Figures 7a, b; see Methods and SI

Figure S20). Up to d._. = 3 nm, these maps exhibit a nodal plane parallel to the Mg-Mg
dimer axisgfor |¢;) (perpendicular to this axis for |¢@,)), indicative of two-fold rotational
symmetry _c > ~3 nm, these LCMO-generated orbitals show two nodal planes and a

regained fopfald rotational symmetry (see SI Figure S20). This is consistent with our
experime @ DFT-calculated (Figures 5 and 6) dI/dV maps.

Thesmved differential conductance maps allowed us to calculate a spectroscopic

(Ag)

asym ter a; -mo as a function of d._ (red hashes, Figure 6g). Exponential

fitting %C_C) yielded ASE%,)[O = 0.5 £ 0.2 nm, in close agreement with the
experime Ly (d._.) and DFT-derived a]g;‘? (dc—c) (see Agp/qy and Ag}gT) above). Using
DFT-calc MOs of gas phase MgPc as inputs to our LCMO model, we also

performed th e procedure to calculate aﬁ‘él;,?o (d._c) (blue hashes in Figure 6g) that

closel S a]gGFl?.

The quantitative agreement — for both d//dV maps (Figures 7a, b) and d...-dependence of the
spectroscopic asymmetry parameter a (Figure 6g) — between experiments, DFT and LCMO
model validates the latter. This provides compelling evidence that the physical mechanism
behind the observed LUMOSs’ symmetry reduction and lift of degeneracy consists of an
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intermolecular hybridization-like process, with an increased spatial range (in comparison to
the gas phase) given by the molecule-surface interaction and resulting LUMOs’

delocaliza'o#

The intermg ar hybridization should lower the energy of the molecular electronic system
and furthn addition to screening by the metal substrate) the negative charge
partially occupying the LUMOs. That is, the eigenenergy of the lowest-energy hybrid
bondin@o@l) should be smaller than that of the degenerate LUMOs of non-interacting
molecules, er, experimentally we observe no appreciable difference between the

energy of tige sifigle isolated MgPc LUMOs and that of the “++” dimer |¢,) (see Figure 5a).
We attribug this4o pinning of the LUMO just below the Fermi level given by the dipole

formed at mface between molecule and Ag(100) surface[53].

Substrate-me@diaf€d intermolecular hybridization has been reported previously for a binary
closed-pa olayer of ZnPc’s on Ag(111)[54] where Zn-Zn distances are less than 2
nm, and hybrid ZBPc/Ag(111) orbitals were observed. In our case, substrate-mediated
intermolecular hybridization clearly persists beyond Mg-Mg distances of ~3 nm, as shown by
@qr/qv (Figure 6g). Other STM and d//dV STS studies on 3d TM-Pc’s on Ag(100) have not
reported a tion of spatial symmetry of frontier orbitals due to intermolecular
interactio he near-Fermi electronic structure of these systems is often dominated by
features rdfat the (fully or partially occupied) transition metal d-orbitals[55] (e.g., zero-
bias Kondo effect resonance), which can potentially hide or hinder the effect that we

observ We claim that the MgPc/Ag(100) system, with its simpler electronic structure
(only s and cular electrons; no near-Fermi d//dV substrate features, e.g., Shockley
surfac especially with its degenerate, partially populated LUMOs localized at the

Pc periphery, allows us to isolate the long-range substrate-mediated intermolecular
interactiogy(and resulting LUMOs lift of degeneracy and symmetry reduction) from other
effects. N di/dv represents a highly sensitive real-space observable that (compared to,

e.g., anen endent LDOS measurement) lets us quantify the spatial dependence of this
phenome

4. Concl

We have judied ime near-Fermi electronic structure of MgPc molecules on Ag(100). Our
STM, and ncAFM measurements, supported by DFT calculations, show that the
LUMOs o isolated molecules are partially populated and doubly degenerate, resulting
ina four—fmionally symmetric near-Fermi occupied LDOS. An effective attractive
intermolecular dageraction between adsorbed MgPc’s separated by up to ~3 nm can lift the
LUMOs “5 eracy and break the rotational spatial symmetry of the near-Fermi molecular
states. We in this interaction within a first-order simplified model (LCMO) that
accounts for an effective long-range hybridization between partially populated LUMOs,
delocalized due to the adsorption on the noble metal surface. Our study highlights how
interactions between molecules on metal surfaces can extend over several nm’s due to
delocalization of molecular electronic states, significantly altering energy degeneracies and
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spatial symmetries of the latter. This can have severe effects on (and provide opportunities
for control of) electronic properties of molecule-metal interfaces in solid-state systems where
functionality depgnds on such symmetries, such as dipole matrix elements in optoelectronics
or non-HGreen’s functions in molecular electronics[56].

S. Experi Theoretical Methods
Sample preparation:

MgPc rﬁomigma Aldrich) were deposited in ultrahigh vacuum (UHV) from the gas-
phase (su igi temperature: 340°C) onto a clean Ag(100) surface (Mateck GmbH)
maintainedgat r temperature. The Ag(100) was prepared by repeated cycles of Ar"
sputteringfand an#lealing (450°C). Molecules were deposited at sub-monolayer coverages

(~10% oflwayer). The base pressure was below 3 x 10” mbar during depositions.

STM & d S measurements:

All STM STS measurements were performed at 4.6 K in UHV (< 1 x 107 mbar)
with an A%-terms ated Pt/Ir tip. Topographic STM images were acquired in constant-current
mode. Difterential conductance d//dV spectra (Figures 3, 4a, 5a) were obtained by averaging
multiple /@F) curves (at least 10) and numerical derivation. All d//dV maps in main text and
SI (excep igure S7b; see corresponding figure caption) were acquired using a multi-pass
(MP) apprg e SI Section S7). This technique consists of: (i) acquiring a constant-
current Sraphic profile along a scanning line (we used a setpoint V,=-2.5V, [;=
100 pA, at a scafining speed of 3 nm s™), and (ii) recording d//dV with a lock-in amplifier
(bias v modulation amplitude: 20 mV; frequency: 665 Hz) while scanning (speed: 1.5
nm s the sa ne and following the same constant-current STM topographic profile as in
(1), wit roached of an additional 150 pm towards the sample; (iii) finally,
repeating this procedure sequentially for each scanned line of the map. This approach has the
benefit of minimizing variations of d7/dV due to variations in STM apparent topography.

co functih’on:

All of our pg 4 imaging data (and STM in SI Figure S1) were acquired with a tip (Pt/Ir)
functiona @ a carbon monoxide (CO) molecule at its apex. Such tip functionalization
was achieved™®y dosing CO gas into the UHV chamber (5 x 10 mbar for ~10 s) with the
Ag(loomeld at 8 K, placing the tip above a CO molecule on bare Ag(100) with an
STM bj of 3 mV, and approaching the tip towards the surface (feedback off) until
the mnrﬂmm reaches ~5 nA and then decreases suddenly due to a CO molecule being
picked-up.

NcAFM m@ents:

Non-cont measurements were performed at 4.6 K in UHV (< 1 x 10" mbar) using a
in frequency modulation mode (resonance frequency f = 29 kHz; spring
800 N m™1), with a CO-functionalized Pt/Ir tip. Frequency-shift ncAFM maps
(Figures 2a, e acquired at constant height, with a 60 pm amplitude oscillation, and with
the tip approached 40 pm towards the surface with respect to the STM setpoint V,=0.02 V, [;
=5 pA on bare Ag. No bias voltage was applied during ncAFM map acquisition. NcAFM
maps were smoothed by convolution with a Gaussian function, followed by a Laplace edge
detection and a minimum filter.[44]
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DFT calculations:

We performed DFT calculations for gas-phase MgPc and MgPc on Ag(100) using the
SIESTA[S ;] sim&f ation tool with periodic boundary conditions, Troullier-Martins norm-

conserv potentials (with relativistic corrections[58] for Ag) and the RPBE
exchange- ion[59] functional with van der Waals corrections (Grimme's method)[60].
Kohn-Sha ere represented by a DZP basis set with an energy shift of 0.01 and

0.02 R‘fw phase and Ag(100), respectively. The total electron charge density was
represent} on a real space grid corresponding to a mesh cut-off of 300 Ry. The Ag(100)
surface w led with a 5-layer slab of Ag atoms and a vacuum gap of 7 layers. The
behaviour‘@le adsorbed MgPc molecule was modelled on a 8 X 8 lateral supercell,

while late cells of 11 X 9 and 13 X 9 were used for MgPc “++” dimer systems.
Reciprocalgp -points were sampled on a 1 X 1 X 1 Monkhorst-Pack grid[61] for all slab
systems. icgiconstant of 4.16 A was used for bulk Ag. Structural optimization was
performe ingle MgPc (Figure 2¢) and for a “++” dimer with d... = 2.0 nm (Figure 2d),

by relaxing the al®@ms of molecules and of the Ag(100) upper 3 layers, such that the Cartesian
compone rces on relaxing atoms were reduced below 0.02 eV/A. Gas-phase “++”

dimers (u o calculate a]()(i-? in Figure 6g) were structurally relaxed with the positions of
center M ixed. Subsequent calculations for “++” dimers adsorbed on Ag(100) with

other valy, . (used to calculate a]g?;ci‘? in Figure 6g) were performed by assuming a flat
molecular , with d_. varied by moving MgPc molecules to different hollow sites of

intaining the same adsorption angle). These systems were constructed using
itions of gas-phase MgPc and bare Ag(100), with adsorption heights and
substrate 1 spacings set to their respective averages found from the fully relaxed

mer with d.. = 2.0 nm, without further structural relaxation. This is justified
by the negligible distortions of the computed relaxed structure of single MgPc and “++”
dimer, in Sreement with experimental ncAFM imaging (Figure 2a, b).

We used thg -calculated one-electron Kohn-Sham orbitals 1, (with eigenenergy E,) to
simulate tRe l differential conductance (d//dV) STS maps (Figure 5f-1; S7d-f, S16c¢, S20

in SI) accordg to the Tersoff-Hamann approximation, where first-order perturbation theory

is appliﬂ: assumption of spherically symmetric tip states[62, 63]:

ol .
) o (5,70, V) & ) [, G- 8(By — By + V)
v

where 1, Esingle-electron Kohn-Sham wavefunction with eigenenergy E,,, 7y =
(x,y, zy) 1s the p@sition of the tip (z,: tip-sample distance, where z = 0 corresponds to the

molec

e; xy plane is parallel to surface and molecular plane), V is the bias voltage of

interest a e Fermi energy.

We first numerically evaluated the single-electron Kohn-Sham orbitals 1, (x,y, z,) at a
reference xy plane sufficiently close to atoms such that wavefunctions are defined within
numerical error, yet sufficiently far such that the potential does not diverge nor varies steeply.
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We chose a distance of z, = 1.7 A above the molecular plane. We then Fourier expanded
Y, (x,y, zy) within this reference plane (consistent with the DFT calculations periodic

boundary ionditiﬂns):
ma y.70) = ) ag5(z) exp({ Gy + G)x + (ky + Gy )y])

G

and substlgtea ‘[EIS Fourier expansion into the vacuum Schrodinger equation[64]:

hz
< > _ﬁvzlpnﬁ(x’ y,z) = (En} - EvaC)‘pn,%(xr Y, 2)
where Evmacuum energy, yielding
: a%‘a(z) = a%‘g(zo) exp (—/17(”5 (Z - Zo))
with

S5 52 2m
Mg = |(k+G) =5 (Epg = Evac)

where k = ko K,) and G = (G,, Gy). This allows us to evaluate ¥, z(x, y, zo) at any height

Zo Wit t to the reference plane. The theoretically calculated d//dV maps shown
throughout maastext and SI (as well as the derived spectroscopic asymmetry parameters
a]()[;{gr), 0> aﬁ(él;,?o) correspond to a distance of 4.3 A above the molecular plane

(i.e., 2.6 A above the aforementioned reference plane).
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single “++” dimer

Figureﬁry reduction of STM apparent topography induced by nearest-
neighbour MgPc on Ag(100). (a) Constant-current STM image (V,=0.02 V, ;=5 pA) of

MgPc mohn Ag(100). Single isolated molecules (blue frame) show four-fold
rotational gry. Molecules with a neighbouring MgPc, with collinear isoindole-

isoindole +” dimer; orange frame; Mg-Mg distance: d... = 2.29 nm) appear two-fold
symmetri ar: 1 nm. (b) STM apparent height profiles (solid magenta and green
curves two orthogonal isoindole-isoindole axes [dashed magenta and green lines

(a)] forwlecule. Filled blue curve corresponds to the difference between solid
magenta aﬂ curves. (c) Same as (b), for a “++” dimer. Filled orange curve corresponds

to the diffi etween solid magenta and green curves. (d) STM topographic asymmetry

= 1at2)-G, +Z4)|, for single molecule (blue) and molecule in “++ dimer
(Zl+23+Zz+Z4)

(orange; d... = 2%anm), as a function of STM bias voltage, where z; (j = 1, ..., 4) is the

maximum STM apparent height for each of the four isoindole groups, and z; > z3 > z, > z,
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[see bottom right MgPc in (a) for labelling]. Error bars were determined by calculating

Z1—Z4, . _Z377%
’ aSTM,mln -

extremal values of @gry : @sTM max = o
3 2

Z1+2zy

°® [}
single “++" dimer
Figure 2. lwlogy of single and “++” dimer MgPc’s on Ag(100): ncAFM and DFT.
(a) Constafit- t, Laplace-filtered ncAFM image [tip approached 40 pm with respect to

d

STM setpQsnt 0.02 V, I,=5 pA on bare Ag(100); CO-functionalized tip] of single

molec e as (a), for “++” dimer (d... = 2.03 nm). Insets: ncAFM apparent height
profiles a oindole-isoindole axes. (¢) DFT-calculated relaxed adsorption geometry of
single mo ellow: Mg; black: C; blue: N; white: H; grey: Ag. Isoindole unit circled in

red. O yer is shown for clarity. (d) Same as (c), for “++” dimer (d. = 1.98 nm).

Author M
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Q

diidV [arb. u.]

Figure 3. ic structure of single MgPc and MgPc of a “++” dimer on Ag(100).
dz/dV spe ired on the phthalocyanine (Pc) ligand (blue) and Mg center (red) for

single MgP anel) and “++” dimer (bottom). d//dV spectra were background subtracted
using the d// e on bare Ag (dashed grey curve). Setpoints: V,=-2 V, ;=3 nA for data

from -1.6 t0 y=3V, I;= 50 pA for data from 2.1 to 3 V. Blue and red triangular ticks
lated to the gas-phase HOMO, the two-fold degenerate gas-phase LUMOs
[partially fi e on Ag(100)] and higher energy unoccupied states of gas-phase MgPc.

images of single MgPc (top) and “++” dimer (bottom).

This article is protected by copyright. All rights reserved.



.
_O?ZAI'BW:E)S/[‘\;]_-D? single “++" dimr

Figure 4. Mermi dZ/dV STS: vibrational modes. (a) d//dV point spectra on Mg center
for single MPePqblue) and MgPc “++” dimer (orange; d...= 2.0 nm). Tip was approached
100 pm tome sample, with respect to the STM setpoint V,=-2.5V, ;=400 pA.
Spectra wwlack dashed curve) with a sum of Fermi-Dirac distributions (solid yellow,

black, purpl€cutVes) and of attenuated reference bare Ag(100) spectrum (SI section S6 for

diidV[arb. u] @

details). (b)-(e) dld} maps at V,==+ 0.2 V for single MgPc (blue) and “++” dimer (orange).

U

White dashed outlines indicate molecule STM topographic contour (V, =-2.5 V, ;=100 pA).

Scale barsg 1 nm.
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Bias [V]
*
Figure Mrmi electronic structure: symmetry breaking and lift of LUMO
degenera /dV point spectra (solid blue, orange, green curves) averaged over
peripheral ligangsegions indicated by dashed circles in (b), (d) and (e). Spectra were fit
es) with a sum of Fermi-Dirac distributions (yellow curves), Gaussian
ves) and an attenuated reference bare Ag(100) spectrum (grey dashed curve).
3 ﬁ quired with the same tip and parameters as in Figure 4 (tip approached 100
pm towards sdffifale, with respect to STM setpoint V,=-2.5 V, ;=400 pA). (b) - (e) dZ/dV
maps at V,=-0.08 and 0.15 V for single MgPc and “++” dimer. Maps acquired at 0.15 V (c,
e) were subtracted by maps acquired at 0.08 V [i.e.,
A(dI/dV) .15 v;0.08v) = (dI/dV)g 15y — (dI /dV)¢ 05 v], to minimize inelastic

(black das
peaks (filled

This article is protected by copyright. All rights reserved.



contributions of molecular vibrational modes and emphasize elastic features of LUMOs. Grey
arrows indicate orbital nodal planes. (f) - (i) Corresponding DFT-calculated differential
conductange maps (Methods). White dashed outlines indicate molecule STM topographic
contour (Mg — =29 V, I;= 100 pA). Scale bars: 1 nm.

Q.
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d -C
Figure 6. Di -dependence of LUMO symmetry and spectroscopic asymmetr
Y Y M Y
paramete gPc in “++” dimer. (a) — (c) d//dV maps at V},=-0.08 V of “++” dimers
with di olecular separations d.... White dashed outlines: molecule STM

topographlc -2.5V, I;=100 pA). Scale bars: 1 nm. (d) — (f) Corresponding DFT-
maps (Methods). (g) Spectroscopic asymmetry parameters a as a function of
intermolecular center-center distance d.... Black squares: experimental ag;/qy retrieved from

d//dV mapg at V', =-0.08 V (see SI sections S10 and S11); error bars correspond to aq; /qy
calculated mgle isolated MgPc (which differs slightly from zero due to tip
asymmetrig8; se@SI). Red triangles (blue pentagons): ag;‘? (a]gGFl?) extracted from DFT-
simulatedaps of “++” dimer on Ag(100) (in gas-phase, respectively); see Methods

Red (blue) hashes: a](fé*;ao (a](gfd)o) extracted from Linear Combination of
MoleculaffOrbitals (LCMO) model for “++” dimer on Ag(100) (in gas-phase, respectively).
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Figure 7. Long-range molecule-molecule hybridization mediated by Ag(100) substrate.
(a), (b) Cagulated differential conductance maps (see Methods) corresponding to the two
lowest ener rid orbitals ¢, and ¢, generated with our LCMO model (see SI section
S14) for af'+ er (de-. = 2.0 nm). Grey arrows indicate nodal planes. Scale bars: 1 nm.
(c) En jagram for single MgPc’s 4 and B (left and right), each with doubly
degenerate, w@lly occupied LUMOs, and a “++” dimer (center) with non-degenerate,
occupi cupied hybrid orbitals. Blue, orange and green contours represent spatial

distributions of experimental d//d}V maps in Figure 5b, d, e, respectively. Solid black curves:

correspon STM molecular contours (V, =-2.5 V, I;= 100 pA; Figure 5).

Autho

This article is protected by copyright. All rights reserved.



Table of Contents:
Long-Range Surface-Assisted Molecule-Molecule Hybridization

MarinaMack Hellerstedt, Cornelius Krull, Spiro Gicev, Lloyd C.L. Hollenberg,
Muhamma an, Agustin Schiffrin

On assilve agnesium phthalocyanine molecules undergo a perturbation of their
electrog’c ¢ as a result of an attractive interaction with their nearest-

neighbors g)uantitative agreement with supporting theoretical modelling indicates that this
interactio isis of multiple-nanometer-range intermolecular hybridization enabled by the

properties eered nanomaterials.

Single MgPc MiPc dimer

underlyinﬁ:\e. These observations offer new possibilities to control electronic
or en

ncAFM

diidVv STS
ABUW 0Sg =7V

This article is protected by copyright. All rights reserved.



