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Abstract

In this work we have investigated the effect of intermolecular H-bonding interactions on the local electronic
state of functionalities (amino and priydine-like N) usually found in graphitic carbon nitride materials (g-
CsN4). For doing this, we have performed a combined X-ray photoemission (XPS) and absorption
(NEXAFS) spectroscopy characterization of the melamine molecule (one of the g-CsN4 building blocks)
both in the gas phase (non-interacting system) and in the solid state (H-bonded system). As supported by
theoretical simulations of XPS and NEXAFS spectra, we have found that H-bonds mainly affects the N 1s
level of the amino group, leaving almost untouched that one of the N inside the aromatic ring. This is
responsible for a reduction of the intrinsic chemical shift existing between the two XPS N 1s levels. The
lowering of the amino N ionization energy, also influences the energy position of the corresponding
resonances of the N K-edge NEXAFS spectrum; i.e. the N 1s (NH2) --> LUMO shifts to lower photon
energies. Solid state absorption spectra also show the quenching of resonances related to in-plane anti-
bonding orbitals entirely localized on the amino functionalities. In their place we found a new kind of
resonance which can be associated with a new anti-bonding orbital now extended over multiple amino
groups belonging to adjacent molecules.

Introduction

During the last few years, polymeric materials, known as graphitic carbon nitrides (g-CsN.), have been
attracting enormous interest thanks to their ability to (photo)-catalyze a huge variety of chemical processes
[1]. Among these, the most attractive is the solar-driven water splitting reaction for hydrogen and oxygen
evolution [2]. Although, in this field, inorganic semiconductors are still holding the stage, polymeric or
"soft" photo-catalysts [3] would be preferred as they combine advantages typical of solid heterogeneous
photo-catalysts, such as the recyclability and the high physicochemical stability, together with the tunability
of the optoelectronic properties and nature of the active sites characteristic of organic homogeneous photo-
catalysts. Moreover they can be easily synthesized from inexpensive and earth-abundant precursors.

g-CsN4 are usually modeled as binary CN sheets based on s-triazine or s-heptazine units connected through
tertiary amino-groups N-(C); (see Fig. 1a, b). Equivalently, triamino-s-triazine (melamine) and triamino-s-
heptazine (melem) can be also considered as the corresponding building blocks. Actually, g-CsN. materials,
as those prepared by pyrolysis of CNH precursors (cyanamide, dicyanamide, melamine, urea, thiourea),
consist of amorphous powders always containing a variable amount of hydrogen (1-2 % wt) [4], [5]. The
hydrogen content can indicate the presence of peripheral primary amino groups (-NH) and bridging -NH-
amines. Indeed, g-CsN4 powders are most likely to be composed of s-heptazine/s-triazine based polymers
with different degrees of condensation and cross-linking. However, to date, there is no way of knowing the
exact composition of these materials as their amorphous nature and lack of solubility prevent the use of
classical characterization techniques. In particular synthesis conditions, Lotsch et al. were able to isolate
some side g-CsN4 crystalline phases and determine the corresponding structures [5], [6]. In one case, it was
observed a linear polymer (melon) in which s-heptazine units are connect via -NH- bridges and preserve one
primary amino group per unit (-NHz). The chains are arranged in a zigzag-type fashion which allows
medium-strong hydrogen bonding interactions (-NH<*N=C) that stabilize the formation of a close-packed 2D
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array (Fig. 1c). In another case, it was observed a continuous 2D heptazine network exclusively based on
covalent -NH- bridges (polyheptazine imide or PHI). In this structure, the resulting large triangular void can
host a single melamine molecule which is tightly anchored to the surrounding heterocycles via multiple
hydrogen bonds (Fig. 1d). Despite its ill-defined nature, amorphous g-CsN4 powders provide higher photo-
catalytic activity as compared to crystalline phases [7], [8]. Indeed, as in most heterogonous catalysts,
enhancement of photo-catalytic activity is often associated with the availability of more/better exposed
active sites, such as surface terminations and defects [1]. By contrast, in crystalline phases of melon or PHI,
possible active sites (primary or secondary amines and pyridine-like N) are locked up in intermolecular H-
bonds preventing water molecules to H-bind the N-functionalities. According to few theoretical studies
based on ideal binary CN sheets [9], [10] or the s-heptazine unit [11], the interaction at the basis of the
water-splitting mechanism would be the H-bond formation between the hydrogen atoms of the water
molecule and the lone pair of the aromatic N. In a recent study, Lotsch et al. [7] have shown that also
primary and secondary amines can have a role as possible active sites, as low-mass weight heptazine
oligomers have been found to have up to three times the activity of ill-defined g-CsN4 materials. In the
oligomers case, indeed, the amino groups are not only more prevalent but also better exposed as confirmed
by the stacking disorder and conformational flexibility of these less condensed materials.

Despite the implications that H-bonds can have on the photo-activity of carbon nitride materials, to date, no
detailed spectroscopic information are available about the hydrogen mediated interaction between the amino
functional groups and the nitrogen atoms inside pyridine-like rings [12]-[15]. By contrast, H-bonded
structures formed by melamine and/or melem on different kinds of surfaces have been the subject of
extensive scanning tunneling microscopy and theoretical investigation [16]-[22]. Both molecules can be
sublimated in ultra-high vacuum condition allowing the building up of highly pure and defect-free epitaxial
films. At the monolayer regime, surfaces like Au(111) or Ag(111) afford flat adsorption and formation of
peculiar honeycomb structures where amino and pyridine-like functionalities are involved in intermolecular
H-bonds which are very similar to those existing in the crystalline structures of melon and PHI. Moreover,
contrary to polymeric materials, these small molecules can be also studied in gas phase, which is
fundamental to get access to the properties of the "non-interacting" functional groups.

To deeply understand how intra-molecular H-bonding interactions impact on the local electronic state of
carbon nitride functionalities, we have exploited the high processability of the melamine molecule to
perform a combined gas-phase and solid state characterization by means of core level spectroscopies,
specifically X-ray photoemission spectroscopy (XPS) and near edge absorption X-ray fine structure
spectroscopy (NEXAFS). Although hydrogen bonds do not determine a change in the formal oxidation state,
they can largely affect the core level binding energies of the involved heteroatoms. For instance, the head-to-
tail H-bonded structure observed in thin film of pyridincarboxylic acids (-C=N+sHOOC) is responsible for a
chemical shift of the N 1s level of about 1.7 eV relative to the non-interacting system[23]. Being an initial
state effect, the change in the N 1s level binding energy also affect the energy position of the corresponding
N K-edge NEXAFS resonances. The high sensitivity of XPS/NEXAFS also provides enough contrast for
disentangling H-bonding effects when the shared proton is linking functional groups having the same
heteroatom; i.e. clusters of carboxylic acids (C=0+*HOOC)[24] or thick films of croconic acid (C=0O<**HO-
C)[25], [26].

In the melamine case, we have found that H-bonding interaction mainly affects the N 1s level of the amino
nitrogen, which determines a reduction of the XPS chemical shift existing between the two non-equivalent N
atoms. On the other hand, the electronic state of the N accepting the proton (:N=C) remains almost
unperturbed, as confirmed by theoretical simulations of the N 1s binding energies obtained for both the
monomer and the H-bonded system. The core level shift experienced by the amino N 1s level, also affects
the N K-edge NEXAFS spectrum, moving the N1s --> LUMO transition to lower photon energy. Theoretical
simulations also show that intermolecular H-bonds determine the quenching of resonances associated with
transitions from the amino N 1s level to in-plane orbitals (mainly localized on the -NH group) and the
occurrence of a less intense resonance related to a new kind of orbital which extend from the amino N to the
amino groups in the neighboring molecules.

These results show that, among the two type of N, H-bonding interactions strongly modify the local
electronic state of the amino group, therefore suggesting that this functional group has to have a role in the
water splitting reaction. It is reasonable to expect the also in the presence of water, the O lone pair would act
as the lone pair of the triazine N. The NHHe*OHe*N interaction could, than, facilitates the transfer of the
proton to the triazine N. Such a model could, at the same time, supports both the theoretical descriptions of
the water-splitting mechanism based on the H-bond between the water and the :N-C [9]-[11], and the
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experimental findings of Lotsch et al.[7] where the availability of primary/secondary amino groups seems to
be fundamental for enhancing the photo-activity of g-CsN4 materials.
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Figure 1 a, b) Postulated binary CN materials based on the building blocks melamine and melem; c) Hydrogen-
bonded 2D assembly of melon chains; d) 2D continuos network of polyheptazine imide with H-bound melamine
molecules.

Methods

Experimental

Gas phase measurements were performed at the non-permanent ULLA end-station installed at the GasPhase
beamline of the Elettra Synchrotron (Trieste, Italy). Melamine was purchased from Sigma Aldrich (purity
99%) and sublimated from a stainless steel crucible kept at a temperature of ~ 403 K. The sublimation
temperature was determined by subsequent measurements of the valence band spectrum while slowly
increasing the crucible temperature. The procedure allowed a fine control of the degassing process, which
was completed with the fully disappearance of the typical contamination peaks, i.e. mostly water. The XPS
spectra were acquired with the Scienta SES-200 hemispherical analyzer. The C 1s and N 1s spectra were
measured respectively with photon energies of 382 eV and 495 eV and an overall energy resolution of 140
and 220 meV, respectively. The calibration of the core level ionization energy scale was made thanks to the
simultaneous acquisition of the C 1s and N 1s of gaseous CO2 and N and aligning them to 297.7 eV[27] and
409.9 eV[28], respectively.



The N K-edge NEXAFS spectrum was measured in total ion yield mode with a photon energy resolution set
to 200 meV. The photon energy scale calibration was provided by simultaneous acquisition of the N K-edge
NEXAFS spectrum of gaseous N and locating the w+ (v’ = 1) resonance at 401.10 eV[29]. The absorption
intensity was normalized with the transmitted photon flux measured by a calibrated Si photodiode.

Solid state measurements were performed at the LowDose PES end-station installed at the PM4 beamline of
the BESSYII Synchrotron (Berlin, Germany)[30]. Au(111) single crystal was cleaned by sputtering and
annealing cycles. Melamine molecules were sublimated from a quartz crucible resistively heated by a
tantalum wire. Before deposition, powders were degassed for several hours at the sublimation temperature of
~ 390 K. All samples/films shown in the paper were prepared by keeping the substrate at room temperature.
A 1 ML sample (not shown) was prepared by desorbing a thick film deposited at LN temperature. The
corresponding N 1s / Au 3d intensity ratio was used to roughly calibrate the coverage of 1.2 ML sample,
finely determined by the fitting procedure. All XPS spectra were fitted by using Voigts components. In the
case of gas phase spectra, the fitting of the N 1s line was performed without any constrain leading to an
NH2/N=C intensity ratio of about 1.2 (the same value or slightly smaller (ca. 1.1) was found by using
respectively simple Gaussians or Gaussians with a slope on the higher BE side). The NH. peak was found
intrinsically broader than the triazine one, showing a significant Lorentzian broadening. On the other hand,
the triazine component seems to be better described by a Gaussian peak. We want to remind that we do not
pretend to associate the Lorentzian broadening to the core-hole lifetime, but as a mere description of the
peaks. For the multilayer, the NH2/N=C intensity ratio was initially imposed 1:1 and then left as free
parameter, which again ended up to 1.2. Finally, for the 1.2 ML sample, we imposed such a ratio equal to 1.2
for both 2" and 1% layer components. FWHMs for each type of N component are linked between second and
first layer. The XPS and NEXAFS measurements were performed with a Scienta SES-100 hemispherical
analyzer. The N 1s and C 1s spectra were measured at normal emission with photon energy of 500 eV and an
overall energy resolution of 230 meV. The energy scale was calibrated by aligning the Au 4f7», peak to the
binding energy of 84.0 eV.

The N K-edge spectra have been acquired in Auger yield mode using a fixed energy window of about 20 eV
centered at the Kinetic energy of 372 eV. The spectra were collected with electric field polarization parallel
(NI) and almost perpendicular (GI) to the surface plane (see inset of Fig. 4). The spectra were calibrated by
using the Au 4f line measured with both 1% and 2™ order of the last photon energy of the NEXAFS spectrum.

DFT calculations

We have performed Ab initio calculations based on the plane wave[31] Density Functional Theory
(DFT)[32], [33]. The static ions and valence electrons were handled thought the projected augmented wave
method (PAW)[34] with pseudo-potentials as implemented in VASP (Vienna Ab-initio Simulation Package)
code[35]-[37]. We represented the exchange and correlation interactions through the generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional[38] and hybrid density functional
Heyd-Scuseria-Ernzerhof (HSEO6) [A. V. Krukau et al. J. Chem. Phys. 125 224106 (2006)]. The relaxations
converged for an energy threshold of 10=5eV and forces in the range of 10~2eV/A for the gas phase
melamine (monomer, dimer, trimer and hexagonal packed structure) and an hexagonal packed layer of
melamine adsorbed on a slab of Au(111), as shown in the Supporting Information file (Figure_SI 5). The
plane wave basis cut-off energy was set to 700 eV and a large enough vacuum region of approximately 10 A
in any direction was considered for the molecules in the gas phase to isolate the species. The surface was
described by three layers of Au(111) of 10x10 Au atoms each. The supercell included 14 A of vacuum in the
perpendicular direction to the surface in order to avoid residual interactions between periodic images. The
surface calculations were carried with Dumped Van der Waals dispersive corrections for the charge
fluctuations included through the use of DFT-D3 scheme as implemented by Grimme[39]. The Brillouin
zone was sampled with Monkhorst-Pack[40] mesh K-point of 1x1x1 grid for the Gas phase and 2x2x1 for
the melamine/Au(111). We have employed the Janak-Slater (JS)[41] transition state approximation to
generate a half-core occupation in order to calculate the Core level (CL) Binding Energy (BE) shifts, which
have been shown to provide more accurate ™? XPS surface signatures with respect to previous reported
experiments[42], [43]. We have calculated the XPS curves using Gaussian FWHMs of 0.6 eV for the core
eigenvalues. The Janak-Slater (JS) approach is described by an excited half-core electron that is removed
from the system, which could be interpreted as an extraction of the (half) electron to the vacuum region. We



have calculated the BEs using the final state approximation for different occupancies concerning the neutral
and charged gas phase melamine, as shown in the Supporting Information file (Figure_SI 1).

The calculations of the NEXAFS spectra were performed using the DFT code StoBe \cite{StoBe} in the
transition potential approach[44]. We have used the generalized gradient corrected exchange functional by
Becke[45] and the correlation functional by Perdew[46]. To describe the core excited N atoms the igloo-iii
triple € basis of Kutzelnigg, Fleischer and Schindler[47] was used. The remaining N atoms were represented
by 5 electrons effective core potentials, and the C atoms by 4 electrons effective core potentials, all provided
by the StoBe package. The NEXAFS spectra were calculated for the gas phase molecule and for a quadrimer
of four molecules, extracted from the hexagonal structure adsorbed on the Au(111) surface, where the H
bonds between adjacent molecules could be taken care of. These structures had been previously
geometrically optimized by the VASP code. The total NEXAFS N K edge spectrum in the gas phase was
obtained as the average of the spectra calculated for the two types of N atoms in the gas phase molecule. In
the same way, the angle resolved N K-edge spectra of the molecule with the H-bonds were obtained as the
average of the spectra of each. The simulated spectra were convoluted with Gaussian curves of full width at
half maximum (FWHM) of 0.5 eV up to the IP, and linearly increasing to 8.0 eV for an interval of 20 eV,
and constant above. The spectra were moreover shifted by 0.39 eV (the gas phase), and 0.55 eV (the
guadrimer) which includes the relativistic corrections for the N atoms[48].

Results and discussion

1. N 1s XPS

Figure 2 shows the N 1s XPS spectra of the melamine molecule in gas phase and adsorbed on Au(111) at
two different coverage, ~ 1.2 monolayer (ML) and ~ 6 ML. The top and bottom axes correspond to the gas
phase and solid state energy scale, respectively. In the former case the scale is referred to the vacuum level
(lonization Energy, IE), while in the second case to the Er of the gold substrate (Binding Energy, BE). The
most striking difference between gas phase and solid state spectra is the reduced chemical shift existing
between the N 1s levels of the two non-equivalent nitrogen atoms (the nitrogen of the amino group (-NH>)
and the nitrogen inside the triazine ring (C=N)), that goes from about 1.5 to less than 1.0 eV. When passing
from the gas phase to the multilayer the N 1s and C 1s levels associated with the triazine ring shift of about
5.4 eV, which roughly correspond to the Au(111) work function[49]. On the other hand, the shift of the
amino N 1s level is larger and amounts to about 6.1 eV. This indicates that the reduction of the chemical
shift between -NH, and N=C is mainly due to a change in the chemical environment of the amino nitrogen
(to highlight this result, the spectra are shown by aligning the triazine N component of the gas phase
spectrum with that of the multilayer).

With respect to the multilayer, both N 1s and C 1s peaks of the 1.2 ML sample shift to lower binding energy
because of the more efficient core-hole screening caused by the surface vicinity. Interestingly, for this
sample the N 1s line is more resolved, clearly showing two components. By disentangling the contribution
due to the residual 2™ layer (filled curves), we can observe that the 1% layer components almost retain the
same chemical shift found in the multilayer, while their widths are considerably reduced (see Gaussian
FWHMs in Table 2).

EXxp. Th.
N 1s -NHz | C=N | chem. shift | chem. shift
(eV) (eV) AE (eV) AE (eV)
gas phase | 405.50 | 403.99 1.51 1.67
6 ML 399.38 | 398.53 0.85 1.16
1.0 ML* | 398.75 | 397.81 0.95 1.06
C1ls C=N
gas phase 293.39
6ML 287.94
1.0 ML* 287.10

Table 1 Ionization and binding energies of N 1s and C 1s components obtained by curve fitting. For N 1s, the chemical
shift between the N=C and NH2 components is also reported, both experimental and theoretical values. (*) For 1.2
ML only BEs of the first layer components are reported.



N 1s -NH; | C=N

gas phase | L 0.46 | L 0.03
G0.46 | G0.62

6 ML LO51|LO11
G095 | G102

1.2ML* | L0.58 | L0.13
G 0.60 | G0.68

Table 2 Lorentzian (L) and Gaussian (G) FWHMs (in eV) of amino and triazine N 1s components obtained by curve
fitting.

lonization Energy (eV)

1.51 eV gas phase

0.85 eV on Au(111)

Counts (arb. un.)

~ 6 ML

0.95 eV

Binding Energy (eV)
Figure 2 N 15 XPS region for melamine molecule in the gas phase and adsorbed on Au(111) at two different
coverage, 6 ML and 1.2 ML.

Previous STM studies [16], [21] have shown that melamine adsorbs flat on Au(111) and self-assemble in
honeycomb domains where amino and triazine functionalities are involved in reciprocal H-bonding
interactions, i.e. NHH+sN=C. Such intermolecular H-bonds, which are absent in the gas phase, are likely to
be responsible for the lowering of the ionization energy of the amino N 1s level, observed both in the
multilayer and monolayer samples.

To deeper investigate the hydrogen-bonding effect on the local electronic state of both functional groups, we
have performed N 1s core level binding energy simulations for gas phase melamine and for H-bonded
structures having an increasing number of melamine units. We have considered a dimer, a trimer and a
periodic hexagonal arrangement, the latter resembling the honeycomb domains observed by STM[16][21].
The results are shown in Figure 3 along with the models of the molecular structures. As we are mainly
interested in relative chemical shifts, we have arbitrarily chosen as our reference the energy scale of the
monomer and shifted the other spectra in order to match the peak located at lower BE. The same peak has
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been used for intensity normalization. Starting with the N 1s level of the monomer, we can recognize a clear
similarity with the experimental XPS N 1s spectrum acquired for gaseous melamine. The two spectra slightly
differ for the magnitude of the chemical shift, 1.67 eV (theory) vs. 1.51 eV (experiment). The comparison
also highlights some other experimental features that are not taken into account by the calculation. For
instance, the NH; peak is intrinsically broader than the N=C component, probably as a consequence of a
more extended vibrational structure[50]. Moreover, according to our fitting procedure (i.e. Voigt components
without any constrains), the intensity ratio is slightly in favor of the NH, component (~ 1.2). The same value
is also obtained by using simple Gaussians, and slightly lower (~ 1.1) by using Gaussians with a slope for the
higher BE side. These results confirm that part of the intensity associated with the aromatic nitrogen is lost
and possibly spread among the weak shake-up features observed on the higher BE side (see Figure_SI 3).
When considering the dimer, we notice that the double H-bonded structure mainly breaks the equivalence of
the amino N atoms, leaving almost unperturbed the N atoms inside the ring. The amino N directly involved
in the H-bonds (highlighted in red) significantly shifts to lower binding energy of 0.7 eV (avg.), relative to
the peripheral amino groups. On the other hand, the N=C counterpart (highlighted in green) shifts to higher
binding energy of only 0.1 eV in average, compared to the non-interacting N=C. Such findings fully
corroborate our previous conclusions simply derived by observing the energy difference between the
experimental IE and BE, A(IE-BE), of the two N 1s levels. Similar results were also observed in the
theoretical study of Garcia-Gil et al.[51], where, through the screening of several H-bonded molecular
structures, they found the BE of the H-donor to be much more affected compared to that of the H-acceptor.
By increasing the number of melamine units, i.e. in the trimer, the weight of the NHH component increases,
becoming almost comparable with that one of the free amino groups (4 : 5). Small variations of the H-bond
distance, and in particular, of the N-HeN angle are responsible for the large spread in the BE values
observed for NHH component (see Figure_SI 4). When considering the periodic hexagonal structure of
Figure 3d, where all functional groups are locked-up in the H-bonds, the corresponding N 1s spectrum only
features two components like in the monomer case but with a smaller chemical shift of 1.16 eV, which
means a lowering of 0.51 eV (see Table 1). These values are not too far from those observed experimentally
when passing from gaseous melamine (1.51 eV) to the thick film (0.85 eV), with a reduction of 0.66 eV (see
Table 1). In the experimental spectrum, the impossibility to resolve the two components is due not only to a
smaller chemical shift but mainly to the significant Gaussian broadening of the two components that can be
associated with a plethora of slightly non-equivalent N atoms. Although a floating single layer with
hexagonal structure successfully works as a model for the multilayer, the latter, probably, would be better
described by a model comprising more than one layer (or even the crystallographic structure) where more
than one type NHH+*N=C or NHHeeN=C are likely to be present. The case of the trimer can give an
indication of the spreading of the BEs values caused by small differences in the H-bond distances and angles.



Gas Phase
-NH, -N=C
a) MONOMER

b) DIMER | 1 MONOMER LAGA;A

x » o BN I £

2 NHH N=C

i 1 n DIMER

o4
o
¢ Hi
r.d‘r -
>
Counts (arb. u.)

d) HEXAGONAL

n m it TRIMER

L™
-NHH
c) TRIMER
HEXAGONAL

)( ............. e T HEXAGONAL
A; 414 413 42 411 410

Energy (eV)

on Au(111)

35

’9’ 3

C £ -NHH
2 _
c
-
Q
Qo C
1 HEXAGONAL
409 408 407 406 405

Energy (eV)

Figure 3 (Top graph) Simulated N 1s core level spectra for a) melamine monomer, b) dimer, c) trimer and d) a
periodic hexagonal structure. (Bottom graph) Simulated N 1s core level spectrum for the hexagonal structure on top
the Au(111) surface.

As a final step, we have also calculated the N 1s spectrum for the hexagonal layer on top the Au(111) surface
that, in this case, is very close to the experimental arrangement found for the monolayer phase. Interestingly,
the hexagonal structure in contact with the gold surface remains almost unperturbed compared to the
"floating" layer. The only change is a slight breaking of the equivalence among both kinds of N atoms that
determines a further decrease (0.1 eV) of the average chemical shift (see Table 1 and Supporting Information
file for further details). At variance with the multilayer, the homogeneity of the monolayer leads to a better
agreement between the theoretical and experimental chemical shift: 1.06 eV vs 0.95 eV for the monolayer
and 1.16 eV vs 0.85 eV for the multilayer. Further evidence of a gained homogeneity for the monolayer, is
the reduced broadening of both Gaussian components that allows to resolve the two peaks (Fig. 2).

2. N K-edge NEXAFS

Figure 4 shows the N K-edge NEXAFS spectra corresponding to the three samples already introduced in the
XPS section: gas phase (gray trace), multilayer (light and dark green traces) and 1.2 ML (light and dark
yellow traces). Solid state measurements have been performed at two different scattering geometries (see
inset), at normal incidence (NI, electric field vector E parallel to the surface plane) and grazing incidence
(GI, electric field vector E almost perpendicular to the surface plane). As melamine adsorbs flat in both films
(a bit less in the multilayer), enhancement of n* and o* resonances occurs at Gl and NI, respectively. For a
better comparison, the spectra have been aligned relative to the first resonance by shifting the gas phase
spectrum of + 0.20 eV.

The ©* energy region of gaseous melamine shows three main resonances peak a, b, ¢ together with a small
contribution deriving from the N K-edge spectrum of residual gaseous Na.



When considering the molecular films, both peak a and peak c can be easily recognized in the spectra taken
at grazing incidence (GI). On the other hand, peak b seems to be vanished with the concurrent appearance of
two new resonances aside peak a and peak c, marked with arrows in the spectrum acquired for the 6 ML
sample. For 1.2 ML sample, the shoulder aside peak a is clearly visible while the one close to peak ¢ seems
to be hidden in the decreasing background, usually recorded at this scattering geometry and particularly
enhanced because of the low coverage. The latter is also responsible for the worst S/N ratio of the NI
spectrum, although it was acquired 3 times more compared to the thick film.
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Figure 4 N K-edge NEXAFS spectra of melamine in the gas phase (gray trace) and adsorbed on Au(111) with coverage
of ~ 6 ML (greenish traces) and ~ 1.2 ML (yellowish traces). The solid state measurements have been performed in
two different scattering geometries: at normal incidence (NI, electric filed vector E parallel to the surface plane) and
at grazing incidence (GI, electric filed vector E almost perpendicular to the surface plane). A schematic of the
scattering geometry is shown in the inset.
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Figure 5 (Top Graph) Comparison between the experimental and theoretical NEXAFS N K-edge spectrum for isolated
melamine. The theoretical spectrum has been decomposed in the contribution deriving from each N atom. Out-of-
plane (z) and in-plane (xy) components are also shown. The theoretical curves have been shifted of +0.39 to align for
the first resonances. (Bottom graph) Comparison between the experimental N K-edge spectra taken at GI and NI for
the 6 ML sample and the out-of-plane component of the N K-edge spectrum simulated for a floating hexagonal layer.

For the energy alignment of the first resonance, the theoretical spectra have been shifted of +0.55.
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To better understand the relationships existing between the features of the gas phase and films spectra, we
have performed theoretical modeling of the N K-edge NEXAFS for both the monomer (gas phase) and a
group of four molecules extracted from the H-bonded hexagonal structure adsorbed on the Au(111) (HB
model). In Figure 5 (top panel) we compare the gas phase results with the total N K-edge spectrum computed
for the monomer (theoretical curve has been shifted of +0.39 eV). In the same figure we have also plotted
separately the in-plane and out-of plane contribution for each type of N atom. As for the HB model, we have
computed the in-plane and out-of-plane spectra and compared them, respectively, to the GI and NI spectra of
the 6 ML sample (bottom panel of Figure 5; theoretical curves has been shifted of +0.55 eV). Also in this
case, each spectrum has been further decomposed in the contribution deriving from triazine and amino N.
For the comparison with the HB model, the thick film spectra have been preferred to those of the 1.2 ML
sample since the formers clearly show all the new features deriving from the H-bonding interaction. As it can
be seen the shape of the theoretical curves is in very good agreement with the corresponding experimental
NEXAFS profile. By analyzing the in-plane and out-of-plane contribution of each N atom for the monomer
and the HB model, we are able to clarify the overall effect of the HB network on the unoccupied electronic
structure of the melamine molecule.

Starting with the analysis of the monomer, we can firstly identify the nature of the main resonances: peak a
is entirely associated with a transition from the triazine N 1s level (N=C) to the lowest molecular orbital,
LUMO (peak 1). Equivalently, peak b corresponds to a transition from the amino N 1s level (-NH,) to the
LUMO (peak 2). The energy separation between peak 1 and peak 2 is about 1.85 eV, very close to the core
level shift between the two N atoms 1.67 eV (theory). The third resonance (peak c) corresponds to peak 3
and peak 4, both deriving from the overlap of two different kinds of transitions. One is the excitation from
the triazine N 1s level towards the LUMO+6 and LUMO+10 orbitals of n* character (at 402.92 eV and
403.82 eV respectively), and the second one is the excitation from the amino N 1s level to anti-bonding
orbitals of o* character localized on the amino groups, the LUMO+2 and LUMO+4 (at 403.08 eV and
403.98 eV respectively). The iso-surfaces of all aforementioned orbitals are shown in Figure 6.

Turning now to the four-molecule HB model, we can see that the three main peaks in the theoretical out-of-
plane spectrum (peaks 1, 2, 4) follow well the profile of the experimental Gl spectrum. The decomposition of
the spectrum in the NH; and N=C contributions, clearly shows that both peak 1/a peak 2/b have, indeed, the
same origin as in the monomer case although peak 2/b is now significantly shifted to lower photon energies.
Such a shift is just a consequence of the the reduction of the amino N 1s ionization energy, as observed
through the analysis of the XPS data (Fig. 3). The energy separation between peak 1 and peak 2 is now 1.22
eV, which is very close to the theoretical energy difference of 1.16 eV between the corresponding core
levels. The third out-of-plane peak, peak 4/c-2, has only contribution from the triazine N, and derives from
several transitions to orbitals of ©* character which are clustered around a slightly more intense component
at 403.60 eV (corresponding to the LUMO+35). This orbital has the same symmetry and shape as the
LUMO+10 of the monomer that contributes to about 50% to peak 4 (see again top panel of Fig. 5). Finally,
the out-of-plane component of the amino N at about 405.78 eV in the monomer simulation, is not clearly
discernable in the HB model. In its place we found several smaller contributions that summed up with the
triazine counterpart give rise to the peak 5/d.

As for the NI spectrum (in-plane contributions), one small resonance is obtained in the theory at about
402.35 eV (peak 3), probably corresponding to the experimental peak labeled as c-1. According to our
calculations, this peak is related to a transition from the amino N 1s level to the LUMO+2, a o* orbital that
involves the amino N and its H atoms, and extends towards the two molecules close by. Such orbital can be
regarded as a modification of the LUMO+2 and LUMO+4 previously found for the monomer. Respect to the
monomer, this new transition is shifted to lower photon energy (probably an effect of the reduced amino N
1s IE) and has much lower intensity. The quenching of xy-transitions involving the amino N seems to be a
recurring effect in the N K-edge spectra of NH,-containing benzene derivatives when passing from the gas
phase to the solid state [52].
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Figure 6 Representation of the main LUMOs as probed in the N K-edge spectrum of isolated melamine.
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Figure 7 Representation of the main LUMOs as probed in the N K-edge spectrum of H-bonded melamine.

Conclusions

In conclusion, we have shown that intermolecular H-bonding interactions mainly affect the the N 1s level of
the amino group, leaving almost unperturbed that one of the triazine N. As a consequence, the chemical shift
between the two N atoms is significantly reduced respect to the non-interacting system. The reduction of the
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ionization energy of the amino N 1s, also affects the energy position of the corresponding resonances in the
N K-edge NEXAFS spectrum, i.e. the N 1s (NH2) --> LUMO transition shifts to lower photon energies.
Solid state absorption spectra also show the quenching of transitions involving in-plane anti-bonding orbitals
entirely localized on the -NH; terminations. In their place, we found a new kind of transition which is instead
associated with a o* orbital on the amino group and extended on those of the neighboring molecules.
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