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Charged and metallic molecular monolayers
through surface-induced aromatic stabilization

G. Heimel'*, S. Duhm?*, I. Salzmann’, A. Gerlach3, A. Strozecka*, J. Niederhausen', C. Biirker3,

T. Hosokai3?, I. Fernandez-Torrente*, G. Schulze?, S. Winkler'¢, A. Wilke', R. Schlesinger, J. Frisch’,
B. Broker!, A. Vollmer¢, B. Detlefs?, J. Pflaums, S. Kera®, K. J. Franke*, N. Ueno?, J. I. Pascual*,

F. Schreiber® and N. Koch'¢

Large m-conjugated molecules, when in contact with a metal surface, usually retain a finite electronic gap and, in this
sense, stay semiconducting. In some cases, however, the metallic character of the underlying substrate is seen to extend
onto the first molecular layer. Here, we develop a chemical rationale for this intriguing phenomenon. In many reported
instances, we find that the conjugation length of the organic semiconductors increases significantly through the bonding of
specific substituents to the metal surface and through the concomitant rehybridization of the entire backbone structure.
The molecules at the interface are thus converted into different chemical species with a strongly reduced electronic gap.
This mechanism of surface-induced aromatic stabilization helps molecules to overcome competing phenomena that tend to
keep the metal Fermi level between their frontier orbitals. Our findings aid in the design of stable precursors for metallic

molecular monolayers, and thus enable new routes for the chemical engineering of metal surfaces.

organic semiconductors in particular, and metals is that the
former exhibit a finite gap between their highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively), whereas the latter are characterized by a continuous
density of states (DOS) around their Fermi energy E; (Fig. la).
An obvious question is what happens when two such dissimilar
materials are brought into contact. Indeed, understanding the
structure and electronic properties of interfaces between
metals and 7-conjugated molecules has been the focus of intense
research for decades!=, not only because of a fundamental scien-
tific interest, but also because of the technological relevance
of such interfaces in, for example, organic and molecular
electronic devices*.
One of the central issues is whether an organic semiconductor on
a metal surface retains its intrinsic electronic characteristics: does it
remain semiconducting with its HOMO entirely below the Fermi
level, its LUMO above and the continuum of delocalized electronic
states at Ey. residing predominantly on the metal (Fig. 1b)? Or is it, in
contrast, possible to obtain a continuum of hybrid metal-organic
states at Ej that exhibit pronounced frontier-orbital (for example,
LUMO) character on the molecular side (Fig. le)? As these states
seamlessly extend over both material components, the organic
adlayer can be regarded as having ‘inherited’ the metallic character
of the substrate in the latter case. This not only raises deep-rooted
questions on the meaning of conceptually separating molecule
and metal in such a scenario, but it also harbours the technological
potential of realizing ‘soft’ molecular contacts to organic and

Electronically, the fundamental difference between molecules,

biological matter’, which, nevertheless, behave metallically for all
practical purposes.

The archetypical pentacene (PEN), like the majority of organic
semiconductors, stays semiconducting on the (111) surfaces
of coinage metals®!!. Even lowering its frontier orbitals by
~1.0 eV through full fluorination (Fig. 1d)'*!* does not lead to
occupied LUMO-derived states in the resulting perfluoropentacene
(PFP)!01L14 T contrast, several acceptor molecules, which generally
exhibit strongly electron-withdrawing groups on the periphery of a
m-conjugated core, do exhibit a substantial LUMO-related DOS at
(or even entirely below) the Fermi level of some metal surfaces”!>%".
Although each of these has been investigated separately in some
detail, to date no overarching concept exists that explains why
some molecules more readily permit their LUMO to be (partially
or entirely) filled than do others.

Naively, one could assume it to be only a matter of the acceptor
strength of the organic adsorbate, that is, its LUMO energy. In the
present study, we employ a comprehensive set of complementary
experimental techniques, supported by state-of-the-art electronic
structure calculations, to demonstrate that this is not the case. For
reasons that will successively become clear below, we focus on
6,13-pentacenequinone (P20) and 5,7,12,14-pentacenetetrone
(P40) to elucidate an additional mechanism that we find plays a
central role in the occurrence of partially occupied frontier molecu-
lar orbitals on metal surfaces. Their chemical structures (Fig. 1f,g)
reveal that these generic names are somewhat misleading: In con-
trast to PEN, which exhibits a fully 7-conjugated backbone, P20
should be better regarded as two naphthalene units linked together
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Figure 1 | Schematic of relevant energy levels and molecular structures. a, DOS and E; of a metal and the highest occupied (H) as well as lowest
unoccupied (L) orbitals of a free molecule. The lower-lying occupied (H-1, H-2) and higher-lying unoccupied molecular orbitals (L +1, L + 2) are drawn in
successively lighter grey to signify their successively waning importance for the phenomena discussed here. b, Commonly observed energy-level alignment
between metal and molecular monolayer (ML). ¢, Chemical structure of PEN, with the 7r-electron delocalization highlighted by aromatic bonds in the lower

panel. d, DFT calculated (italic) and experimental (bold)'>™® gas-phase ionization

energies (filled bars) and electron affinities (open bars) of PEN, P20, PFP

and P40. e, Energy-level alignment for the case of a partially filled LUMO and, thereby, a metallic molecular monolayer on a metal. f,g, Chemical structures
of P20 (green, f) and P40 (blue, g) that indicate m-electron delocalization within the two conjugated naphthalene and three aromatic subunits, respectively,
by aromatic bonds in the lower panels. The (keto) groups that disrupt full 77-conjugation are highlighted in red.

via two keto groups, which break 7-conjugation along the backbone,
and P40 as three phenylene rings linked by two keto groups each.
This results in substantially increased electronic gaps, whereas the
calculated LUMOs of P20 and P40 are very close in energy to
those of PEN and PFP, respectively (Fig. 1d). From the energy
levels alone, we could, therefore, expect P20 and P40 to equally
remain semiconducting on the (111) surfaces of the three coinage
metals gold, silver and copper (with Ep systematically moving up
in energy towards the molecular LUMOs in that order).

Results
Prior to discussing the electronic structure of these metal-molecule
interfaces, it is important to know the actual geometric structure of
the organic adsorbates. To resolve their atomic-scale lateral order-
ing, we performed low-temperature scanning tunnelling microscopy
on molecular (sub)monolayers to deduce detailed structural models
(Supplementary Section A), which served as an input for dispersion-
corrected hybrid density functional theory (DFT) calculations.
Furthermore, as electronic metal-molecule interaction hinges cri-
tically on their spatial separation, the vertical adsorption distances
were determined by the normal-incidence X-ray standing waves
(NIXSW) technique (Supplementary Fig. S3), which also provides
access to the (potentially different) adsorption heights of distinct
atomic species, and thus reveals intramolecular distortions, if present.
On Au(111) both PEN derivatives are at virtually identical
adsorption heights of 3.2-3.3 A, indicative of comparatively weak
interaction, that is, physisorption (Fig. 2a). For P20, the same is
true on the Ag(111) surface with a lower work function. In
marked contrast, for P40, which exhibits a substantially lower
LUMO (Fig. 1d), the average carbon adsorption distance (~2.7 A)
is much shorter than that on gold and the oxygen atoms bend
downwards (by ~0.3 A). These observations suggest a much stron-
ger interaction of P40 with silver (compared to P20 with silver and
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both molecules with gold) mediated by the oxygen atoms. Finally,
on the even less noble copper, P20, which exhibits the higher
LUMO energy of the two molecules (Fig. 1d), also adsorbs with
an average carbon height that is substantially smaller (~2.7 A)
than that on both Ag(111) and Au(111), and with the oxygens
bent (by ~0.3 A) towards the surface. P40 on Cu(111) is bent simi-
larly as on Ag(111) with a further reduction of the overall adsorp-
tion height by ~0.4 A.

To assess the consequences of these quite dramatic adsorption-
induced molecular distortions on the chemical structure of the
organic adsorbates, we performed X-ray photoelectron spectroscopy
(XPS). The signal from the monolayers is contrasted to that of the
respective thicker films to identify reliably the species that interact
directly with the metal. For both molecules on Au(111), which are
physisorbed only, we observe a single peak in the Ols region
(Fig. 2b). The situation does not change for P20 on the lower
work-function Ag(111), where this molecule with the higher
LUMO of the two (Fig. 1d) is still bound only weakly. For P40,
however, which exhibits the lower LUMO and adsorbs at a much
shorter vertical distance on Ag(111) in a distorted geometry
(Fig. 2a), the monolayer Ols peak is shifted by almost 2 eV towards
lower binding energies, which clearly marks the downwards-bent
oxygens as different chemical species. On the even less noble
Cu(111), where both P20 and P40 adsorb at a reduced vertical
distance in a bent geometry, the monolayer Ols core levels of
both molecules appear at a significantly lower binding energy.

The Cls core levels (Fig. 2¢) exhibit concurring shifts: the same
two peaks are observed in the mono- and multilayer XPS spectra of
both P20 and P40 on Au(111), which, from their intensity ratio,
are assigned readily to the aromatic (lower binding energy) and
keto (higher binding energy) carbons, respectively. Again, the situ-
ation does not change for P20 physisorbed on Ag(111), whereas
dramatic changes are seen for the distorted P4O. In particular, the
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Figure 2 | Experimental results on structure, chemical nature and electronic structure. a, Vertical adsorption heights of P20 and P40 on the (111) surfaces
of Au, Ag and Cu. Bold numbers refer to experimental (NIXSW) and italic numbers to theoretical results, black numbers to carbon and red numbers to oxygen.
For better visibility, the molecular distortions are not drawn to scale. b, XPS spectra in the oxygen 1s core-level region for nominally 3 A thick molecular
monolayers (bottom traces) and nominally 30 A thick multilayers (top traces). Lighter colours highlight new or changed features that correlate with shorter
vertical adsorption distances and intramolecular distortions; we attribute the faint peak (*) at ~530 eV for P20 on Ag to residual oxygen contamination of the
surface. ¢, Corresponding XPS spectra in the carbon 1s core-level region. d, Corresponding UPS spectra with the clean-substrate reference shown in gold, grey
and light red for Au, Ag and Cu, respectively. The origin of the energy scale is set to E¢. For better visibility, the order of monolayer (top) and multilayer
(bottom) traces is reversed compared with that in b and ¢. That monolayer features in XPS and the Fermi edge of the metal substrates in UPS are still visible at
nominal multilayer coverage suggests a pronounced island growth of both molecules. In both XPS and UPS, minor shifts towards higher binding energies in
multilayer compared to monolayer spectra are attributed to reduced photo hole screening by the metal. a.u. = arbitrary units, n.a. = not available.

peak associated with the keto carbons (at ~288 eV) vanishes, only
to contribute to a double-peak structure in the aromatic region
around 285 eV. Apparently, the two (formerly very different)
carbon species are now in a much more similar chemical environ-
ment compared to that in the multilayer and purely physisorbed
monolayer. Together with the changes in the corresponding Ols
spectrum, this points towards an appreciable change in the chemical
nature not only of the keto groups but, in fact, of the entire molecule.
The XPS results on Cu(111) are consistent in that now the mono-
layer Cls spectrum of P20 is also changed, in the same way as
that of P40.

To correlate the observed peculiarities in adsorption geometry
and chemical nature with the respective valence electronic structure,
we performed ultraviolet photoelectron spectroscopy (UPS). On
gold, no new photoemission features that could be related to the
physisorbed molecules arose in the energy range down to 2 eV
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below Ep. Given their high ionization energies (Fig. 1d), their
HOMOs probably lie at an even higher binding energies, where
they are masked by the strong gold d-band photoemission, the
onset of which can be seen at the left edge of the respective plots
in Fig. 2d. In the case of silver, with a lower work function, the
d-band onset is at a significantly higher binding energy (~4 eV),
which reveals that the photoemission feature associated with the
HOMO of P20 indeed lies at ~3 eV (ref. 9). Importantly, additional
photoemission intensity at Ep, attributed to occupied LUMO-
derived states'>%, is detected for monolayer P40 on Ag(111),
where this molecule, with its higher electron affinity, adsorbs in a
distorted geometry, at a reduced vertical bonding distance and with
pronounced changes to its chemical nature. Finally, on the even
less noble Cu(111), a partially filled broad LUMO-derived peak can
be seen clearly for P20 also, and for P40 the Fermi level lies even
higher in the broadened and formerly unoccupied DOS.
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Figure 3 | Theoretical results on electronic structure and intramolecular distortions. a, DFT-calculated DOS projected onto the molecular adlayers, filled for
occupied and hashed for unoccupied; the origin of the energy scale is set to E. Dashed red lines highlight the construction to find the HOMO and LUMO
onsets and solid lines demark the fundamental gap (E,), which is seen to be reduced (to Eg_¢ ) on LUMO filling. The asterisk marks LUMO states of P20
on Ag(111) that spuriously tail down to below E; because of the underestimation of the molecular gap even with the employed hybrid exchange-correlation
functional. b, Adsorption-induced changes in intramolecular bond lengths numbered according to the schemes shown for P20 and P40; as a consequence of
spurious LUMO filling in the calculations, minor bond-length changes (*) are seen also for P20 on Ag(111), where none are expected given the absence of

molecular DOS at E; in the experimental UPS spectra (Fig. 2d).

To understand why LUMO filling occurs in these two molecules
(and certain others) on coinage-metal (111) surfaces, even though
no such phenomenon is observed for PEN, PFP and many
more, despite comparable orbital energies and equally close adsorp-
tion distances'!, the DFT-calculated DOS projected onto the
respective molecules adsorbed on each metal surface was analysed
(Fig. 3a; for results on PEN and PFP, see Toyoda et al.?#%*). In the
cases where experiment suggests strong metal-molecule interaction,
that is, for P40 on Ag(111) and for both molecules on Cu(111),
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the energy gap Epy g between the relaxed HOMO (RH) and
the now (partially) filled former LUMO (FL) is reduced drastically
compared to the HOMO-LUMO gap E, in the weakly interacting
systems, similar to other reports of (partial) LUMO filling!7-1%3031,
Moreover, the concurrent changes in the chemical nature of
the keto groups (apparent from the bent geometries and substantial
changes in their XPS signature) can be specified further by analysing
the adsorption-induced changes of the intramolecular bond lengths
(Fig. 3b). Again reminiscent of reports on similar cases®7, a
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Figure 4 | Evolution of metal-molecule interfacial electronic structure and mechanism of surface-induced aromatic stabilization. a, Broadening of discrete
molecular energy levels on approaching the metal (with Fermi level £;) and reduction of the free-molecule gap to E,. b, Rigid downwards shift of molecular
states by the interface dipole (ID) with respect to Er. ¢, Schematic of the mechanism of (quasi) Fermi-level pinning on charge transfer into LUMO states
tailing down below E. d, Further reduction of £, to Egy, ¢ and lowering of the LUMO through the mechanism of surface-induced aromatic stabilization.

e, From left to right: DFT-calculated LUMOs, chemical structures of the isolated molecules, fully 7-conjugated resonance structures that gain in importance
on the metal surface on LUMO filling and bent resonance structures on the surface. f, Same as e for a proposed compound in which surface-induced
aromatic stabilization is predicted to occur. Chemical (keto) groups that interrupt full 77-conjugation are highlighted in red.

pronounced lengthening of the C=0 double bonds towards C-O
single bonds is observed, accompanied by a shortening of the adja-
cent C-C single bonds (which link the keto groups to the naphtha-
lene (P20) or phenylene (P40) segments) towards aromatic bonds.

Discussion

Combining all the structural, chemical and electronic information
now permits us to derive a conclusive mechanism for the occurrence
of partially occupied frontier orbitals in P20 and P40 monolayers
on metals. We start with a summary of what is known on the for-
mation of the metal-molecule interfacial electronic structure in
general and why E; should not readily cross into a molecular
orbital in particular®*17;

As a molecule approaches the surface and is attracted by weak
dispersive interactions, both its ionization and affinity levels are
stabilized energetically because the associated excess charges on
the molecule (positive and negative, respectively) are attracted by
their mirror images in the metal (Fig. 4a)>'7*. Consequently, the
HOMO moves up in energy with respect to the isolated molecule,
the LUMO moves down and, owing to hybridization with the
metal states, the discrete molecular energy levels are broadened.
Furthermore, the approaching molecule compresses the tail of the
electron cloud, which is leaking out’ into the vacuum above atom-
ically clean metal surfaces, back into the metal, and thereby reduces
its intrinsic surface dipole**2. As a consequence, the effective work
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function that the molecule experiences is substantially lowered,
which results in a rigid downwards shift by the interface dipole of
all molecular states with respect to the metal Fermi level
(Fig. 4b)*™. If, at this point, E; comes to lie within the LUMO-
derived molecular DOS, electrons are transferred from the metal
into the LUMO tail, which results in a build-up of negative
charge on the molecule compensated by a positively charged
region in the metal surface (Fig. 4c). This dipolar charge distribution
leads to a potential step across the metal-molecule interface that
rigidly shifts all molecular states, the LUMO in particular, back
up in energy, and thus acts to keep it above Ep. It is this mechanism
of Fermi-level pinning that impedes the LUMO edge in crossing E;.
in general®, and for PEN and PFP monolayers on coinage-metal
(111) surfaces in particular.

Any explanation as to why substantial LUMO filling still occurs
in some molecules should thus provide a mechanism to overcome
Fermi-level pinning, that is, to (over)compensate the upwards
shift of the LUMO that sets in as soon as charge starts being trans-
ferred from metal to molecule (Fig. 4d). Our theoretical results
(Fig. 3) together with the XPS data (Fig. 2b,c) clearly outline a
simple and chemically intuitive mechanism as to why the LUMO
is lowered drastically in energy and for which molecules (Fig. 4e).
Starting with P20, the calculated LUMO of the isolated molecule
exhibits a node on the keto C=0O double bonds. Initial charging
of LUMO-derived states tailing below Ep on the metal with the
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lowest effective work function, Cu(111), thus weakens and lengthens
this bond towards a C-O single bond (Fig. 3b), which leads to a
rehybridization of the oxygen (Fig. 2b). This, in turn, favours the
formation of a covalent bond with the underlying metal surface.
Furthermore, the LUMO exhibits an antinode on the C-C single
bonds that connects the keto groups to the naphthalene subunits.
Therefore, on the initial filling of the LUMO tail, these bonds
are strengthened and shortened towards the aromatic regime
(Fig. 3b). Although similar thoughts were expressed for other com-
pounds!®>-1725%7 it was not recognized until now that, subsequently,
the p,-orbitals of (in our case) the keto carbons become successively
incorporated into the conjugated 7-system of the molecular back-
bone (Fig. 2¢). Most importantly, the resonant structure that conse-
quently gains in importance on adsorption-induced LUMO filling
exhibits, like PEN, a fully 7-conjugated backbone (Fig. 4e, centre
left). In fact, the two formerly only weakly coupled naphthalene
units are now fused into a single m-electron system (that of
6,13-pentacenediol), delocalized over the entire molecule. This
increase of the effective conjugation length reduces the molecular
gap (E; — Egy_py)> which brings, in particular, the LUMO down
in energy and thereby induces even more charge to flow onto the
molecule until Ej finally lies well within the formerly unoccupied
molecular DOS; an upper limit of —0.8 eV is estimated for this
downwards shift of the P20 LUMO (Supplementary Section C.3).

To denote the charging of the molecule on the surface, it appears
adequate to also attribute weight to the ionic (-0~ --M™) resonance
structure (Fig. 4e, centre), which chemically rationalizes the bent
molecular conformation as well. This is in analogy to benzophe-
none, in which, on reduction by alkali metals, the radical character
of the resulting diphenylketyl is localized mainly on the ketyl
carbon. Likewise, the (former) keto carbons in P20 can be seen
as exhibiting, in part, a radical character on the Cu(111) surface
(Fig. 4e, right) and so tend towards sp* hybridization; out-of-
plane bending of the C*~O~ bond is the obvious consequence. It
is easy to see that the mechanism of surface-induced aromatic stabil-
ization just described cannot occur in PEN or PFP, but that it does
apply to P4O (Fig. 4e). Starting out with a lower initial LUMO than
that of P20, the mechanism is operative already on the more noble
Ag(111) surface, on which P40 is, effectively, converted into
5,7,12,14-pentacenetetrol.

Although P20 and P40 are singularly well-suited to demonstrate
the mechanism that underlies the phenomenon of surface-induced
aromatic stabilization, its applicability is by no means limited to this
particular pair of molecules. In fact, several other systems that
exhibit (partial) LUMO filling on metal surfaces!®>-* are likely to
follow the same scheme, as discussed in Supplementary Section C.
To provide, in addition, a testable prediction that emerges
from our model, we propose in Fig. 4f a candidate molecule,
1,2,5,6,9,10-coronenehexone (COHON), for concurrently observing
the phenomena associated with surface-induced aromatic stabiliza-
tion; that is, a bent adsorption geometry, characteristic (differential)
mono-to-multilayer shifts for the oxygen and carbon core levels,
and a (partially) occupied LUMO-derived DOS at Ep not on
gold®, but at least on Cu(111) and possibly already on Ag(111) sur-
faces. Moreover, the mechanism proposed here is not restricted to
oxygens (keto or carboxylic!®>-?!) establishing the link to the metal.
Although limitations to our model are addressed in
Supplementary Section C.5, it seems to apply equally to a number
of cases in which the bond to the metal is formed via cyano groups,
which are common motifs in strong molecular acceptors’??
(Supplementary Section C.2). Note that, for some systems, the
(broadened) LUMO appears not partially but completely filled,
lying entirely below the Fermi level with no molecular DOS
visible at Ep by UPSY2% albeit considerably charged, it is thus
more appropriate to regard such species as (again) semiconducting.
Although the main focus of the present article is on (partial) LUMO
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filling in electron-acceptor molecules, it is remarkable to see that the
very same mechanism of surface-induced aromatic stabilization also
seems to hold for certain electron donors, in which (partial) HOMO
emptying is observed on metals with a high effective work function
such as gold (Supplementary Section C.4)**-%, as well as for specific
self-assembled monolayers®”.

Conclusions

To summarize, we started out with the question as to why certain 7-
conjugated molecules more readily allow the Fermi level of a metal
to cross into their frontier orbitals, their LUMO in particular, than
do others. We found that resonance structures have to exist, which,
when stabilized on the surface through initial metal-to-molecule
charge transfer and concomitant rehybridization of suitable side
groups, exhibit a significantly extended 7r-electron system that is
coupled strongly to the metal states. The ensuing reduction of the
molecular electronic gap (the lowering of the LUMO in particular)
then aids in overcoming the competing phenomenon of Fermi-level
pinning, and thus leads to substantially charged molecular mono-
layers, which, provided E. comes to lie within a (broadened) frontier
molecular orbital, behave metallically for all practical purposes. This
mechanism of surface-induced aromatic stabilization appears to be
operative in many cases in which the filling of LUMO-derived or
emptying of HOMO-derived electronic states is reported on metal
surfaces. Our findings suggest building up a library of precursors
(with overall affinity and ionization levels well within the environ-
mental stability window) that consist of m-conjugated segments
interrupted by electron-accepting (for example, keto) or -donating
groups. Charge-transfer interaction with and/or bonding to a
metal surface or nanostructure then allows these precursors to
attain their full degree of r-conjugation (and therefore an
exceedingly low gap) by fusing smaller subunits into a single and
considerably larger 7r-system that is coupled strongly to the metal
states around the Fermi level. Such species can be expected to
open up new possibilities for chemical surface engineering in
applications where metallic, and yet molecular, electrodes are
desirable, such as for biocompatible coatings or for molecular and
organic electronics. Especially regarding the latter, we see the
potential for simultaneously eliminating unwanted energy barriers
for charge-carrier injection®> and providing a template for
stimulating the desired growth mode of a subsequently deposited
organic semiconductor.

Methods

P20 and P40 were purchased from Sigma Aldrich, purified via resublimation
prior to use and deposited from resistively heated quartz crucibles onto
atomically clean metal single crystals (repeated Ar'-ion sputtering and annealing
cycles up to 550 °C). The nominal film thicknesses were monitored with a quartz
microbalance. Sample preparation and all measurements proceeded at

room temperature.

NIXSW experiments were done in back-reflection geometry at beamline ID32 of
the European Synchrotron Radiation Facility (ESRF, Grenoble, France)*. The
evaporation rate was ~0.25 A min~' and the nominal coverage was around 1 A. The
measurements on Ag(111) and Cu(111) were done in the XSW chamber’ (base
pressure 3 x 10~ '* mbar) with the electron analyser mounted at an angle of 45°
relative to the incoming X-ray beam, and the measurements on Au(111) were made
in the ‘HAXPES chamber’ (base pressure 2 x 10~ "% mbar) with a photoelectron
emission angle close to 90°. The NIXSW data were analysed using the software
package DARE (developed at the ESRF).

The standing wave formed by the incident and Bragg-reflected X-ray beam
excites photoelectrons in the adsorbed molecules. If the energy of the X-rays is
scanned through the Bragg condition, the intensity variation of the emitted
electrons can be used to determine the average distance between a distinct
atomic species and the substrate. The NIXSW photoelectron yield (Y,) is
given by equation (1)

Y, =1+ R+ 2vRfy cos(v — 27Py) 1)

with R the reflectivity and v the phase factor. It allows determination of both the
coherent fraction ( f;), which is a measure for the degree of order within the
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adsorbate layer, and the coherent position (Py), from which the element-specific
bonding distance (dy;) can be deduced. The non-dipole contributions to the XPS
spectra collected at an emission angle of 45° were taken into account?!. As the
NIXSW technique averages over macroscopic areas of the sample, it is very sensitive
to static and dynamic disorder in the adsorbate layer. Therefore, the coherent
fraction often deviates significantly from unity. The coherent positions, however, are
rather robust*2, which results in a typical precision of Ady; =+0.05 A, except for the
oxygens of P20, for which the low intensity of the O1s signal reduces the precision
to Ady; = +0.1 A. The oxygen bonding distance on Au(111) cannot be determined
experimentally because the Ols signal overlaps with the gold Auger emission in the
relevant photon-energy range®.

Photoemission experiments were performed at the end station SurICat
(beamline PM4) of the synchrotron light source BESSY II (Berlin, Germany) using
photon energies of 620 eV and 35 eV for XPS and UPS, respectively. XPS (UPS)
spectra were collected at a 0° (45°) take-off angle with a hemispherical electron-
energy analyser, Scienta SES 100. Evaporation rates were 2 A min~'. The pressure
during evaporation did not exceed 5x 10~ * mbar and samples were transferred to
the analysis chamber (base pressure 2 x 10~ '° mbar) without breaking the ultrahigh
vacuum conditions.

Based on the experimentally determined surface unit cells (Supplementary
Section A), periodic DFT calculations on the metal-molecule interfaces were
performed with the Vienna ab initio Simulation Package (VASP)* in the repeated-
slab approach with four atomic layers representing the metal surfaces. To avoid
spurious interaction between consecutive images of the slab along the surface
normal, a vacuum region of ~20 A was introduced with an artificial dipole layer in
the middle to compensate for the net dipole moment of the slab. To describe the
valence-core interactions, the projector augmented-wave method*® was applied and
the valence Kohn-Sham pseudo-wavefunctions were expanded in a plane-wave basis
with a cutoff of 30 Ryd. A lateral Monkhorst-Pack k-point grid equivalent to 15 x 15
in the primitive (111) surface unit cell was used together with a Methfessel-Paxton
occupation scheme (smearing 0.2 eV). For geometry optimizations, all atoms of the
adsorbed molecules and the top two layers of metal were relaxed until the residual
forces were <10 > eV A™! using the gradient-corrected exchange-correlation
functional of Perdew, Burke and Ernzerhof*, including Grimme-type van der Waals
corrections with accordingly’ determined parameters (C, = 43.63 J-nmS-mol ' and
R,=1.732 A) for gold. Although newer developments to describe dispersive metal—
molecule interactions are fundamentally more appealing*®, Grimme-type
corrections have been shown to yield good results for both PEN and PFP on coinage-
metal (111) surfaces®®?’. Finally, the electronic structure of the relaxed geometries
was calculated using the range-separated hybrid exchange-correlation functional of
Heyd, Scuseria and Ernzerhof (HSE06)*, which, to some extent, improves the well-
known underestimation of band gaps produced by (semi)local functionals®. For
better comparison with the experiments, the resulting projected DOS was broadened
with a Gaussian line shape (full-width at half-maximum of 0.5 eV) and multiplied
with a respective Fermi function (kzT = 50 meV to mimic finite experimental
resolution) for occupied and unoccupied states.

Calculations on isolated molecules in the gas phase were performed using the
HSE06 functional, both for geometry optimization and electronic-structure
determination, in conjunction with a triple-{ valence contracted-Gaussian basis set,
including one set each of additional polarization and diffuse functions on all atoms
(6-311++4G**). Vertical ionization energies and electron affinities were computed in
the delta self-consistent field approach, that is, as total energy differences between
neutral molecules and respectively charged ions.
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