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a b s t r a c t

Graphene-based two-dimensional materials have attracted an increasing attention these
last years. Among them, the system formed by molecular adsorption on, aim of modifying
the conductivity of graphene and make it semiconducting, is of particular interest. We use
here hierarchical first-principles simulations to investigate the energetic and electronic
properties of an electron-donor, melamine, and an acceptor, NaphtaleneTetraCarboxylic
DiImide (NTCDI), and the assembly of their complexes on graphene surface. In particular,
the van der Waals-corrected density functional theory (DFT) method is used to compute
the interaction and adsorption energies during assembly. The effect of dispersion in-
teractions on both geometries and energies is investigated. Depending on the surface
coverage and the molecular organization, there is a significant local deformation of the
graphene surface. Self-assembly is driven by the competition between hydrogen bonds in
the building blocks and their adsorption on the surface. The dispersion contribution ac-
counts significantly in both intermolecular and adsorption energies. The electron transfer
mechanism and density of states (DOS) calculations show the electron-donor and acceptor
characters of melamine and NTCDI, respectively. Molecular adsorption affects differently
the energy levels around the Fermi level differently, leading to band gap opening. These
results provide information about the new materials obtained by controlling molecular
assembly on graphene.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In order to develop materials and devices with innovative properties, controlling the structure and organization of
molecules at the nanoscale on a surface is a subject of great interest in nanosciences [1e3].

In addition to making it possible to reduce device size, molecular or metallic nanostructures exhibit original size-
dependent properties in such diverse fields as optics, magnetism, electrochemistry, molecular and organic electronics
-diderot.fr (M. Seydou).
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[4e8]. However, the control of these properties is related to the ability to adapt the spatial organization and arrangement of
these nanostructures.

One route developed in the recent years to build nano-structured surfaces is based on supramolecular chemistry [9]. This
route allows one to create specific architectures through self-assembly of specific functional building blocks which are
controlled by various types of interactions (electrostatic, hydrogen bonding, van der Waals, coordination chemistry …).

An appropriate choice of building blocks gives access to a wide range of nano porous architectures. The size of the
organized pores ranges from 0.5 to a few nanometers. It has been shown that molecular networks on surface can be
considered as host systemswith proven ability to accommodate guests of different natures, as well as an important control of
the guest domains dimensions. In this respect, melamine and its derivatives are the most common building blocks used to
form molecular two-dimensional molecular networks on metal surfaces [10e16]. Indeed, their hydrogen-bond receptor and
acceptor moieties of hydrogen bonds allow them to self-assemble easily either alone or combined with other donors or
acceptors.

Among the different intermolecular forces determining molecular self-assembling on surfaces, hydrogen bonding is
particularly interesting as a driving force to develop supramolecular networks. Indeed, it is directional and settles sponta-
neously, provided that the interacting molecules have donor and acceptor sites for hydrogen bonds. However, from a
theoretical point of view, the nature of intermolecular forces (non-local, weak and long range) makes them complicated to
model them accurately at the atomic scale. In particular, Density Functional Theory (DFT), which has become a common
technique for describing electronic systems at the atomic level, fails to describe interactions like hydrogen bonds or molecular
adsorption on surface through van der Waals interactions (vdW) [17]. Fortunately, improvements have been made in the
recent years to provide a better description of those interactions in the framework of DFT [12,18].

In practice, most of the molecular self-assembling studies are carried out on metallic surfaces, under vacuum or at solid-
liquid interface, using for example the high symmetric functional melamine [13e15], NaphtaleneTetraCarboxylic DiImide
(NTCDI) [18e21], and derived molecules [15,22e24]. This has led to adjust the procedures of development of various self-
assembled patterns on Au (111), Ag(111), Cu(111) or Si(111) surfaces.

The last decade, graphene as an ideal surface for molecular self-assembly [25] has attracted the attention of scientists in
the field because of its large planar surface area, its ability to form strong p-stacking interactions with planar conjugated
molecules and the exceptional growth of its based two-dimensional materials [26e30].

For example, it was shown that melamine and cyanuric acid can self-organize on graphite surface [31] through hydrogen
bonding, and form a hexagonal pore network similar to those observed on a gold surface [13]. More recently, the adsorption of
melamine on graphene was studied, combined plasma exposure, Raman spectroscopy and DFT calculations showing that the
charge density can be tuned by adsorption of melamine on graphene surface defects [32]. The self-assembly of perylene
derivative [33,34] biological molecules [35], porphyrin or phthalocyanin compounds [36,37] and other polycyclic molecules
[38e40] on graphene sheet has also been performed, demonstrating a well organized two dimensional networks. At the
fundamental level, to understand graphene and molecular interactions better, the adsorption of small molecules [41,42] as
well as heavy metallic atoms [43]was investigated; this reveals the different chemical and physical processes that can occur.

In this context, the present work aims at theoretically investigating melamine, NTCDI and their complex adsorption
process at low and high coverage. For the latter, graphene sheet nanostructuration has been considered through the self-
assembly of NTCDI and melamine molecules. The establishment of hydrogen bonds between the amine and carboxylic
groups allows the formation of a two-dimensional pore network.

The formation of this two dimensional network has been studied in absence or presence of the surface in order to analyze
the competition between the intermolecular interactions and adsorption energies on graphene monolayer. Using DFT
combined with an empirical model taking into account vdW interactions [44], we have tested the influence of dispersion
interactions on themolecular self-assembly on graphene. The surface coverage rate is varied by increasing from onemolecule
on a large super cell to the formation of a molecular network (with a high density of molecules). The electronic properties
such as density of states (DOS) and band structures have been computed and compared to literature and previous experi-
mental results. The effect of molecular adsorption on the graphene band structure is of particular interest since it was shown
that it can lead to a band gap opening [33,38]. In the present work, we obtain 100 meV bandgap opening, paving the way to
semiconducting behavior of graphene. Moreover, the mechanical properties of deformed graphene can lead to potential
applications in tunable nanoelectronics.

2. Calculation method

Calculations were performed using Density Functional Theory (DFT) as implemented in the Vienna Ab Initio Simulation
Package (VASP 5.2.11) [45,46]. Electron-ion interactions were described by the projector-augmented wave (PAW) [47,48]
method. Convergence of the plane-wave expansion was obtained using a cut-off of 500 eV. The generalized gradient
approximation (GGA) was used with the Perdew-Burke-Ernzerhof functional (PBE) [49,50]. Sampling in Brillouin zone was
performed on a grid of 5 � 5 � 1 k-points for the geometry optimizations and 15 � 15 � 1 for density of states (DOS) cal-
culations. The ionic positions are fully-optimized with Hellman-Feynman tolerance of 0.01 eV/Å. The energy tolerance of the
electronic minimization is 10�6 eV. All the computations reported in this paper were performed using the dispersion-
including DFT Grimme D2 method [51]. This method describes the dispersion interactions between a particle and its
neighbors in a given radius, via a simple pair-wise force field summed with the pure DFT energy:



A. Quesne-Turin et al. / Superlattices and Microstructures 105 (2017) 139e151 141
E ¼ EDFT þ ED2 (1)
The procedure for building of the two-dimensional molecular networks is the one established by Kantorovitch et al. [13]
and used for NTCDI self-assembly [19]. Melamine and NTCDI monomers are built and fully optimized, and then used to build
the corresponding dimers. Starting from the different dimer molecular complexes in the gas phase, the most stable 2D supra-
molecular networks were built by translation of repeating units in the two-dimensional space.

The stabilization energy in vacuum DEVstab is calculated using formula (2).

DEVstab ¼ EðMnÞ � n� E Mð Þ
n

(2)

where E(Mn) is the energy of the complex (dimer) or monolayer in a unit cell, in absence of the surface, E(M) is the energy of
the optimized monomer and n the total number of molecules in the unit cell.

As the intermolecular interactions originate essentially from hydrogen bonds, the average interaction per hydrogen bond
(DELH) is evaluated as the ratio between total stabilization energy and the total number of hydrogen bonds m formed in the
complex.

DELH ¼ DEVstab =m (3)
The most stable topologies were retained for their use in the study of their interaction with the carbon surface, and the
adsorption energies (DEads) are calculated as follows:

DEads ¼
�
E
�
Mn;ads

�� nEðMÞ � EðGÞ�

n
(4)
where E(M) and E(G) are the total electronic energies of Molecule and graphene surface, respectively, obtained after separate
geometry optimization. E(Mn, ads) is the energy of the optimized (n.Molecule-assembly þ Graphene surface system), n being
the number of molecules per unit cell. To better understand the adsorption process, themelamine, NTCDI and their complexes
(see Fig.1) were assembled in vacuum and on the graphene surface. The total stabilization energy of the adsorbed network on
graphene is evaluated as the sum of adsorption energy and the hydrogen bonds contribution.
Fig. 1. Optimized structures of melamine on different adsorption sites upon graphene: topC-top (a), N-top (b), All-top(c), cross (d), bridge (e). Graphene carbon
atoms are in cyan, nitrogen in blue, hydrogen in white, carbon of melamine in lilas. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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DESstab ¼ DEads þ DEVstab (5)
3. Results and discussion

Melamine C3N6H6 (See Scheme 1) has three amine groups (of hydrogen donor), allowing hydrogen bonding with the
nitrogen atoms of the central ring (hydrogen acceptor) of another molecule. The optimized structure of the melamine is flat,
apart from the hydrogens of the amino groups which tend to move slightly out of the plane of the ring due to the sp3 hy-
bridization character of the nitrogen atom which bears them.

We use the same methodology as references to build gradually the assembly of melamine [13,18], NTCDI [19] and their
complexes in the absence of surface.

3.1. Melamine assembly on surface

The geometries of molecules and networks, previously optimized (See Supplementary document Fig. S1 and Table S1) are
deposited on the graphene surface. The main purpose here is to evaluate the role of the surface in the assembly at each step
from monomer to 2D network.

Monomers and dimers were placed on a large cell so to be isolated from their neighboring cells images. This corresponds
to a (8 � 8) graphene supercell of 128 carbon atoms. For the networks, the supercell whose bases vectors are closest to the
molecular network is built and optimized. Note that sometimes, commensurability problems arise and the molecular
network is slightly deformed to adapt the network to the surface. When the deformation is significant, the calculations
present errors that can compromise the comparison of the systems.

The calculation procedure is the following: we have positioned the adsorbate at variable distances from the graphene
surface and calculated single point energy of the system as a function of this distance. This gave us the potential energy curve
for the approach of the adsorbate. This potential is attractive up to the equilibrium distance, and becomes repulsive for shorter
distances. Doing so, we assume that we start the relaxationwith a good initial configuration. All calculations were performed
in absence and presence of dispersion interactions in the total energy.

3.1.1. Monomer: rotation and translation configurations
We have explored several adsorption sites of the isolated melamine on the large graphene sheet as shown on Fig. 1. Five

configurations corresponding to different adsorption sites are built, depending on the rotation or translation of melamine
around its center of mass. For each site, the whole system has been fully optimized and the adsorption energies have been
calculated. The optimized geometries of theses configurations so called C-top, N-top, All-top, cross, and bridge are stable and
presented on Fig. 1.

For each site, we vary the distance of the melamine molecule to the surface from 4.00 to 2.40 Å. The equilibrium distance
varies between 2.60 and 2.80 Å for different sites. From the equilibrium distance, we perform a full relaxation of the geometry
of the complexes and calculate the adsorption energies of each site, as reported in Table 2.

The adsorption energies are found to be equal to �0.954, �0.901, �0.165, �0.947 and �0.233 eV for C-top, N-top, All-top,
cross and bridge, respectively. Dispersion correction contributes to the standard DFT energy values of�0.434,�0.387,�0.533,
�0.298, and �0.647 eV per molecule for C-top, N-top, All-top, cross and bridge, respectively. The most stable configurations
correspond to the C-top, N-top and cross for which the carbon or nitrogen atoms take place in the center of graphene rings.
Theseminimum adsorption energy is closed to the value in Ref. [52] and smaller than the value of�1.720 eV found byMedina
and coauthors [32] for the melamine adsorption on a (6 � 6) graphene supercell. The difference originates probably from the
basis set superposition error (BSSE) associated with the use of finite localized orbital method by the authors. Using DFT and
plane wavemethod without dispersion correction, Chang and coauthors [53] found the cross configuration as the most stable
for triazine molecule with an adsorption energy of �0.344 eV, less than the one found for melamine (�0.954 eV) because of
the difference in the number of nitrogen atoms in the two molecules. Using dispersion corrected semi-empirical method
Scheme 1. Chemical structures of melamine (left) and NTCDI (right).
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(PM6-DH2), an adsorption energy of �70 and �500 meV per carbon atom was found for aromatic hydrocarbons [54] and
carbon nanotube [55], respectively on large graphene sheet in agreement with experimental measurements. Adsorption
energy values of �1.358, �1.977 and �1.329 eV are found for 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ), tetrathiafulvalene (TTF) and the electron acceptor tetracyanoethylene (TCNE), respectively [56].

After optimization, we observed a significant deformation of the graphene layer under the molecule for the most ener-
getically favorable positions. This deformation can reach 1.80, 1.49, and 1.68 Å for C-top, hollow and cross sites (Table 1). Also,
a little deformation is found for the less stable structure (bridge). The minimum graphene-melamine distance varies from
2.25 to 2.72 Å for the most stable adsorption sites and increases up to 3.18 Å for the less stable. However, the aromatic ring of
melamine is not deformed; meanwhile the hydrogen atoms have different orientations depending on the adsorption site. For
the less stable configuration, for which graphene is little deformed, we observed that the hydrogens are oriented towards the
graphene surface and the NH2 seem to keep their sp3 hybridization. For the most stable configurations, graphene is greatly
deformed under the molecule. The hydrogen atoms remain in the same plane as the edge of the valley created. They establish
an (NH-p) interaction with the edge of the valley. For these configurations, the nitrogen atoms have a more pronounced sp2

hybridization character. Melamine being less stable in its planar configuration, the energy of stabilization is more important.
Previously, the study of nucleobases adsorption on graphene demonstrates that NeH … p interactions in addition to lone
pair-p contacts play a crucial role in stabilizing such kinds of systems [57].

3.1.2. Melamine assembly on the graphene sheet: from dimer to 2D networks
As for the monomer, the melamine dimer is deposited on the surface of the (8 � 8) supercell which is large enough to

inhibit the interactions between the molecules and their images. In one dimension, for the three chains A, B, and C, we use
graphene supercell (4 � 6), (5 � 6) and (3 � 6) respectively, which fit better with the networks lattice vectors and annihilate
the interactions between the chain and its images. We define themissing fit as the difference between the chain lattice vector
and the graphene supercell vector used to describe the adsorption of this chain. In this cases, themissing fit with the surface is
lower for B (0.8%) chains and rather significant for A (�7.2%) and C (�5.4%). For the 2D networks (4� 4) and (3� 5), supercells
are used to adsorb the porous and compact hexagonal networks, respectively. They correspond tomissing fits of 5.3% and 8.8%
for the porous and compact networks, respectively.

The formed complexes are fully relaxed. The calculated adsorption energies per molecule are reported in Table 1 and equal
to �0.906, �1.502, �0.293 and �0.571 eV/molecule for the dimer, 1D chains B, 2D-compact and 2D-porous hexagonal net-
works, respectively. The calculated adsorption energy of the dimer is in a good agreement with reference [52] where it is
found equal to �0.967 eV per molecule. While the dimer and monochain adsorptions are clearly exothermic, for the two
dimensional network, the adsorption energy increases and becomes less exothermic for the compact and porous networks.
The hexagonal porous network adsorption is more favorable than the compact one, in particular when dispersion contri-
butions are considered, probably due to the smaller missing fit.

Contrary to the dimer case, only a small buckling with corrugation of graphene sheet below 0.20 Å is observed (See Fig. 2).
Also, the minimum distances between the molecular network and the graphene surface become more important, reaching
2.93, 3.27, 3.28 and 3.47 Å for the dimer, monochain B, compact and porous network, respectively (Table 1). On a geometrical
point of view, the compact hexagonal network becomes flat, whereas in the absence of surface, melamine molecules were
tilted with respect to the plane of the repeating unit.

The adsorption and self-organization process are characterized by the interplay between molecule-molecule and
molecule-surface interactions. The most important is the intermolecular interaction and the less important one is the
molecule-surface interaction. Fig. 3 presents the global stabilization energy due to the adsorption and the self-assembly for
different sizes. The adsorption energy DEads increases from the monomer to the 2D-network, while the vacuum stabilization
energy DEVstab decreases.
Table 1
Calculated adsorption energies per molecule without and with inclusion of dispersion contribution and the minimum and maximum vertical spacing for
isolated melamine, dimer, 1D chains and 2D-networks adsorption on graphene. (Energies in eV and distances in Å).

Melamine DEads (PBE) DEads (PBE-D2) Vertical spacing

System Configuration This work Ref [52] This work Min Max

monomer C-top �0.954 �1.055 �1.388 2.72 4.43
N-top �0.901 e �1.288 2.48 3.95
All-top �0.165 e �0.698 3.22 3.62
Bridge �0.233 e �0.880 3.18 3.67
Cross �0.947 e �1.245 2.71 4.39

dimer �0.411 �0.967 �0.906 2.93 4.44
1D A �0.771 e �1.312 3.22 3.42

B �0.168 �1.502
C

2D compact 0.204 e �0.293 3.28 3.43
hexagonal �0.108 e �0.571 3.47 3.48



Table 2
Calculated adsorption energies per molecule without and with inclusion of dispersion and the vertical spacing for the considered NTCDI (and NTCDI-
melamine complex) monomer, dimers, and 2D network adsorbed on graphene. (Energies in eV and distances in Å).

NTCDI DEads M-G vertical spacing

System Conf. (PBE) (PBE-D2) Min Max

monomer 0.051 �1.191 3.15 3.50
Dimer D1 �0.551 �1.466 2.21 4.40

D2 �0.436 �1.553 2.79 4.22
D3 �0.535 �1.745 2.69 4.36

2D network R3P �0.786 �1.901 3.55 3.57
Melamine/NTCDI complex
Dimer A �1.975 �3.450 2.65 4.61

B �2.886 �3.582 2.36 4.97
C �1.989 �3.501 2.48 4.44

2D-network �3.125 �6.895 2.13 4.72

Fig. 2. Optimized structures of melamine (C-top) (a), dimer (b) and porous hexagonal network (c) on graphene. To distinguish the carbon atoms of graphene and
the adsorbate, the carbon atoms of the adsorbate are represented in lilas.

Fig. 3. Stabilization and adsorption energies variation as a function of the melamine cluster size. M, D, C, N stand respectively for Monomer, Dimer, Chain and
Network of melamine.

A. Quesne-Turin et al. / Superlattices and Microstructures 105 (2017) 139e151144
In practice, to form a supramolecular network, the molecules are dispersed in the solvent, and then deposited by drop on
the surface on which they self-assemble after evaporation of the solvent. In this training process, the respective roles of the
solvent and the surface are not obvious. Theoretical calculations can provide valuable information to assist in the under-
standing of this process. Considering our thermodynamic results without entropic correction, in absence of solution, the
adsorption of single or dimer molecules is clearly favorable, while the network adsorption is endothermic. The calculated
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stabilization energy in vacuum and on the surface as well as the adsorption energy are plotted as a function of the size of the
molecular organization frommonomer to 2D-network on Fig. 3. The results show an increase of adsorption frommonomer to
network formation, while the total stabilization energy on the surface decreases in the same range. It appears clearly that the
presence of the surface enhances the stabilization energy compared to the vacuum. As a consequence, we can suppose that
melamine molecules are adsorbed alone or through dimers before forming a supramolecular network. The limits of this
affirmation concern the calculations errors, the loss of entropic correction and the kinetic of adsorption and solvation effect.
In this context, it was shown recently that enthalpy gain is dominated by solvation and dewetting, which lowers the entropic
cost and render monolayer self-assembly a thermodynamically favored process [58].

3.2. Melamine complexation with NTCDI on graphene sheet

NTCDI molecules assembly in absence of surface was investigated before in our group [18,19]. The corresponding results
have allowed designing the most stable arrangements for clusters as well as for supramolecular networks at PBE-D2 level of
calculation. Table S2 summarizes the stabilization energies and the geometrical parameters. According to these previous
results, the most stable geometries of monomer, dimer and 2D-networks presented on Fig. S2 are adsorbed on top of gra-
phene and the complexes are fully optimized.

The monomer is placed on different sites in the (8� 8) graphene supercell, and for each adsorption site, the system is fully
relaxed. In all cases, at the PBE level, the adsorption reaction of the monomer is endothermic, in contrast with the case of the
melamine molecule. When including the dispersion correction, an exothermic adsorption is calculated with a minimum
energy of �1.191 eV. The interaction of the NTCDI monomer with graphene induces a very small deformation of graphene
(~0.30 Å). The entire NTCDI molecule is flat at an equilibrium distance of about 3.20 Å.

Themost stable dimer identified for NTCDI in absence of the surface (See Fig. S2 and Table 2) and on Au(111) surface [17,19]
is considered for the adsorption on graphene (11 � 11) surface and the obtained complexes are fully relaxed. The calculated
adsorption energies, at PBE-D2 level were found to be equal to �1.745 eV per molecule, with a large part of dispersion
correction, namely �1.210 eV per molecule (See Table 2).

2D-networks containing two molecules per unit cell were identified as stable in vacuum. The most stable is adsorbed on
graphene surface. A supercell (4 � 2) of graphene that commensurates with the molecular network is chosen to describe the
adsorption. While the missing fit along an axis is close to 0.1%, it reaches up to 5% along the b axis. The calculated adsorption
energy is found to be equal to�0.790 and�1.901 eV permolecule (Table 2) at standard PBE and PBE-D2 levels, respectively. In
contrast to melamine, no significant deformation of graphene is observed for the network as well as for the cluster. In the
assembly case, all NTCDI molecules are present on the same plane, as well as hydrogen at an equilibrium distance of 3.50 Å
(Fig. 4).

According to Table 2, the adsorption energy increases from the monomer to the supramolecular formation, in contrast to
what we observed for melamine. The stabilization energy in vacuum (DEVstab) decreases frommonomer to network (Table S2).
Hence, the total stabilization energy decreases importantly with respect to the assembly size. The adsorption is more
favorable when the cluster or networks are previously formed. The adsorption of a single molecule is therefore unfavorable.
Unlike the case of melamine, these results indicate that the prior formation of the supramolecular network allows its
adsorption on graphene.

The association of melamine and NTCDI has been previously investigated because of the resulting porous network which
allows to receive a guest molecule inside the pores and to form a complex, for which, one can easily tune the properties
through an appropriate selection of invited system [17,18,59]. In the gas phase, the interaction is characterized by the
establishment of three hydrogen bonds, corresponding to an interaction energy of �0.944 eV (See Table S3), in agreement
with these previous theoretical works [17,18,59].

We now consider the mixed melamine-NTCDI complexes self-assembling properties on graphene. The mixed dimer
(NTCDI þ melamine) has been placed initially in 3 different positions presented in Fig. 5. The calculated adsorption energies
Fig. 4. The different most stable structures of NTCDI monomer (a), dimer (b) and 2D-network (c) on graphene surface.



Fig. 5. The different optimized structures of Melamine-NTCDI dimer on a graphene sheet. Configurations A (a), B (b), and C (c).
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lie in the range �3.450, �3.582 eV for the three sites (Table 2). In each case, a strong deformation of graphene is observed, in
particular under melamine molecule with a buckling height ranging between 1.96 and 2.61 Å.

The contribution of vdW interactions varies from 20 to more than 50% depending on the site. The largest obtained value is
due to the increased density of molecules on the surface. The geometry of the two dimensional honeycomb hexagonal
network with unit cell containing two melamine and three NTCDI molecules, is built and optimized in vacuum. The stabi-
lization energy ðDEVstabÞ reported in Table S3 is found to �5.285 eV corresponding to an average energy by hydrogen bond
(DELH) of�0.294 eV. The results are closed to the previous studies [17,18,59]. The unit cell is deposited on a (11�11) graphene
super cell. The mismatch between the molecular network and graphene surface lattice parameters is less than 3.1%. The
adsorption energy is found to be equal to �3.125 eV at the PBE level and is doubled when the dispersion correction is taken
into account. The network induces the most important deformation of graphene. Indeed, in the network pores, graphene
presents a hill, while under the adsorbed molecules; it forms a valley as shown in Fig. 6. The deformation presents a height
between the bottom of the valley and the top of the hill which is measured to be equal to 2.60 Å.

3.3. Graphene deformation analysis

Depending on the density and the nature of assembled molecules, a significant deformation is observed. To analyze this
deformation, we define deformation energy as the difference between planar graphene and the buckling. We evaluate the
graphene deformation energy DEdef as the difference between interaction and adsorption energy.

DEdef ¼ DEads � DEint
The interaction energy is defined as the difference between the energy of the complex and the energy of the isolated
system kept in their complex geometry.
Fig. 6. Top view (top) and side view (bottom) of the Melamine-NTCDI 2D network.
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DEint ¼
�
E
�
Mn;ads

�� nEðMaÞ � EðGaÞ
�

n

As define previously, the adsorption energy is the difference between the energy of the fully relaxed complex and the
energies of isolated adsorbate and surface, both relaxed separately.

Table 3 contains the obtained results indicating that the height of the deformation is proportional to the deformation
energy. For NTCDI molecules, calculations are performed for a (8 � 8) supercell with a total surface of 368.7 Å2. We find a
slight deformation of 0.36 Å, corresponding to deformation energy close to 0.3 meV per graphene unit cell. In the case of
melamine, the maximum deformation is found for the C-top configuration with a buckling height of 1.69 Å corresponding to
deformation energy of 0.92 eV (14.4 meV per unit cell). The most important deformation is found for the complex melamine-
NTCDI network with a deep height of 2.59 Å, yielding deformation energy of 36.4 meV per unit cell. These deformation
energies are weak with respect to the thermic agitation at room temperature. To evaluate the kinetic of deformation in
absence of adsorbate, we calculate the barrier of deformation between planar and strongly deformed (Fig. S4). We observe a
linear decrease of energy, leading to an absence of energy barrier between the two states. In this case, the buckling of the
sheet is a cooperative effect of carbon atoms that keep their sp2 hybridization. The deformation energy is much smaller than
the one obtained for a vertical displacement of one carbon atom that implies several eV [60]. In the later case, the p and s
bonds of the displaced atom are strongly weakened.

Previous studies remain limited [31,53] to the (6 � 6) super cell, probably for computational time reasons. In our study,
when themelamine is adsorbed on this super cell, we observed no significant deformation (See Fig. 2). Same result is obtained
for the two dimensional networks. In our study, when the single melamine molecule is adsorbed on this unit cell, we
observed significant deformation. But in the case of self-assembled molecules, no deformation is observed because of the
intermolecular interaction that decouples the network and the surface.We then suppose that the ratio between the adsorbate
and the surface super cell, and the density of nitrogen atoms in molecules, are key parameters that induce the buckling of the
graphene surface.

According to the theorem of Mermin and Wagner [61], pristine graphene at long range is not planar. It presents an
ondulationwith a distance between the neighboring hills of about 4 nm. DNA nucleobases adsorption on nanographene show
significant curvature due to the possibility of weak hydrogen bond-like interactions involving pyramidal amino groups of the
nucleobases and p-center of the nanographene. In their recent studies, Ross and co-authors [62] show that the deposition on
metallic surface can reduce the original wavelength and increase the amplitude depending on the rugosity. They use scanning
tunneling microscopy to highlight that graphene monolayer supported by a Ru(0001) single crystal reveals a buckling with a
periodicity of 30 Å and a height of 1.56 Å. More recently, significant deformation leading to hill and valley formation was
observed following the same trend when 2,4 bis (terpyridine) molecules were adsorbed on a graphene sheet. In that case, the
periodicity seems to be reduced to 20 Å, which corresponds to themolecule size [63]. In the case of melamine, the diameter is
about 6.50 Å, considerably smaller than the buckling periodicity of pristine graphene. Nevertheless, a corrugationwith similar
height is observed, which shows that the adsorbate influences the buckling periodicity. The ability of suspended graphene
sheet to buckle under STM tipwith an important deformation achieving the nanometer scalewas observed recently through a
combination of tunneling effect spectroscopy measurements and molecular dynamic simulations [64]. More recently, gra-
phene deformation under carbon nanocluster is observed [65] In this study, the elastic scattering theory was used to
experimentally estimate the rotational energy barriers of molecules on graphene which is found to be within the range of
1.5e12 meV per atom.

3.4. Effect of adsorption on graphene electronic properties

To analyze the nature of the interaction between the melamine and the surface and a possible charge transfer, we have
performed the difference of charge densities between the complex and the isolated melamine, and the bare surface
Dr(r)¼ rG-M (r)e rG (r)e rM (r). A positive value ofDr(r) allows to locate the electron gain in the complex, whereas a negative
value indicates the region of electron depletion.

Fig. 7 shows the regions of electronic gain or depletion for melamine, NTCDI and the complex in interactionwith graphene
surface. The results show that the type of interaction is different for melamine and NTCDI. While melamine seems to give
electron to the surface, the NTCDI attracts electrons from the surface. The maximum value of Dr(r) is more important for the
NTCDI than melamine For the complex, the electron transfer is slightly higher than for the isolated NTCDI, and involves
Table 3
Calculated adsorption and deformation energies of graphene sheet after adsorption and the maximum deformation of the sheet.

System DEads (eV) DEint (eV) DEdef (eV) DEdef/unit cell (meV) Maximum deformation (Å)

Melamine �1.388 �0.468 0.920 14.38 1.69
NTCDI �1.191 �1.171 0.020 0.31 0.38
Melamine-NTCDI �6.895 �2.495 4.400 36.36 2.59



Fig. 7. Difference of charge densities: electron gain (Dr(r) > 0) for melamine (a), NTCDI (b) and the complex melamine-NTCDI (c); electron depletion (Dr(r) < 0)
for melamine (d), NTCDI (e) and the complex (f). Note that the maximum values of Drmax(r) are different for the three systems.
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essentially NTCDI molecule and graphene. The strong interaction of NTCDI with melamine seems to promote the acceptor
character of NTCDI as well as a stronger charge transfer.

The analysis of electronic densities is in agreement with the deformation which is more pronounced in the case of the
complex than for the isolated system. The electron transfer allows to modify the band structure near Fermi level as it can be
seen in the density of states of the three systems (Fig. 8).

These observations are in line with the energy levels modifications around Fermi level as shown on Fig. 8. This figure
presents the density of states spectra for isolated system adsorbed system on surface. The total DOS of NTCDI on graphene
shows that the Fermi level shifted toward lower energies. In the case of melamine, the shift of Fermi level is less important.

By analyzing the projection of the density of states on atomic orbitals (PDOS), we can observe that for melamine, the
highest occupied molecular orbital (HOMO) is closer to Fermi level than the lowest unoccupied orbital (LUMO) (Fig. 8). The
opposite trend is observed for NTCDI molecule where charge transfer from graphene to molecule is observed, as indicated in
the DOS by the shift of the LUMO toward Fermi level (Fig. 8).

We present the band structure of isolated graphene, melamine C-top position on graphene, on Fig. 9. For pristine gra-
phene, the linear dispersion of valence and conduction bands in the high symmetry K point can be observed. In the case of the
adsorption of a monomer C-top, the gap opens slightly, and reaches a value close to 87 meV. This gap opening reflects the
deformation of graphene belowmelaminemolecule. In the case of NTCDI, a band gap of 100meV is found. This value is closed
to the previous experimental value found for the PTCDI molecule (~80 meV) [66]. These results are in line with the bands
behavior near Fermi level observed in the total DOS presented before in Fig. 8. In contrast with the porous hexagonal lattice of
melamine, the gap is lower with a value smaller than 10 meV, in line with the weak interaction between the molecular
networks. These results remain however still qualitative and depend strongly on the calculation method and the size of the
cells. However, they remain within the range of values found in the literature for similar systems. The band gap opening of
graphene under planar molecule was observed before for triazine and borazine with values of 62.9 and 45 meV respectively
[53]. Exploring the role of defects and doping in graphene, Terrones et al. found a band gap opening in the cases of doping by
silicon, boron and nitrogen [67]. A small band gap of 24meVwas observed for single melamine adsorbed on a pristine (6� 6)
graphene, while more important band gap of 90 meV, was observed for defective graphene [32].
Fig. 8. Total DOS (black) of melamine/graphene in the C-top configuration (a) and PDOS on 2p orbitals of Nsp3 (red), Nsp2 (green) and C (blue) for melamine. Total
DOS of NTCDI/graphene (b) and the PDOS on 2p orbital sod N(blue), O(red) and C(cyan) for NTCDI. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)



Fig. 9. Band structure of a) pristine graphene and b) graphene under melamine adsorption in C_top configuration.
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4. Conclusion

In this paper, we have used first-principles simulations to study the assembly of functional molecules on graphene. We
have optimized the geometries of our aggregates and networks in the presence and absence of the surfaces and we have
calculated their stabilization and adsorption energies. The electronic properties of the most stable systems are computed and
allow to interpret adsorption effects on graphene.

The results show that in the absence of surface, the most stable melamine networks are hexagonal compact lattices in
absence of surface and switch to the hexagonal porous structure when a planar symmetry is imposed. In both cases, stability
is provided by two hydrogen bonds between neighboring molecules. The complex melanine/NTCDI is formed by three
hydrogen bonds between adjacent molecules which makes it particularly stable. The contribution of vdW forces is necessary
to describe the energetic aspects of the assembly as well as the adsorption processes.

The adsorption process is different for melamine and NTCDI. While the adsorption energy increases with the size of as-
sembly for melamine, it decreases for NTCDI. The contribution of vdW forces is even more important. For low coverage rate,
depending on the supercell size and the density of nitrogen atoms in themolecular complex (twomolecules on a (8� 8) super
cell), the supporting graphene network is significantly distorted. This deformation occurs mainly under the nitrogen atoms
and generates a buckling in the graphene sheet with a corrugation achieving 2.59 Å. The study of electronic properties reveals
a different type of electron transfer for melamine and NTCDI. While for melamine a charge transfer from the molecule toward
the surface is observed, we obtain an opposite result for NTCDI. In both cases, the effect of adsorption process on graphene
shows a gap opening at low coverage rate.
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