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ABSTRACT: Melem (2,6,10-triamino-s-heptazine) is the building
block of melon, a carbon nitride (CN) polymer that is proven to
produce H2 from water under visible illumination. With the aim of
bringing additional insight into the electronic structure of CN
materials, we performed a spectroscopic characterization of gas-
phase melem and of a melem-based self-assembled 2D H-bonded
layer on Au(111) by means of ultraviolet and X-ray photoemission
spectroscopy (UPS, XPS) and near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy. In parallel, we performed
density functional theory (DFT) simulations of the same systems
to unravel the molecular charge density redistribution caused by
the in-plane H-bonds. Comparing the experimental results with the
spectroscopic DFT simulations, we can correlate the induced
charge accumulation on the Namino atoms to the red-shift of the corresponding N 1s binding energy (BE) and of the Namino 1s →
LUMO+n transitions. Moreover, when introducing a supporting Au(111) surface in the computational simulations, we observe a
molecule−substrate interaction that almost exclusively involves the out-of-plane molecular orbitals, leaving those engaged in the in-
plane H-bonded network rather unperturbed.

■ INTRODUCTION
Since the pioneering work of Wang et al.,1 carbon nitride (CN)
materials have been holding the stage among the plethora of
organic polymers suitable for H2 generation by photocatalytic
water-splitting.2−4 A prototype of CN materials is the Liebig’s
melon,1,5 which derives from the linear polymerization of the
melem molecule (2,6,10-triamino-s-heptazine). Along the
polymer chain, secondary amino groups (−NH−) alternate
with the s-heptazine cores, while one primary amino group
(−NH2) is preserved on each unit. Usually, melon is easily
synthesized through the pyrolytic condensation of CNH
precursors (e.g., cyanamide, dicyanamide, melamine, urea,
thiourea) yielding amorphous or semicrystalline materials.
Under peculiar synthesis conditions, melon can crystallize in
graphitic-like structures, where the two-dimensional (2D)
domains are stabilized by interchain H-bonding (NH···N) and
interlayer π−π interactions. A continuous 2D heptazine
network exclusively based on covalent −NH− bridges
(polyheptazine imide or PHI) has also been observed,6 while
isolation of the fully condensed polymer (only based on NC3
connections) has not yet unambiguously been proven.

Notwithstanding the massive interest drawn by melon and
related CN materials as polymeric photocatalysts for H2
production, a clear understanding of the water-splitting

mechanism is still missing nowadays.7 In the two most
discussed schemes, the CN acts either as (i) a classical
semiconducting electrode photocatalyst for direct water-
splitting7,8 or as (ii) the photosensitizer in a chromophore−
water adduct for a homolytic water-splitting through a proton-
coupled electron transfer (PCET) reaction.9,10 In the first case,
the impinging light creates excitons that must then dissociate
into free holes and electrons in order to trigger the surface
reduction of protons and the surface oxidation of water,
respectively. In the second case, a water molecule that is H-
bonded to a photoexcited CN monomer decomposes into an
OH radical through a PCET reaction; a second photon is then
required to promote the release of the H atom transferred to
the CN heterocycle. This latter model does not require the
separation and the migration of free charges in the material,
therefore it should promote a faster and a more efficient water-
splitting mechanism. In the case of melem-based CN, there are
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nominally four N-functionalities: pyridinic (N�C), primary
(−NH2), secondary (−NH−), and tertiary amino (NC3)
groups; however, their availability for the interaction with H2O
molecules depends on the specific structure of the polymer
sample. For example, in Liebig’s melon several amino groups
(both −NH2 and −NH−) are retained compared with the fully
polymerized case; however, they are already interlocked with
pyridinic N atoms through hydrogen bonds.

Several studies9−12 proved that the optoelectronic properties
of CN materials, such as the highly localized nature of the
photoinduced excitons, are more related to those of their
constituent monomers rather than to those of traditional
semiconductors. This result would support a PCET-like
mechanism, for which the pyridinic N atoms are expected to
be the most favorable active sites due to their high availability
in terms of stoichiometric ratio and good proton acceptor
properties. Conversely, Lotsch and co-workers focus their
attention on the role played by polymerization defects, such as
terminal (−NH2, −NH−) or other substitutional groups13−15

as potential active sites.
In front of this puzzled scenario, it is paramount to achieve a

detailed electronic characterization of CN-materials, consider-
ing the presence of both amino functionalities and hydrogen
bonds. In this study we decided to simplify the system under
investigation, given the difficulty of controlling the growth of a
well-defined CN material, by considering a model H-bonded
network, based on the self-assembling of gas phase CN-
precursor molecules, whose deposition on a metal surface is
more controllable.

In this context, some of us recently demonstrated the
capability of core-level spectroscopies, such as X-ray photo-
emission (XPS) and near edge X-ray absorption fine structure
spectroscopy (NEXAFS or XANES), to finely assess the
electronic properties of the melamine molecule (the building
block of another CN family, i.e. polytriazine-imide) in different
conditions: (i) in the gas phase, as noninteracting molecule,
(ii) condensed in H-bonded networks on Au(111),16 and (iii)
supported on Cu(111) while interacting with water.17

Similarly, some of us theoretically investigated the properties
of H-bonded and Cu-decorated melem-based polymers by
simulating core-level spectra (XPS, NEXAFS), and infrared
(IR) absorption spectra and their excitonic structure.12,18,19

In this work, we extend our methodology to the melem
precursor by considering the molecules in the gas phase and
after deposition/self-assembly on the Au(111) surface.20−22

Our study is based on the comparison between experimental
ultraviolet photoemission spectroscopy (UPS), XPS, and
NEXAFS measurements and numerical simulations using
density functional theory (DFT) methods. We analyze the
intermolecular H-bond fingerprints in the core-level spectra by
inspection of the charge redistributions occurring within the
outer molecular orbitals, which are those more affected by the
H-bonds formation. Moreover, by modeling unsupported and
supported H-bonded melem 2D networks, we also clarify how
the organo-catalyst electronic structure may be influenced by
the coupling with an inorganic support.

■ METHODS
Experimental Methods. Most of the experiments were

performed at the Elettra Synchrotron facility located in Trieste,
Italy. Specifically, gas phase measurements were carried out at
the GasPhase beamline. Melem was purchased from
SynthonLab (purity 90%) and sublimed from a stainless steel

crucible kept at 553 K. Before gas phase measurements,
preliminary experiments for improving the powders purity
were performed at the Surface Physics Laboratory at Uppsala
University, Sweden. Purification required long-lasting degass-
ing times, in ultrahigh-vacuum, by heating the powders at the
molecule sublimation temperature. The effectiveness of the
cleaning procedure was checked by measuring ultraviolet
photoemission spectra of a series of thick film samples grown
on the Au(111) using increasingly degassed powders. The UPS
spectrum shown in the paper corresponds to the thick film
obtained after the described purification procedure. The UPS
spectra were measured by using a Scienta SES-100 hemi-
spherical analyzer and the He(II) line (hν = 40.8 eV) from a
Gammadata/Scienta VUV 5000 microwave-driven mono-
chromatized He discharge lamp. Binding energy (BE)
calibration was performed by measuring the Fermi level of
the clean substrate right before growing the thick films.
Although all contaminants were successfully removed, also the
powders were depleted of the molecule of interest since melem
slowly polymerizes close to the sublimation temperature. As a
consequence, gas phase measurements were performed with a
low molecular flux affecting the overall statistics of the spectra.
Moreover, all gas-phase spectra reveal the presence of gaseous
ammonia, a subproduct of the condensation reaction. The N
1s XPS spectrum of gaseous melem was acquired with a
Scienta SES-200 hemispherical analyzer with photon energy of
495 eV and energy resolutions of 220 meV. The photoelectron
energy calibration was made by measuring the reference N 1s
level of gaseous N2 (409.9 eV).23 Valence level spectra were
acquired with a photon energy of 40 eV and energy resolution
of 50 meV. The ionization energy scale calibration was
performed by introducing Ar and measuring the reference
3p3/2 line (15.76 eV).23 The N K-edge NEXAFS spectrum was
measured in total ion yield mode (TIY) with a photon energy
resolution set to 55 meV. The photon energy scale calibration
was provided by simultaneous acquisition of the N K-edge
NEXAFS spectrum of gaseous N2 and locating the π* second
vibrational resonance (ν′ = 1) at 401.10 eV.24 The absorption
intensity was normalized with the transmitted photon flux
measured by a calibrated Si photodiode.

Core-level spectra for 1 monolayer (ML) melem/Au(111)
were measured at the ALOISA beamline. Melem was sublimed
from a boron nitride crucible held at the temperature of about
573 K. In this case, powders were not completely purified
before measurements. The monolayer saturation coverage was
determined by multilayer deposition followed by a flash to 473
K for thermal desorption of second layer molecules and
contaminants. The monolayer used for the present study was
then obtained by incremental deposition of fractional
monolayer amounts and shortly flashed to 473 K after the
last deposition (to remove contaminants). The N 1s XPS
spectra were acquired at normal emission and grazing
incidence (4°) with a photon energy of 515 eV (overall
resolution ∼150 meV). The binding energy scale was
calibrated by setting the Au 4f7/2 peak to the reference binding
energy of 84.0 eV. NEXAFS measurements were performed at
N K-edge in the partial electron yield (PEY) mode (resolution
80 meV) by means of a channeltron equipped with a grid
polarized to −370 V to reject low energy secondary electrons.
The orientation of the surface with respect to the linear
polarization of the photon beam was changed from transverse
magnetic (TM, closely p-polarization) to transverse electric
(TE, s-polarization) by sample rotation around the photon
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beam axis while keeping a constant grazing angle of 6°. Details
about calibration and normalization of the NEXAFS spectra
can be found in refs 25 and 26. Both gas phase and solid state
N 1s XPS spectra were fitted by using Voigt profiles having
common Lorentzian (0.10 < L < 0.13 eV)27 and Gaussian
broadening.
Computational Methods. All the calculations reported in

this work were carried out within the DFT framework, using
the QuantumESPRESSO suite.28−30 The ground state
calculations were performed using the PBE exchange-
correlation functional,31 with a cutoff of 46 and 364 Ry on
the wave function and charge-density plane waves basis set,
respectively. The dispersion interactions were included
through the Grimme-D3 correction.32 In the case of periodic
models, the calculations were performed by considering a
shifted Monkhorst−Pack 4 × 4 × 1 grid of k-points in the
reciprocal space. For the calculation of the density of states
(DOS), the k-point grid was expanded to 12 × 12 × 1. The
model structures including the metal surface were constructed
by optimizing a supercell containing one or two melem
molecules and a slab made from the 3 × 3 or 5 × 5 repetition
of the Au(111) unit cell, depending on the H-bonding motif.
The slabs contain three layers of Au atoms, with a crystal
structure taken from that of the bulk Au, with an optimized Au
lattice of 4.16 Å (experimental value 4.08 Å33); only the
coordinates of the topmost two layers (and those of melem)
were relaxed. In order to build the supported 2D systems, we
used the information from a preliminary investigation on the
adsorption of an isolated molecule on Au(111) (such as best
adsorption sites, rotational domains, etc.). We considered the
same patterns of the optimized unsupported 2D networks, and
we enlarged their unit cell, matching the (fixed) size of the
Au(111) supercells. For the isolated molecule only, the
electronic structure of the ground state was calculated also
with the B3LYP34,35 exchange and correlation functional: in
that case, a plane wave basis set size of 70 Ry was considered.

The XPS spectra were calculated through the ΔSCF
method,36 i.e., by placing a modified pseudopotential hosting
a N 1s core hole at every N atom, then taking the total energy
difference from a chosen reference in order to calculate the
core level shift (CLS). In this work, the total energy of the
pyridinic N was assumed as reference for the CLSs. In this
case, the plane waves’ cutoff was increased to 66 Ry; the final
spectra were obtained through the convolution of the delta-like
CLSs with Gaussian functions, with a broadening σ = 0.17 eV.

The NEXAFS spectra were calculated through the
transition-potential method,37 using pseudopotentials gener-
ated with a half core hole; in these cases, the plane wave basis
set was enlarged to 61 Ry. The absorption cross section was
calculated by the XSpectra code,38 included in the QuantumE-
SPRESSO suite. The final spectra were obtained with a linear
broadening of 0.2 eV.

■ RESULTS AND DISCUSSION
Electronic Characterization of Isolated Melem and

Unsupported H-Bonded Networks. As shown in previous
STM studies,20−22,39 melem molecules adsorb planar on
surfaces like Au(111) and Ag(111) forming a variety of
different, mostly coexisting, hydrogen-bonded networks. All
structures feature two basic intermolecular H-bond patterns,
which are usually denoted as side-by-side (SS) and head-to-tail
(HT) (see Figure 1 panels a and b, respectively). In the side-
by-side motif, a double H-bond of the type −NH···N occurs

between two adjacent melem molecules each of them
providing one hydrogen of the amino group (−NH2) and
one pyridine-like nitrogen (−C�N−). In the head-to-tail
arrangement, a similar double H-bond is formed by connecting
both amine H of one molecule with two neighboring
heterocycle aromatic N. In order to best describe the behavior
of the different melem networks self-assembled on the metal
surface, we optimized two prototypical configurations whose
geometries are based on those of commensurate melem/
Au(111) structures derived from the STM studies. The first
one, which we label pbc-HEX, originates from the SS pattern
and yields low-density domains exhibiting hexagonal nano-

Figure 1. (a,b) Top view of two different H-bond patterns, side-by-
side (a) and head-to-tail (b). The different N-containing species are
shown as well; the H-bonds are represented through dashed lines.
(c,d) Top view of the optimized unsupported 2D pbc-HEX and pbc-
HC models. For both structures, a box shows a zoom in around H-
bonding atoms. The electronic charge density redistribution due to
the formation of a periodic H-bonds network is highlighted through
yellow/cyan lobes (electron accumulation/depletion). Isovalues:
0.003 e−/Å3. C, N, and H atoms are represented by gray, blue, and
white spheres, respectively. In panels c and d the supercell structures
are shown with a solid line.
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pores. The second configuration, which we label pbc-HC,
represents monomers assembling through the HT motif,
yielding a denser close-packed arrangement with honeycomb
structure. A schematic of the pbc-HEX and of the pbc-HC
networks is given in Figure 1 panels c and d, respectively.

In this section, we present, for the first time, a detailed study
of the electronic structure of H-bonded melem systems by
simulating the unsupported pbc-HEX and the pbc-HC
networks. Figure 1c,d shows 2D plots representing the
electronic charge density difference between the isolated and
the H-bonded melem, both in the pbc-HEX and the pbc-HC
models. As expected, the plots evidence significant charge
density redistributions in correspondence of the H-bonds.
Regions of charge depletion are mostly localized on the H
atoms. On the other hand, charge accumulation mainly occurs
just aside the Namino and, to a minor extent, in the space
between the H and the Npyridine atoms (for a definition of the
different types of N atoms, see Figure 1a,b). Minor charge
depletions are predicted on the Namino and Npyridine atoms.

Although similar charge density difference plots are
commonly used for describing H-bonded networks,40,41 there
are no detailed studies correlating such electronic charge
redistributions with the modifications that each molecular
orbital (MO) undergoes due to the H-bond formation. Hence,
in order to verify whether specific molecular orbitals go
through any major perturbation, the MOs of both the isolated

and the H-bonded melem were analyzed and compared. Since
the pbc-HEX structures have two molecules per unit cell, their
eigenstates can be grouped into almost degenerate pairs. Each
pair can be regarded as the linear combination (in-phase and
out-of-phase) of the MOs of a single melem molecule in the
pbc-HC repeating unit, as shown in the Supporting
Information file Figure S1a. Based on this recognized analogy,
for an easier inspection and to have a one-to-one
correspondence with the isolated monomer, in the following
we will focus the attention only on the MOs of pbc-HC. This
choice is also supported by the similarity of the spectroscopic
results simulated for pbc-HC and pbc-HEX structures, as
shown in Figure S1b−d.

The charge density distribution (ρ) of the most relevant
MOs of the isolated molecule is shown in Figure 2a, while the
corresponding MO energy positions, calculated at the PBE
level, are reported in the upper panel of Figure 2b (double
degenerate states are marked with an asterisk ∗); for
comparison, the (PBE) density of states (DOS) calculated
for the periodic melem network pbc-HC is shown in the lower
panel of Figure 2b. The ρ calculated for selected eigenstates of
pbc-HC is reported in Figure 2c.

The MOs of the periodic model, which we label MO(i),
where i is the index of the corresponding eigenstate, strongly
resemble those of the isolated molecule (for a full comparison
of all MOs, both those of the gas phase melem and those of the

Figure 2. Panel a: charge density distribution ρ of a few selected molecular orbitals (MOs) of molecular melem. The asterisk (∗) in the label marks
a doubly degenerate state. Panel b: comparison between the energy position of the eigenstates of the isolated molecules (black lines) and density of
states of the optimized pbc-HC model (red curve). In the case of HOMO−6 and LUMO, which form small bands in pbc-HC (see Figure S4 for
details), the black dotted lines mark the edges of such bands. Between −3 and −2 eV below EF, the solid lines mark those states with changed
energy order/position after the self-assembly of the molecules. Panel c: ρ calculated at the Γ point for the eigenstates of the pbc-HC model derived
from the MOs shown in panel a, and now labeled through their computational index MO(i) (e.g., the lowest unoccupied orbital MO41 derives
from the molecular LUMO). Panels a and c: isovalue 0.003 e−/Å3. Yellow or cyan lobes color the phase dependent isosurface. C, N, and H atoms
are represented by gray, blue, and white spheres, respectively. The black circles highlight the modifications on the ρ of pbc-HC MOs due to the
formation of H-bonds.

4

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01990/suppl_file/jp3c01990_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01990/suppl_file/jp3c01990_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01990/suppl_file/jp3c01990_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01990?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01990?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01990?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01990/suppl_file/jp3c01990_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01990?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


unsupported pbc-HC model, see Figure S2). We may notice
some modifications for the lone-pair σ-orbitals, which are
indeed the MOs mostly involved in the in-plane H-bonding
interactions. For instance, the σ-symmetry MO36, which
clearly derives from HOMO−1 (Figure 2a), unambiguously
shows new in-plane charge density aside the Namino atoms
(black circle in Figure 2c); a similar effect is found for the
HOMO−2* → MO(35−34). A slightly different situation is
observed for HOMO−5 → MO(33−32) (see Figure S2) and
HOMO−6 → MO31 (Figure 2a/c): in the isolated molecule,
these orbitals already bear some charge density in between the
C to Namino bond. In the corresponding pbc-HC MOs, the
charge density is enhanced and clearly displaced toward the
Namino atom. Such modifications well correlate with the charge
density redistributions shown in Figure 1d, in particular with
the in-plane accumulation around the Namino.

In comparison with the isolated molecule, the analysis of the
DOS of the periodic pbc-HC model (both reported in Figure
2b) reveals additional effects correlated with the formation of a
melem network and H-bonds: while the state at the top of the
valence band (MO40) still corresponds to the HOMO of the
molecule, there is a rearrangement of states in the region
between −3 and −2 eV, as highlighted in Figure 2b. In
particular, we observe that the interaction experienced by the
sp2 states of the Npyridine lone pairs, as due to the H-bonds,
stabilizes the original HOMO−1 and HOMO−2* of the
molecule into the MO36 and MO35/34 of pbc-HC,
respectively. On the contrary, the π-type MO37, MO38, and
MO39 of pbc-HC, which are more localized on the Npyridine
atoms, are shifted toward higher energies with respect to their
molecular counterparts HOMO−4 and HOMO−3* (see
Figure S3 for more details on the projection of the DOS on
different atomic orbitals of our models).
Comparison of the Theoretical DOS with the Exper-

imental UPS Data. Experimentally, direct probing of the
valence levels can be performed by using ultraviolet photo-
emission spectroscopy (UPS). Figure 3a shows the comparison
between the UPS spectrum of the gaseous melem along with
the position in energy of the eigenvalues calculated for the
isolated molecule, both at the PBE and B3LYP level. The
theoretical PBE curve is further decomposed in two atomic
contributions: the projection on all Npyridine atomic orbitals and
Nσ, i.e., the projection on the σ-bonding orbitals of all N atoms
(see Figure S3 for further details). In order to verify the
reliability of our results calculated by the PBE functional, we
simulated the electronic structure of the isolated molecule with
the B3LYP functional (dashed gray area in Figure 3a), which is
known to be less affected by the energy scale shrinking, as
reported in refs 42 and 43. Except for minor differences, the
overall progression of the eigenvalues is respected, proving that
the PBE functional does not alter the chemistry of the system.

Similar to the case of the heptazine molecule (C6N7H3),
44 in

the isolated melem the self-standing peak a at 8.2 eV is
assigned to the HOMO level, indicating that in both molecules
there is a non-bonding π orbital exclusively localized on the
pyridine N. The HOMO level is followed by a structureless
region (peak b) of high photoelectron intensity at ca. 9.5 eV
that arises from the three highest occupied lone-pair orbitals
(HOMO−1, HOMO−2*) plus three occupied π orbitals
(HOMO−3*, HOMO−4). Although the overlap with the
vibrational progression of the NH3 3a1 state at ca. 10.5 eV23

(see experimental details), peak c can be clearly assigned to

three deeper lone-pair orbitals (HOMO−5*, HOMO−6) and
peak d with the doubly degenerate π HOMO−7*.

For the unsupported H-bonded system, we compare the
theoretical DOS with the experimental UPS spectrum
measured for a thick film of melem grown on Au(111)
(Figure 3b). In this case, we assume that the thickness of the
deposited melem multilayer allows for a direct comparison of
the deposited topmost layers with the unsupported periodic
model. Despite the fair agreement between the experimental
and calculated curves, the huge broadening overwhelming the
UPS spectrum does not allow to extract any specific
information regarding the fine modifications induced by the
H-bonds formation.
Electronic Characterization of Melem(1 ML)/Au(111).

To validate the predicted H-bonding effects (i.e., charge
density redistributions) we characterized our systems by other
spectroscopic techniques, such as XPS and NEXAFS, which
are proven to be more sensitive to the local electronic state of
the heteroatoms involved in this type of interactions.16,45 To
this aim, core-level spectra were measured for both the gaseous
melem and one monolayer grown on the relatively inert
Au(111) surface.

The gas-phase data are compared with those calculated for
the isolated molecule. For the periodic network, the properties

Figure 3. Comparison between the experimental UPS spectra and the
simulated DOS, along with the projections on selected atomic
orbitals: the gas phase (GP) melem (a) and H-bonded systems (b).
The calculated DOS are aligned to the experimental data in order to
match the measured position of the valence band maximum (VBM)
or that of the HOMO.
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of one monolayer of melem deposited on the Au(111) surface,
melem(1 ML)/Au(111), are simulated using the pbc-HC
model, either unsupported or supported on the Au(111)
surface (with a structure commensurate to that of the metal).
This two-step modeling (unsupported and supported) was
fundamental in order to evaluate any possible surface-induced
perturbation of the H-bonded system.
Comparison of Experimental and Simulated XPS Spectra.

In Figure 4 we report the N 1s XPS spectrum for the gaseous

melem and the 1 ML sample. The gas phase spectrum clearly
shows two main peaks at 404.2 eV (peak a) and 405.7 eV
(peak b), and a smaller one at 406.7 eV (peak c). The a:b:c
intensity ratio is found equal to 5.8:5.1:1 suggesting that peak a
can be associated with the N 1s level of the six Npyridine and
peak c with that of the Ncenter. The assignment is confirmed by
theoretical calculations, where the energy separation between
Ncenter and Npyridine is ca. 2.4 eV, i.e., very close to the

experimental core level shift (CLS) of 2.5 eV. At the same
time, peak b is found at +1.5 eV from peak a, in good
accordance with the theoretical CLS of the Namino (1.7 eV).
However, the intensity of peak b is clearly enhanced by the
presence of NH3, whose N 1s ionization energy at ∼405.6 eV
(marked as a black stick in Figure 4) is very close to that of the
Namino.

16,46

The spectrum of 1 ML sample features three main peaks at
398.2 eV (d), 399.1 eV (e) and 400.7 eV ( f), with intensity
ratio d:e:f = 6.5:3.1:1 that now better compares with that
expected from the stoichiometry of the molecule (ammonia
does not stick on the gold surface at room temperature).47

Slight deviations can derive from photoelectron diffraction
effects17 or persistent contaminants (see experimental method
for sample preparation). Interestingly, the CLS of the Ncenter is
found equal to the gas phase value (∼2.5 eV) while that of the
Namino significantly decreases from 1.5 to 0.9 eV. The same
effect is observed in theoretical data, where the calculated CLS
of Ncenter is 2.6/2.4 eV for the unsupported/supported models,
respectively, and that of Namino decreases to 0.8/0.9 eV. This
result clearly reflects the electronic charge density redistrib-
utions due to the H-bonds formation (see Figure 1) and, in
particular, the electron accumulation around the Namino.
Despite the good agreement between the experimental and
simulated XPS spectra, the resolution in the measurements
does not allow to distinguish between contribution from the
suspended and the supported layer. The observed differences
in the CLS data may be indicative of a weak molecule−
substrate interaction that will be discussed below.
Comparison between Experimental and Simulated

NEXAFS Spectra. Another technique that is extremely sensitive
to the molecule−molecule interaction is the NEXAFS
spectroscopy. Figure 5 shows both the experimental and the
calculated N K-edge NEXAFS spectra of melem in the gas-
phase and when embedded within H-bonded domains on
Au(111). Solid state measurements were performed in two
different scattering geometries, the s-polarization (s-pol,
electric field vector E parallel to the surface plane) and the
p-polarization (p-pol, electric field vector E almost perpendic-
ular to the surface plane). As melem adsorbs flat, enhancement
of π* and σ* resonances occur in p-pol and s-pol, respectively.
Theoretical spectra of the pbc-HC models are then calculated
resolving both π* and σ* resonances, providing a general
sound agreement with the experimental curves. Regarding gas
phase measurements, four main features are observed in Figure
5a. Three of them, peak a (∼399.7 eV), peak b (∼402.4 eV),
and peak c (∼403.2 eV) can be reasonably assigned to
resonances of the molecule. Conversely, the fourth structured
feature at around 401 eV clearly belongs to N2

24 (background
gas inside the UHV chamber). According to our theoretical
results, peak a can be assigned to a π* transition from the
Npyridine 1s level to the double degenerate LUMO+1 and,
marginally, to the LUMO, which we label L+1py and LUMOpy,
respectively, in Figure 5a. On the other hand, peak b may stand
for the π*-resonances involving the LUMO mostly localized on
the Namino and Ncenter atoms (LUMOam and LUMOcen) as well
as a higher energy empty state localized on Npyridine atoms
(observed at ∼402.5 eV, not marked in the figure). Lastly, the
broad feature observed at ∼403.2 eV (c) can be assigned to
excitations to σ* states localized on Namino atoms (σ*am). For
additional details on the calculated N species-dependent
components of the NEXAFS and the π-like or σ-like
projections of the DOS, see Figures S3 and S5. It has to be

Figure 4. Experimental and simulated XPS N 1s spectra for gas phase
(GP) melem (panel a) and for 1 ML of melem deposited on Au(111)
(panel b). For the experimental curves, the components resulting
from fitting the data are shown as well with green, magenta, and blue
lines. In the case of the pbc-HC model, the spectra for both the
unsupported and supported cases are shown. For the GP melem, the
energy position of the NH3,

46 which is a contaminant to the system, is
marked by the black stick. The simulated spectra are aligned to the
experimental ones in order to match the position of the most intense
(Npyridine) peak.
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noted that the most intense NH3 resonance (402.2 eV)48 is
likely overlapping with feature b.

In the case of the self-assembled, supported or unsupported
networks, two main modifications are observed. First of all, the
first π* resonance in the experiment is visibly broader with
respect to that in the gas phase. According to our simulated
results, indeed, two main resonances are now contributing to
this first peak, i.e., those labeled MO42py and MO41am in
Figure 5b, but originating at different N atoms. The former is
located on Npyridine and is the most intense transition, similar to
the LUMO+1 resonance observed in the spectrum simulated
for the isolated molecule. The second transition (MO41am) is
now originating from Namino atoms and can be associated with
the red-shifted LUMOam resonance of the NEXAFS spectrum
of GP melem. This finding is in line with the CLS reduction
between the Npyridine and Namino 1s levels already observed in
the XPS measurements. A second modification concerns the
vanishing of the σ* resonances (σ*am) located at 403.2 eV

(peak c) in the gas phase spectrum, involving the Namino. The
quenching of this type of resonances has already observed for
other H-bonded systems (cyanuric acid,49 melamine,16 and
ice50) and derives from the strong modifications undergone by
the involved antibonding MOs (usually localized on the X-H
terminations).
Dipolar Out-of-Plane Interactions. So far we have focused

our attention on the formation of H-bonds between melem
molecules, assuming the substrate as an inert support allowing
the self-assembly of the network. We now complete our
investigation by studying the effect of the metal surface on the
electronic structure of the H-bonded molecules.

We have indeed observed some evidence of the interaction
between the adsorbed melem molecules and the Au(111)
surface, mainly in the XPS spectra (Figure 4, lower panels),
where the calculated contributions of the Namino and Ncenter
with or without the metal support are slightly different. In
particular, the CLS of Namino in the unsupported case is smaller
(0.8 eV) than the supported case (0.9 eV), while for Ncenter the
CLS calculated for the unsupported case is larger (2.6 vs 2.4
eV). Since the melem network self-assembles in a flat
configuration, we can expect these differences to arise from
localized charge rearrangements on the different N species
triggered by the surface, as shown in Figure 6a. In
correspondence of all C and N atoms a pattern of electronic
depletion can be observed, resembling the pz orbitals, while
some charge accumulation can be observed at the interface
with the substrate: this result seems to suggest some degree of
electron transfer from the molecule to the metal. In order to
investigate further the potential source of the rearranged
electrons, we calculated the projected DOS onto both N pz and
C pz atomic orbitals for the pbc-HC models and we performed
their energy integration, which represents the total number of
electrons Ne(E) occupying such states. Figure 6b shows the
comparison of the Ne(E) curves calculated for both the
supported and the unsupported networks revealing that there
is no net transfer of charge. In order to improve the accuracy of
the calculated total charges, we performed the Bader
analysis51,52 on the system, which confirms the result obtained
through the Löwdin projections.53

Therefore, we conclude that the effect of the metallic surface
on the molecular network is to polarize the interface, where the
electrons of the melem occupying the π states are attracted
toward the metal without being properly transferred to Au
states. Since the local dipole is affected by the interaction of the
specific atom with both the overall π system and the Au atoms
below, some minor differences in the electron screening
experienced by the core excited electron are expected,
therefore explaining the differences between the calculated N
1s XPS spectra of the supported and unsupported networks.

■ CONCLUSION
In this work, we performed a combined experimental and
theoretical investigation of the electronic structure of a self-
assembled layer of melem molecules deposited on the weakly
interacting Au(111) surface. We characterized the samples by
means of UPS, XPS, and NEXAFS spectroscopies, whose
results were then compared with the charge density, the
electronic structure, and the spectroscopic data calculated with
DFT methods from computational models.

The theoretical results show good agreement with the
experimental characterization of the samples and provide
electronic and atomistic details on the H-bonding intermo-

Figure 5. Experimental and simulated NEXAFS spectra for gas phase
(GP) (panel a) and 1 ML of melem deposited on Au(111) (panel b).
The experimental solid-state spectrum is compared with that
calculated for the both unsupported and supported pbc-HC model.
Both results for p- and s-polarization of the incident light are reported
(black and red lines, respectively). When possible, the absorption
features are marked with lines indicating the involved empty
molecular orbitals (MO): the subscripts refer to the N atom at
which the photoexcitation occurs. The simulated spectra are aligned
to the experimental ones in order to match the position of the first
resonance.
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lecular interaction. We find strong evidence that only non-
covalent bonding occurs between the amino and pyridinic N
atoms. First, in the DFT calculations we observe some
rearrangement of the electronic charge distribution but no
formation of additional bonding orbitals. Second, for both
experimental and theoretical XPS spectra, the observed BE
shifts of the different N components (in particular a reduction
of the CLS of Namino from 1.5 to 0.9 eV) agree with a dipolar
interaction between H-bonded fragments in the 2D network,
where the Namino, acting as H donor, experiences some local
electronic charge accumulation. This BE red-shift also
coherently affects the appearance of the theoretical and
experimental NEXAFS spectra. We find that these results,
both experimental and theoretical, are independent from the
specific H-bonding motif in the 2D periodic networks.

Finally, we complemented our study by investigating the role
of the metallic substrate on the properties of the self-assembled

molecular layer, through the comparison between the
supported and the unsupported models. We find that the
weak interaction with the Au(111) surface prevents a net
charge transfer from the molecules, but only allows for a
polarization of the electronic charge in the π states at the
interface.
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