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Molecular self-assembled films have
nanotechnology as they offer a route to obtain new materials. However, careful selection of the

recently attracted increasing attention within the field of
molecular precursors and substrates, as well as exhaustive control of the system evolution is required
to obtain the best possible outcome. The three-fold rotational symmetry of melamine molecules and
their capability to form hydrogen bonds make them suitable candidates to synthesize this type of self-
assembled network. In this work, we have studied the polymorphism of melamine nanostructures on

Received 7th December 2023, Au(111) at room temperature. We find two coverage-dependent phases: a honeycomb structure (a-

Accepted 12th January 2024 phase) for submonolayer coverage and a close-packed structure (B-phase) for full monolayer coverage.
DOI: 10.1039/d3cp05960j A combined scanning tunnel microscopy and density functional theory based-calculations study of the

transition regime where both phases coexist allows describing the mechanism underlying this coverage
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1. Introduction

The physico-chemical and biological properties of organic
materials are highly influenced by their molecular arrange-
ment, which can effectively lead to the fruitful and conceptual
design and development of a wide range of applications in
multidisciplinary fields such as (opto)electronics, photonics,
catalysis or biomedicine, among others.' However, the possi-
bility of establishing a reliable correlation between the mole-
cular structure and long-range organization turns into a
considerable challenge. This difficulty arises from the fact that
the structure of molecular solids is usually driven by intermo-
lecular weak non-covalent interactions that have to compete
with molecule-substrate interactions.®™®

To gain a deeper understanding of the delicate energy
balance that governs a specific molecular organization, exten-
sive efforts have been recently devoted towards the optimal
design of molecules that serve as models for the study in the
field of crystal engineering.”'® Whilst this topic has been
extensively explored in three-dimensional (3D) structures, it
has also garnered significant attention in the realm of two-
dimensional (2D) molecular organization on surfaces.''™?
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driven phase transition in terms of the changes in the molecular lateral tension.

In this context, the molecule-substrate interactions assume
great relevance due to the confinement of molecules within a
2D molecular environment. These interactions dictate the
chemical nature of the molecule-substrate anchoring (usually
physisorption) of organic materials, and must be considered in
the structural characterization.’* Hence, in order to predict,
design and control these non-covalent structures, an adequate
and careful choice of the molecule and the substrate is parti-
cularly important for future applications.

Supramolecular 2D self-assembly is an excellent strategy
used in a wide range of applications for the synthesis of novel
functional materials, and has emerged as a powerful tool to
acquire better control over molecular organization. On this
basis, hydrogen bonding has proven to be a valuable protocol
due to its higher energy and directionality compared to other
non-covalent interactions.'® Consequently, the strategic place-
ment of hydrogen bonding sites within a molecule can be
leveraged to regulate the thermodynamics of intermolecular
interactions, exerting partial influence over the growth of
molecular nanostructures through a bottom-up approach.*®*®

Melamine, a non-chiral molecule with a triazine structure
and three terminal amino groups, is an excellent precursor for
carbon nitride networks and other related carbon nitride nanos-
tructures that are photocatalysts in the visible range."®> A large
variety of melamine structures have already been studied in past
works.>*** In ultra-high vacuum environments, melamine has
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been evaporated on highly reactive surfaces like Pd(111),
Ni(111)** or Cu(111),>**” showing an upright adsorption geo-
metry and a partial dehydrogenation of the amino groups laying
close to the substrate. Contrary, on weakly reactive surfaces such
as Ag(111), melamine remains flat and parallel to the substrate
forming different hydrogen-bonded self-assembled structures.”®
A similar behaviour has been found on Au(111) substrates,>**°
where two main coverage-dependent polymorphs are present.
A hexagonal ordered structure for low coverage and a closed-
packed structure for high coverage. Although there is an agree-
ment regarding the structure of the polymorphs, the theoretical
modelling and orientation of the melamine molecules with
respect to the substrate is still controversial.>***>* In addition,
the transition mechanism between the two self-assembled
phases has not been established yet.

In this work, we present a combined study of Scanning
Tunneling Microscopy (STM) together with Density Functional
Theory (DFT) based-simulations to elucidate the phase transi-
tion mechanism from the low coverage (a-phase) to the high
coverage (B-phase) of melamine molecules on a Au(111) sub-
strate at room temperature. We propose a coverage-driven
mechanism produced by the increment in the molecular lateral
tension that forces a re-arrangement of the molecules from
a honeycomb structure (in the submonolayer range) with a
hexagonal unit cell, to a closed-packed structure with a rectan-
gular unit cell, where the molecules are no longer flat but
slightly tilted.

2. Experimental methods

2.1. Experimental details

All experiments have been carried out in an ultra-high vacuum
(UHV) chamber with a base pressure of 1.0 x 10 '° mbar,
equipped with a flow-cryostat STREAM STM (Scienta Omicron
GmbH) operated at 7 K and a LEED optic (Scienta Omicron
GmbH). The Au(111) single crystal (Mateck) has been cleaned
with several cycles of argon ion sputtering and annealing at
763 K. Melamine molecules (Sigma-Aldrich, 99% purity) were
sublimated from a quartz crucible installed in a 6-fold organic
evaporator (Mantis GmbH) at 440 K and deposited on the
Au(111) substrate kept at room temperature (RT). STM images
were processed and analysed with WSxM.>*> We define the
monolayer (ML) as a single layer of melamine molecules
arranged in an ordered structure fully covering the surface of
the Au(111) substrate. The coverage has been calibrated with
the STM images.

2.2. Computational details

All ab-initio calculations were carried out by using DFT as
implemented within the plane-wave CASTEP*® and the local-
orbital FIREBALL®’ atomistic simulation packages. In the
CASTEP code, one electron wave-functions were expanded by
plane-waves with a kinetic energy cut-off of 500 eV. Electronic
exchange and correlation (XC) effects were considered by
means the GGA-PBE functional.*® The modelling of the ion-
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electron interaction within the H, C, N and Au atoms have been
carried out by adopting ultrasoft pseudopotentials.>® In order
to add dispersive energies and forces to conventional DFT
functionals, which are of particular relevance in the present
case, Tkatchenko-Scheffler semi-empirical dispersion correc-
tion scheme® has been used to account for van der Waals
(vdW) interactions in all the interfacial systems. All the calcula-
tions have been performed within a spin-polarized model, with
no structural and energy differences w.r.t. the unpolarized
calculations. Brillouin zones have been sampled by optimal
[4 x 4 x 1]and [2 x 4 x 1] Monkhorst-Pack (MP) grids*" for the
o- and B-phases, and the o/f mix phase, respectively, and
atomic positions have been optimized until the maximum net
force acting on each atom was <0.02 eV A™', and the self-
consistent electron density converged up to a precision in the
total energy <107 eV.

2.3. Transition state search

Minimum reaction paths and energy barriers have been com-
puted by performing an LST/Optimization calculation followed
by a QST maximization.””> Subsequently, conjugate gradient
minimization is performed, and the procedure is repeated until
a stationary point is located.**** The convergence threshold for
the norm of the force orthogonal to the reaction path has been
set at 0.05 eV A~

2.4. Structural modelling of the systems

The Au(111) surface was modelled in a repeated slab geometry:
(i) a slab of four physical in-plane-periodic metal layers (suffi-
cient to obtain perfectly converged results) with a minimum
distance ~20 A of vacuum between neighbouring cells along
the axis perpendicular to the surface; as well as (ii) full periodic
boundary conditions representing an infinite Au(111) sub-
strate. The two topmost metal layers were free to relax along
all the geometrical optimization processes, whilst the atomic
positions of the two bottommost ones were frozen. The resulting
sizes of the different unit cells used in calculations, with perfect
commensuration between the molecular adlayers and the metal
substrate, are 0.95, 0.86 and 1.76 nm? for the o-, B- and mixed o/
B-phases, respectively, yielding on-surface molecular densities of
2.11, 2.34 and 2.27 molecules nm >, In a first step, pristine gas-
phase melamine molecule was pre-optimized to get a suitable
geometrical starting-point before forming the large battery of
different interfacial systems computationally tested, which were
constructed on the basis of the experimental evidence to closely
mimic adlayer lattice parameters and angles.

2.5. Theoretical STM-imaging

The efficient local-orbital code FIREBALL?” has been used to
simulate the theoretical STM images on the basis of the
established interfacial geometries for the different phases.
FIREBALL package takes advantage of a local-orbital formula-
tion, in such a way that electronic self-consistency is implemen-
ted on the orbital occupation numbers, which were calculated
using the orthonormal Léwdin orbitals.*> To boost the conver-
gence with no accuracy sacrifice, in these calculations we used a
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basis set of optimized single and double numerical atomic
orbitals (NAOs): sp>d® for C, N and Au, and ss* for H. This
local-orbital formulation has been adopted for the STM-imaging
simulations, where tunnelling currents for the STM images have
been computed within the Keldysh-Green function formalism,
together with the first-principles tight-binding Hamiltonian
obtained from the FIREBALL code, as explained in full detail
elsewhere.*”*® The major strength of our STM theoretical simu-
lation framework is based in the inclusion of a detailed descrip-
tion of the electronic properties of both the W-tip and the
sample simultaneously. All computed theoretical STM images
have been obtained at constant-current scanning conditions,
where the W-tip moves perpendicularly to the sample in each
STM scanning-step to search a pre-selected fixed value of the
tunnel current, in order to mimic the experimental procedure.

3. Results and discussion

Fig. 1a shows an STM image of a submonolayer coverage
(0.4 ML) of melamine molecules on a Au(111) substrate.
For this coverage, melamine molecules form islands on the
Au(111) surface and within the islands they arranged in a self-
assembled honeycomb structure, hereafter called o-phase.

Fig.1 (a) STMimage (V = 1.0V, / = 0.05 nA) of the a-phase of melamine
molecules on Au(111) for a submonolayer coverage. Black arrows point to
the main high symmetry directions of Au(111). Inset: Zoom of the STM
image in panel a showing the honeycomb structure of the a-phase and its
unit cell represented as a black dashed rhomboid. (b) Top view, (c)
chemical sketch, where the average N---NH, bond-length, d,,, is indi-
cated, and (d) side view of the DFT optimized model of the melamine on
Au(111). Red and green highlighted melamine molecules in panel b
correspond to “on-top” and “on-hollow” on-surface adsorption sites,
respectively. (e) Simulated STM image of the a-phase of the melamine
on Au(111) (V=1.0V, I = 0.1 nA). In all panels, unit cells are represented as
black dashed rhomboids.
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The unit cell, marked as a black dashed rhomboid on the inset
of Fig. 1a, contains two melamine molecules with lattice para-
meter of dex, = (10.1 & 0.7) A and an angle « = 59° & 1°, in excellent
agreement with previous studies.?® It can be observed that the
herringbone reconstruction of Au(111) is preserved, which
indicates a weak molecule-substrate interaction. In this chiral
structure, each hexagon is formed by six melamine molecules that
are not perfectly aligned along the high symmetry directions of the
Au(111) single crystal (marked with black arrows in Fig. 1a) but
rotated by approximately 19° w.r.t (1,0,—1). Actually, this align-
ment differs from others found in literature,”® confirming the
weak molecule-substrate interaction.

To gain more insight about the a-phase of the melamine/
Au(111), we have performed a set of DFT-based calculations.
Previous studies have incorporated theoretical calculations of
the self-assembled nanoarchitecture;**** nonetheless, a careful
investigation about the on-surface positioning of the molecular
adlayer or its interaction with the Au(111) substrate is still
deeply unexplored. Fig. 1b shows the optimized DFT-computed
model of the configuration as extracted from STM results in
Fig. 1a. In this model, yielding a three-folded molecular coor-
dination, there exist 6 stabilizing N- - -NH, bonds per molecule,
where one of the H atoms in each of the three amino groups
interacts with one of the pyridinic N atoms of the triazine core
of the neighbouring molecules; being the average of the
N- - -NH, bond-length 1.86 A. These bonds are the main respon-
sible for the adlayer stabilization (see below), with a minor
contribution from a number of intermolecular H---H bonds
with bond-lengths ranging between 2.5 and 3.5 A. Besides, the
almost perfect planarity of the molecules forming this phase,
together with the high symmetry of the molecular adlayer,
yields a null intermolecular dipole moment. Furthermore, each
molecule is alternatively twisted 180° with respect to its closest
neighbour, and the centres of adjacent molecules alternate
“on-top” (shadowed in red) and ‘“‘on-hollow” (shadowed in
green) on-surface adsorption sites of the Au(111) substrate. It
should be noticed that the geometrical position of the mole-
cules with respect to the surface will have an important role in
the rationalization of the phase transition. The lattice para-
meter and angle (d¢heory = 10.49 A, o = 60°) of the unit cell of the
a-phase (black dashed rhomboid in Fig. 1b) are in good
concordance with the experimental evidence. Fig. 1c depicts a
chemical sketch of the molecular adlayer without the substrate
for a better visualization, while Fig. 1d shows a side view of the
model, where melamine molecules lie flat and parallel to the
Au(111) surface, yielding an adsorption distance of 3.61 A,
revealing a clear physisorption ruled by a weak molecule-
substrate van der Waals interaction. Fig. 1e illustrates the
computed constant-current STM image at I = 0.1 nA and V =
+1V, in excellent agreement with the experimental image.

When the coverage is increased up to the monolayer, instead
of ordering into a multilayer structure, the melamine molecules
rearrange in a completely different long-range structure, called
B-phase, as depicted in the STM image of Fig. 2a. In contrast
with the a-phase (Fig. 1a), this structure is highly packed and
does not present any pores, maximizing the surface molecular
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Fig. 2 (a) STMimage (V= -1.0V, /= 0.05 nA) of the B-phase of melamine
molecules on Au(111). Black and yellow arrows point to the main symmetry
directions of Au(111) and of the B-phase adlayer, respectively. Inset: Zoom
of the STM image in panel a showing the structure of the unit cell of the
B-phase represented as a black dashed rhomboid. (b) Top view, (c)
chemical sketch, where the average N--:NH, bond-length, d,,, is indi-
cated, and (d) side view of the DFT optimized B-phase model of the
melamine on Au(111). Red and green highlighted melamine molecules in
panel b correspond to “on-top” and “on-hollow” on-surface adsorption
sites, respectively. (e) Simulated constant-current STM image of the B-
phase of the melamine on Au(111) (V= —1.0 V, / = 0.1 nA). In all panels, unit
cells are represented as black dashed rhomboids.

density. As it can be seen in the inset of Fig. 2a, the unit cell
(Gexp = (12.5 £ 0.7) A and bey, = (7.0 £ 0.7) A, angle = 53° + 7°) is
aligned along the (121) and (211) directions of the single
crystal. Fig. 2b shows the computed model of the B-phase
structure. The unit cell dimensions (@neory = 12.32 A and
biheory = 7.69 A) are in good agreement with the experimental
results. As shown, adjacent inequivalent molecules still pre-
serve the alternation of “on-top” and ‘“on-hollow” on-surface
adsorption sites, shadowed again in red and green, respectively.

Fig. 2c depicts the chemical sketch of the B-phase molecular
adlayer without the substrate for a better visualization. In
contrast with the a-phase, here the density of molecules per
unit of area has been increased and, as it is shown in Fig. 2d,
they have lost the planarity to accommodate the structure,
featuring this more densely packed phase and the intermole-
cular interaction. This effect is reflected in an increased
averaged molecular adsorption distance up to 4.06 A and an
out-of-plane molecular adlayer buckling of 2.15 A. Fig. 2e shows
the theoretical STM image of the B-phase at constant current
(I =0.1 nA and V= —1 V), exhibiting a good concordance with
the experimental STM image of the Fig. 2a.

In the line of all the above mentioned, the ultimate purpose
of this work consists in unveiling the transition mechanism
of the coverage-dependent polymorphism of melamine self-
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assembled nanostructures (a-phase and p-phase) on Au(111). In
order to do that, a thorough study of the transition regime
where both phases coexist has been performed. Fig. 3a shows
three STM images capturing the shed of this transition (middle
image) from the a-phase (left image) towards the formation the
B-phase (right image). Within this transient regime, the B-phase
intercalates with the a-phase in consecutive arrays, suggesting
that the phase-transition takes places correlatively line by line.
An increase in the lateral tension of the honeycomb arrays
appears as a result of the accommodation of new molecules in
the same row (Fig. 3b). DFT calculations predict also this
transition regime as can be seen in Fig. 3c. The dimension
of the unit cell featuring this regime is @meory = 10.49 A and
Dtheory = 17.46 A, forming an angle 0 = 73.8°, in this case with
four melamine molecules per unit cell. Fig. 3d depicts the

a)

a-phase

Mixed a/B-phase

B-phase

Fig. 3 (a) STM images of the transition from the a- to the B-phase of
melamine on Au(111) as a function of the coverage. (/ = 0.05nA, V=1.0V).
(b) STM image of the transition regime where both, a- and B-phases
coexist (/ = 0.05 nA, V = 1.0 V). (c) Top view, (d) chemical sketch and
(e) side view of the DFT optimized model for the transition regime. The
molecular tilt observed in the simulations produces a maximum adlayer
corrugation of 2.5 A. (f) Simulated constant-current STM image of the
transition regime model (/ = 0.1 nA, V = 1.0 V). The porous honeycomb
structure (black hexagons) and the close-packed structure (light-grey
shadowed stripes) are highlighted. In (c) and (f) the unit cell is represented
by a dashed black line rhomboid.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05960j

Open Access Article. Published on 15 January 2024. Downloaded on 12/5/2025 12:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

chemical sketch of the molecular adlayer in this mixed phase
without the substrate for a better visualization. In the side view
of the model of Fig. 3e, it is possible to appreciate that some
molecules are slightly tilted like in the p-phase of the Fig. 2c,
meanwhile others remain almost parallel to the surface like in
the a-phase of the Fig. 1c. The averaged molecular adsorption
distance is, in this case, 4.10 A and the out-of-plane molecular
adlayer buckling increases up to a value of 2.48 A. It is worth to
highlight that the accommodation of the different molecules of
the unit cell along the phase transition is reflected, firstly, in an
almost perfect molecular planarity in the o-phase, passing
through its maximum buckling value in the mixed phase, to
finally reach the B-phase upon a slight molecular accommoda-
tion, result of an optimal structural and energetic balance. The
computed STM image of the mixed phase is shown on Fig. 3f.

For this B-phase, with a 6-folded molecular coordination,
there also exist 6 stabilizing N- - -NH, bonds per molecule, like
in the a-phase. Nonetheless, for this case, 4 of these 6 bonds are
formed involving the two hydrogens of the same amino group
in two neighbouring molecules, being the average of the
N---NH, bond-length 1.96 A. Again, these bonds are the main
responsible for the adlayer stabilization; however, the denser
packing of these phase, as compared with the one in the o-
phase, topologically increases the number of intermolecular
H---H bonds, with shorter bond-lengths ranging between 2.0
and 3.4 A and yielding a higher contribution to the adlayer
stabilization. The intermolecular H: - -H bonds additional con-
tribution to the stabilization of an adlayer involving molecules
on a metal connected by N---NH, bonds has been recently
reported.”” It is important to mention that the slight molecular
distortion, different for each inequivalent molecule within the
unit cell, originates a non-null dipole moment, which can
further contribute to stabilize the molecular adlayer w.r.t. the
a-phase via intercell dipolar interactions.

Interestingly, in both «- and p-phases, intermolecular
stabilization of the adlayers is mainly driven by complementary
donor-acceptor N---NH, hydrogen bonds between adjacent
molecules with average N---NH, distances of 1.86 and 1.96 A,
respectively (see Table 1). This slight difference of around 0.1 A
between both phases arises from the co-planarity of the hydro-
gen bonds in the o-phase. In contrast, in the P-phase this
efficient directionality does not occur due to the tilt/distortion
experienced by the molecules. Nevertheless, the stabilization
energy per molecule is significantly higher for the B-phase due
to a higher contribution of the H- - -H bonds w.r.t. the a-phase.

Table 1 Computed average N---NH, bond-length, dn-np, in A, adsorp-
tion energy per molecule, E,qs in €V, and intermolecular bond network
energy per molecule, Enetwork iN €V, for the on-surface molecular adlayer
in the a-, B- and o/B mix phases

Molecular . Eqgs Eqetwork

phase dn...nm, () (eV per molecule)  (eV per molecule)
a-phase 1.86 —0.37 —0.47

B-phase 1.96 —0.30 —0.84

o/p mix phase  1.88-1.99 —0.32 —0.67
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For the o/f mixed phase it is possible to observe N---NH,
distances ranging between 1.88-1.96 A, due to the coexistence
of regions corresponding to each phase.

Energetics of the optimized o- and B-phases predicted by the
DFT-based simulations shed some light into the rationalization
of the experimentally observed coverage-induced oo — B phase
transition. In order to evaluate the adsorption strength of
molecules on the metal substrate, we have computed, for each
phase, the adsorption energy per molecule, E.q4(c/p-phase)/
mol, defined as:

Evas(e/B-phase) /mol =

Eo(o/B-phase) — [n - Eyo(molecule) + Eio (surface)] (1)

)

n

where E.. (0/p-phase) is the total energy of the optimized
interface, E;.: (molecule) and E (surface) are the total energies
of the gas-phase melamine molecule and the optimized metal
surface, respectively, and n the number of molecules per unit
cell. Computed E,qs (o/B-phase)/mol for the o- and B-phases
result in —0.37 and —0.30 eV per molecule, respectively, man-
ifesting a clear physisorption regime ruled by vdW interactions.
Similarly, in order to evaluate the intermolecular strength within
each molecular adlayer, we have computed the intermolecular
bond network energy per molecule, Epemwork (o¢/B-phase)/mol,
defined as:

Ensont (2/B-phase) /mol — Ei(o/B-adlayer) — n - Ew[(molecule)’

(2)

where E (o/B-adlayer) and E (molecule) are the total energies
of the molecular adlayer and of each gas-phase molecule,
respectively, being n the number of molecules per unit cell.
Computed Epework (¢/B-phase)/mol for the o- and B-phases result
in —0.47 and —0.84 eV per molecule, respectively. Results of E,qs
and Epework fOr the o- and B-phases evidence that, indeed, the
intermolecular interaction and intrinsic stabilization of the
molecular adlayer in B-phase increases around a 43% keeping
almost unaltered the binding energy of the two phases (—0.37
and —0.30 eV, respectively). Before further analyses, energy
values in Table 1 provide a valuable information by evidencing
that, since adsorption energy per molecule seems to be indepen-
dent of the specific phase, any morphological phase-transition
should be associated to channels altering the intermolecular
interaction.

Once obtained the main energy quantities describing the
stability of both phases, it is interesting to mention that, as
experimentally evidenced, the o« — P phase transition occurs
with the increasing molecular coverage but not with the
increase of the temperature. Actually, above 400 K melamine
molecules completely desorb and there are no structural
changes observed (from o to B or any other structure). In order
to evaluate the effect of the temperature in the adsorption of
the molecules to form both phases we have adopted the Gibbs
formalism to obtain Gibbs adsorption free energies per mole-
cule up to 400 K by additional vibrational calculations, which
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a-phase phase transition

e £y Coverage P

p-phase

Fig. 4 (a) DFT optimized models for the bilayer of melamine molecules
on Au(111): (i) and (i) eclipsed AA and (iii) staggered AB interlayer stacking
configurations. (b) Proposed phase-transition restructuration between the
a- and B-phases of melamine molecules on Au(111) with increasing cover-
age. Green and red highlighted melamine molecules represent “on-hollow”
and “on-top” on-surface adsorption sites respectively. The numbering of
molecules in both phases permits to observe the consistency along the
topological restructuration. Arrows of the middle sketch represent diffusion
and rearrangement movements that molecules must undergo across the
phase transition preserving the original and final geometrical molecular on-
surface positions w.r.t. the surface.

permits to account for the zero-point energy and the TS term
(being T the temperature and S the entropy). The result of these
calculations reveals that even at 300 K the molecular adsorption
is exothermic, whilst at 400 K theory predicts the adsorption
switching to endothermic, which excellently agrees with the
experimental evidence, where the molecules desorb at that
temperature range.

It is possible to energetically compare the energetics of the
B-phase with that of a hypothetical second layer formed above
the a-phase. For that purpose, we have computed the optimized
structure and energetics of a hypothetical second molecular
layer above the o-phase in three different configurations
(see Fig. 4a): (i) with each molecule of the second layer lying
in the same on-surface position and orientation than those of
the first layer (eclipsed configuration I/AA stacking), (ii) with
each molecule of the second layer lying in the same on-surface
position but azimuthally rotated by 180° w.r.t. those in the first
layer (configuration II/AA stacking), and (iii) with one molecule
in the unit cell of the second layer lying on the hexagonal
“hollow” created by the hexagonal molecular adlayer of a-phase
(staggered configuration/AB stacking). We find that configura-
tions (i) and (ii) result non-bounded (yielding positive binding
energies), mainly due to the n-r repulsion, while configuration
(iii) results bounded to the bottom layer with an average
intermolecular bond network energy of —0.39 eV per molecule,
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lower than the —0.84 eV per molecule predicted for the B-phase
(see Table 1). Besides, in this new scenario with two molecular
layers, the adsorption energy per molecule in the first layer
reduces from —0.37 to —0.32 eV per molecule, and the adsorp-
tion energy per molecule of the second layer w.r.t. the first one
is —0.07 eV per molecule. These results predict a higher
stability and stronger anchoring to the surface in the B-phase
over a second molecular adlayer which justifies the fact that
instead of a multilayer regime the emerging of the B-phase
with the increasing coverage is observed in the experiments.
Kinetically, the small binding energy value per molecule
obtained for the second layer translates into that the evaporated
molecules laying on top the first molecular layer will easily
diffuse/slide until reaching a phase boundary, finally lying on
the metal surface to continue the completion of the first layer.

Once theory predicts the preferable formation of the f-phase
over the multilayer as evidenced by the experiment, we need to
understand how the o — B phase transition occurs. Topologi-
cally, it is important to notice that both the o and B-phases
consist in on-surface molecular arrangements with two mole-
cules per unit cell (each of them with its centre of mass lying on
a “hollow” and a “top” adsorption sites) but with significantly
different surface molecular densities of 2.11 and 2.34 molecules
per nm?, respectively. The o — P phase transition can be seen
as topologically transforming in a sequential way a 6-molecules
hexagon in the o-phase into a 6-molecules rectangle in the
B-phase, where the molecules maintain the local adsorption
configuration (azimuth and site; see Fig. 4b).

For the o — P phase transition to occur it has to overcome
different energy barriers. The first one is that related to the
different adsorption energy per molecule in both phases pas-
sing from —0.37 to —0.30 eV (see Table 1) by displacement of
the molecules from the o- to the f-phase, which essentially is a
feasible process at RT considering that computed molecular
diffusion energy barriers on the surface range from 0.1 to
0.12 eV. On the other hand, the molecules in the o-phase
exhibit a completely flat disposition, whilst in the B-phase,
the molecules are slightly tilted, which reduces their adsorption
energy as already explained, and show a slight distortion of the
ring and the -NH, terminal groups. The difference in energy
between the perfectly flat configuration in the a-phase and the
distorted one is 0.28 eV in gas-phase, with an associated
breathing normal mode (phonon) of around 1000 cm .
According to the Boltzmann distribution, the time required to
overcome this barrier will be around 10~ s, a feasible process
at RT but not so fast as the on-surface diffusion of the
molecules to adopt the B-phase arrangement. An explanation
to overcome these barriers beyond the thermal bath can
be rationalized in terms of the pressure induced by extra
molecules arriving to the surface particularly at the phase-
boundaries, which can add an extra edging-pressure favouring
the reorganization of the molecules into the B-phase. The
kinetic energy of the new molecules incorporating to the
adlayer boundaries with the increasing coverage push from
the edges the a-adlayer favouring, together with the effect of the
temperature, the reorganization into the f-phase.
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An alternative model that intuitively comes to mind to
rationalize the coverage-induced o — P phase-transition is that
whereby the melamine molecules landing on the o-phase mono-
layer are able to accommodate within the hexagonal pore of this
molecular adlayer. Nonetheless, this model can be easily discarded
mainly due to: (i) the steric hindrance: there is no physical space in
the pore to accommodate an extra molecule; besides, the possibility
of the molecules incorporating within the pore inducing a lattice
expansion is directly hindered since they would prefer to diffuse on
the molecular adlayer instead of inducing a lattice accommodation,
which would be of a much higher energetically cost, and (ii) in the
case that the inclusion of the molecules within the pore were
possible, the resulting adlayer configuration would not match the
topology with alternating “on-hollow”/“on-top” on-surface adsorp-
tion sites of the molecules in the -phase.

4. Conclusions

This study proposes a plausible mechanism that explains the
transition between the two phases observed for melamine
molecules on Au(111). We have shown by STM and DFT that,
for submonolayer coverages, melamine molecules arrange in a
honeycomb structure (o-phase), exhibiting a flat disposition
with a surface molecular density of 2.11 molecules per nm?,
When the coverage reaches the monolayer, melamine mole-
cules re-arrange into a close-packed structure, the B-phase,
instead of undergoing into a multilayer regime. Unlike the
a-phase, the density of molecules per unit of area increases
(2.34 molecules per nm?) and the molecules are not fully flat or
parallel to the gold substrate, but slightly twisted. Nonetheless,
in both phases the alternation between hollow and top position
of the molecules w.r.t the Au(111) is preserved. The intermedi-
ate regime sheds light into this transition mechanism. The
increment of the coverage on the surface produces an increase
of the intermolecular lateral tension forcing to the rearrange-
ment of the melamine molecules from an hexagonal unit cell
into a rectangular one, as DFT-based simulations rationalize.
This transition mechanism is purely coverage-dependent and
no other sources of energy (such as temperature) or time are
needed for it to occur.
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