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Abstract

We present a thorough theoretical study of the adsorption of acrolein (ACO), acry-

lonitrile (ACN) and acrylamide (ACA) on a Cu(100) surface. To this, we have used the

Density Functional Theory (DFT), imposing Periodic Boundary Conditions (PBC) to

have a correct description of the electronic band structure of the metal, and including

dispersion forces through two different schemes: the D2 method of Grimme and the

vdW-DF. We have found several adsorption geometries; In all of them, the vinyl group

together with the amide (in ACA), ciano (in ACN) and carbonyl (in ACO) groups, is

highly involved. The highest adsorption energy is found for acrylamide, followed by

acrolein and the lowest for acrylonitrile (depending on the level of theory employed

∼ 1.2, 1.0, 0.9 eV respectively). We show that a strong coupling between the π elec-

tronic system (both occupied and virtual orbitals) and the electronic levels of the metal
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is the main responsible of the chemisorption. As a consequence, electronic density is

transferred from the surface to the molecule, whose carbon atoms acquire a partial sp3

hybridization. Lone pair orbitals of the cyano, amide and carbonyl groups also play a

role in the interaction. The simulations and following analysis allow to disentangle the

nature of the interaction, which can be explained on the basis of a simple chemical pic-

ture: donation from the occupied lone pair and π orbitals of the molecule to the surface

and backdonation from the surface to the π∗ orbital of the molecule (π−backbonding).

Introduction

Adsorption of organic molecules on metal surfaces is a process of high interest due to the

large number of technological applications in which it is involved: heterogeneous cataly-

sis,1–7 hybrid metal-organic materials,8–17 photovoltaic organic nanodevices,18–21 ultrathin

optoelectronics,22–26 organic solar cells,19,21,27,28 molecular spintronics,29–32 corrosion pro-

tectors,24,33–36 etc. The interaction of the organic molecules between them and with the

substrate favours specific orientations, which can lead to formation of Self-Assembled Mono-

layers, SAMS.37–43 The coupling between the metal and the molecules in the SAMS causes

the appearance of electronic properties that both parts do not present separately.44 This is a

key point of the hybrid materials. Furthermore, these surface-molecule interactions modify

the electronic structure of the adsorbed molecules, weakening some chemical bonds and en-

hancing the reactivity, which can be applied in heterogeneous catalysis. In the adsorption,

some organic groups are specially involved. Though, the molecule-substrate affinity does

not depend only on the group, but also on the nature of the surface (chemical composition

and topology), as well as on the conjugation or proximity to other groups in the molecule.

Acrolein, acrylonitrile and acrylamide present different groups and are thus excellent candi-

dates to study the interaction between organic molecules and metal surfaces (see structures

in Fig. 1). These molecules are polymer precursors, reason why they have an important tech-

nological interest. Their common structural characteristic is the presence of a vinyl group,
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with a double C=C bond, which is usually involved in strong adsorptions (chemisorption)

with the surface.45,46 This bond is conjugated with different functional groups in each of

the three molecules, so they can be used to study how the electronic delocalization due to

conjugation affects a substituted alkene interacting with a metal surface, and its adsorption

ability.

Experimental works on similar molecules adsorbed on Cu(100) surface have been car-

ried out: Temperature-programmed desorption and near-edge X-ray absorption techniques

were used to study the decomposition reactions to generate vinyl groups from vinyl bromide

and vinyl iodide on Cu(100);47 The same techniques were used to study the bonding and

reactivity of allyl groups (CH2CHCH2) on a Cu(100) surface;48 And more recently, com-

bination of temperature-programmed reaction/desorption and reflection-absorption infrared

spectroscopy was employed to study reactions of CH2 = CHBr and CH3CHBr2 on Cu(100).49

Linking of the vinyl group to the surface is a key aspect to understand the reactivity of these

experiments.

Figure 1: The three vinyl derivative molecules studied in the present work: (a) acrylamide
(ACA), (b) acrylonitrile (ACN), and (c) acrolein (ACO). Labels of atoms in each molecule
correspond to those used in Tables 1, 2 and 3.

.

Over the last decades, different experimental techniques have been developed to probe

properties of adsorbed molecules (as adsorption energy and geometry, electronic and vibra-

tional levels, etc.). Adsorption geometries can be measured with high precision using atomic
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force microscopy (AFM)50,51 or scanning tunneling microscopy (STM),52–54 being this last

technique able to study also the electronic structure near the Fermi level. X-ray standing

wave (XSW)55 is an extremely powerful technique for obtaining information of surfaces and

interfaces on the atomic scale, by combining diffraction with other spectroscopic techniques.

PhotoElectron Diffraction (PED)56,57 takes advantage of the scattering response of photoex-

cited electrons to obtain accurate information on the structural information on surfaces. The

strength of the molecule-surface interaction (adsorption energy) can be obtained through

temperature programmed desorption (TPD)58,59 experiments. X-ray spectroscopy60,61 al-

lows to evaluate the change in the electronic density associated to charge transfer processes

or changes in the vicinity of the atoms due to new formed bonds. Nevertheless, although

these methods provide valuable data, the interpretation of the results is sometimes difficult

and theoretical calculations arise as an excellent approach to help in the interpretation of

experimental measurements. Also, the study of some properties is a real challenge from the

experimental point of view, whereas by means of theoretical simulations this information

can be obtained.

From a fundamental point of view, the theoretical description of these systems is a chal-

lenge,62 in particular their electronic structure: whereas metals have a continuum energy

spectrum, molecules present discrete levels. The interaction of the two subsystems causes

a coupling of the electronic levels, which generates charge transfer processes and gives a

certain lifetime to the molecular states, becoming resonances (discrete levels immersed in a

continuum).63–67 Another issue to describe the interaction between organic molecules and

metal surfaces is that this process is frequently ruled by weak interactions.68–74 These forces

are crucial in certain cases, in particular when in the adsorption process covalent bonds are

not formed and molecule and surface keep their previous identities (physisorption). This

kind of interactions (as dispersion or Van der Waals forces) is related with the so-called

“dynamic” electronic correlation. There are some alternatives to recover this correlation, as

the Configuration Interaction (CI) methods or the ones based in perturbation theory (MPn
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family). Nevertheless, all these post-Hartree-Fock methods require a huge computational ef-

fort so their use is restricted to small systems. As an alternative, it is possible to use Density

Functional Theory (DFT). This methodology scales much better than the post Hartree-Fock

methods, so it can be used for larger systems (hundreds of atoms) with an affordable com-

putational time. The different methods developed for including dispersion forces in DFT

can be clasified in three families: (i) A pairwise-additive correction to the total energy,

proposed by Grimme.75–77 In these methods the dispersive energy is described by damped

interatomic potentials of the form C6R
−6. (ii) The Van-der-Waals density functionals (vDW-

DF) are density derived methods78,79 that explicitly include in the Hamiltonian a non-local

functional of the electron density to account for the dispersion forces; optPBE-vdW80 and

vdW-DF-cx81,82 are successful implementations of this family. (iii) The third family merge

the ideas of the two previous ones; i.e. the methods in this category compute the vdW

parameters such as atomic C6 coefficients, vdW radii R, and static atomic polarizabilities α0

as functionals of the chemical environment and the electron density. Robust developments

of this idea are the DFT+XDM approach83–85 originally proposed by Becke and Johnson,

and the DFT+vdW approach of Tkatchenko and Scheffler.86 In the review87 an exhaustive

analysis of the use of these methods for the description of hybrid inorganic/organic systems

can be found. We compare results obtained with the D2 method76 and with the optPBE

functional.80

In this work, we present a Density Functional Theory study of the absorption of acrolein,

acrylonitrile and acrylamide on a pristine Cu(100) surface. Density Functional Theory has

been probed to give excellent results in the description of interactions between organic

molecules and metal surfaces (see e.g.45,70,73,74,88–92). Although in the study of isolators,

cluster models are usually good enough to describe correctly the electronic distribution of

the system, in the case of metals finite clusters are not adequate, since the spatial confine-

ment of the electronic density produces a spurious quantization of the electronic levels that

is not present in the real metal. To avoid this, periodicity must be taken into account and
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we introduce it by imposing Periodic Boundary Conditions (PBC) in our simulations. We

first present a comparison between different approaches to include weak interactions, which

are not taken into account in most of the DFT functionals. Then, we deepen in the un-

derstanding of the adsorption process, through the analysis of the changes in the electronic

levels of the molecule (coupling with the metallic continuum and shifting in the energy spec-

trum), as well as the study of the transferred charge (value and spatial distribution) due to

the interaction. The thorough theoretical analysis here presented, allows to characterize the

nature of the interaction between the molecules and the metal surface.

Computational details

All the calculations were done in the framework of the Density Functional Theory (DFT)

using the Vienna Ab initio Simulation Package (VASP),93,94 which uses Periodic Boundary

Conditions (PBC). The use of PBC is required in order to describe the metallic character

of the surface. The exchange-correlation (XC) potential was calculated in the generalized

gradient approximation (GGA), using the Perdew-Burke-Ernzerhof (PBE)95 functional. The

interaction between ions and electrons has been described through the projector augmented

wave (PAW) pseudopotentials of the VASP database. The electronic density is expanded in

a plane wave basis set up to a kinetic energy cutoff of 750 eV, value for which convergence of

absolute energy is reached. The periodic supercell contains a metal slab made by a four−layer

(5 × 5) surface unit cell of copper atoms, the adsorbed molecule and a vacuum distance of

∼20 Å in the direction perpendicular to the surface, defined as z−axis. The size of the

supercell makes the interaction of the molecule with the z−closest replica surface negligible

(for practical purposes, vacuum is imposed along this direction). The cell is big enough in

the x, y directions to neglect also the interactions with the molecules of the replicas, so we

work in the low−coverage regime, since single molecule adsorption is considered.

To sample the Brillouin zone, which is strongly related with the computational effort that
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the calculation requires and the quality of the results, we used the Γ−centered Monkhorst-

Pack scheme, with two different meshes: 1× 1× 1 (only Γ−point) and 3× 3× 1. This gives

us three levels of theory, used to find a good compromise between computation time and

accuracy:

(1) Use of Γ−point only to optimize the geometry. Also, the energy is obtained at this

level.

(2) Single point with the 3 × 3 × 1 mesh on the top of the Γ−point optimized geometry,

denoted as “331/Γ”.

(3) Geometry and energy obtained with the 3× 3× 1 K-points mesh.

In the optimization calculations, a first-order Methfessel-Paxton scheme was used, with a

σ value of 0.2 eV. In the extraction of the Partial Density Of States (PDOS) a gaussian

smearing with a σ value of 0.1 eV was used. The electronic self-consistent convergence was

set to 10−5 eV in order to have accurate energies and gradients. For the convergence criteria

in the optimization, we impose all the Hellmann-Feynman forces to be lower than 0.005

eV Å−1 for the geometrical coordinates that we allow to relax (x, y, z of the atoms in the

molecule and the z coordinate of the atoms in the first layer of the metal surface).

We have explored the influence of weak interactions (e.g. Van der Waals forces), which

are important to describe accurately geometries and energies in adsorption processes, in two

different ways:

• DFT-D2 method of Grimme.76 To avoid the overestimation of the dispersion energies,

we included the Grimme’s scheme only in the molecule and in the first layer of the

metal. This approach has been successfully used in the past.73,74

• Inclusion of these interactions in the exchange-correlation functional, through the use

of the optPBE functional.78–80,96
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We have checked the importance of relaxing the geometry of the second layer of Cu

atoms. To this we have reoptimized the geometry all studied structures including geometry

relaxation of the first two layers using the optPBE functional and a 1× 1× 1 K-mesh (only

Γ−point). Single point energy calculations were done over the new optimized geometry using

the same functional and a 3× 3× 1 K-points mesh. Adsoption energies are typically ∼ 1%

larger than in those cases where only one layer of Cu atoms was relaxed (always smaller than

5% in all cases). Relevant distances between atoms in the molecule-metal surface interaction

barely change: for instance the distances between the carbon atoms of the vynil group and

the Cu atoms in the surface typically change in 0.005 Å, and never more than 0.013 Å, for

the most stable structure found in each molecule.

To analyze the charge transfer, we have used the Quantum Theory of Atoms in Molecules

(QTAIM) by Bader,97,98 with the code developed by Henkelman et al.99–101

The initial geometries were chosen by placing functional groups of the molecules on top,

bridge and hollow positions of the Cu(100) surface. Due to the high symmetry of the surface,

different rotations and translations were considered as initial guess of the geometry to include

several kinds of interactions in the exploration of the potential energy surface. In particular,

for acrylonitrile we selected two initial guess geometries corresponding to those previously

described in the literature.45,102–104 They show interactions between the C=C bond and the

C≡N bond with the metal surface in two different orientations. For acrolein we started

from different positions of the C=C bond: top, bridge and with carbon C3 on top. We

combine these positions with different rotations to maximize other possible interactions of

the molecule with the substrate. In the case of the acrylamide rotation of the molecule

keeping the C=C bond on top, leads to three possible interactions: (i) O and N on top, (ii)

O and C-N on bridge (iii) O and C-N on top. We also considered the case with C3 on top

and O on bridge.
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Results and discussion

We present the obtained results in four sections analyzing different aspects: adsorption

geometries, interaction energies, charge transfer and changes in the electronic structure and

bonding.

Figure 2: Side view of an optimized structure of acrolein adsorbed on a Cu(100) surface,
obtained with (a) PBE, (b) PBE+D2, (c) OPTPBE. Two colors for the two different relative
orientations of Cu layers are used.

Geometry

We first analyze the effect of introducing Van der Waals forces to study the geometry of

adsorbed molecules on metal surfaces. To this, starting from the same initial geometry we

optimized acrolein on Cu(100) at level 1 (Γ point) using the pure PBE -without Van der

Waals corrections-, PBE+D2 and OPTPBE functionals. The lateral views after geometry

optimization are shown in Fig. 2. The geometry changes dramatically if weak interactions

are not included (the molecule-surface distance is increased by 2 Å) and, accordingly, the

adsorption energy is much smaller (52 meV at a 331/Γ level). We thus corroborate that

including weak interactions is crucial to study adsorption of organic molecules on a metal

surface.

After the search of possible adsorption posibilites starting with different initial geometries

with the previously explained strategy, we have found two minima for the adsorption of acry-

lamide on Cu(100), structures “ACA-1” and “ACA-2” (see Fig. 3); also, two for acrylonitrile
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Figure 3: Top and side view of the two minima found for acrylamide adsorbed on a Cu(100)
surface. Two colors for the two different relative orientations of Cu layers are used.

(“ACN-1” and “ACN-2”, Fig. 4); and three for acrolein (“ACO-1”, “ACO-2” and “ACO-3”,

Fig. 5). Since the methods that include VdW forces, Grimme’s D2 and OPTPBE, provide

very close geometries, regardless of the K-points mesh used in the optimization, with neg-

ligible differences at sight, we only show in the figures those obtained geometries using the

OPTPBE functional.

In the adsorption of acrylamide, the oxygen atom interacts directly with one copper atom

of the surface, placed on top position in both adsorption geometries. A second common

characteristic in both cases is the location of the double C=C bond, also on top position.

The main difference between ACA-1 and ACA-2 is the planarity of the molecule: in ACA-2

the nitrogen is further from the plane defined by the double C=C bond and the oxygen

atom, with the amino group pointing towards the vacuum. The reason is that in ACA-1

the molecule−surface linkage is mainly localized on the oxygen atom (a strong σ O−Cu

interaction is observed as detailed below), while in ACA-2 the Cu−C distance is lower

than in ACA-1, showing that the interaction through the double C=C bond has a greater
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Figure 4: Top and side view of the two minima found for acrylonitrile adsorbed on a Cu(100)
surface. Two colors for the two different relative orientations of Cu layers are used.

importance (as we will show below charge transfer to the π∗
CC orbital occurs). In a simple

chemical picture, the carbon atoms would acquire stronger sp3 character in ACA-1. Thus,

the −NH2 group points out the surface explaining the difference observed after geometry

optimization. The electronic structure analysis provides further details and confirms the

validity of this picture.

As in the case of acrylamide, the two minima found in acrylonitrile exhibit a clear direct

interaction between the double C=C bond and a copper atom of the first layer. The main

difference between both structures is the relative orientation of the molecule on the surface,

which determines the copper atoms that interact with the molecule. While in ACN-1 the

nitrogen atom is located in top position, in ACN-2 the C≡N bond interacts with the Cu

atom. The relative orientation in ACN-1 makes also possible an interaction between the

carbon atom of the cyano and a copper atom located in the second layer (in hollow position

respect the first layer). In ACN-2, the two copper atoms of the first layer that interacts

with the molecule are closer, so there is no hollow position available, and the molecule does
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Figure 5: Top and side view of the three minima found for acrolein adsorbed on a Cu(100)
surface. Two colors for the two different relative orientations of Cu layers are used.

not interact with atoms of the second layer. In ACN the hydrogen atoms also go out of the

molecular plane and the carbon atoms do not have anymore a pure sp2 hybridization. These

geometrical distortions point out chemisorption, as detailed below.

Acrolein shows three different adsorption possibilities. ACO-1 and ACO-2 do not show

the C=C bond in top position. The relative orientation of the C=O bond with respect to the

surface in ACO-2 indicates that the local molecular dipole of this bond is pointing towards

the surface, thus interacting in an electrostatic manner with the substrate rather than with

a chemical bond. ACO-3 keeps the C=C as well as the oxygen atom in top position. ACO-1

has its oxygen atom in bridge position and also pointing to the surface, thus the dipole of

the molecule plays a role in this adsorption geometry. As in the other two systems, sp3

character is observed in the C atoms of the three adsorption geometries. This indicates

that the interaction is not either pure dispersion in this case, but also shows some covalent

character, chemisorption.

More detailed information on the geometry is presented in Tables 1, 2 and 3; bond
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Table 1: Most relevant distances, in Å, of the minima found for acrylamide adsorbed on a
Cu(100) surface after geometry optimization at the different levels of theory employed. Gas
phase distances are also included for comparison.

PBE+D2 OPTPBE
Γ 331 Γ 331

ACA C1-N 1.371 1.371 1.375 1.375
C1-O 1.234 1.234 1.236 1.236
C1-C2 1.495 1.495 1.496 1.496
C2-C3 1.336 1.336 1.336 1.336

ACA-1 C1-N 1.358 1.359 1.360 1.361
C1-O 1.274 1.273 1.272 1.271
C1-C2 1.461 1.462 1.466 1.468
C2-C3 1.409 1.405 1.394 1.389
C1-Cu 2.718 2.729 2.788 2.804
C2-Cu 2.183 2.203 2.310 2.376
C3-Cu 2.136 2.153 2.212 2.237
N-Cu 3.040 3.052 3.166 3.171
O-Cu 2.066 2.081 2.107 2.124

ACA-2 C1-N 1.359 1.361 1.360 1.361
C1-O 1.277 1.278 1.273 1.273
C1-C2 1.456 1.454 1.464 1.464
C2-C3 1.424 1.421 1.404 1.401
C1-Cu 2.819 2.797 2.911 2.923
C2-Cu 2.112 2.126 2.222 2.239
C3-Cu 2.183 2.210 2.225 2.267
N-Cu 3.237 3.186 3.415 3.447
O-Cu 2.071 2.093 2.106 2.137
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Table 2: Most relevant distances, in Å, of the minima found for acrylonitrile adsorbed on a
Cu(100) surface after geometry optimization at the different levels of theory employed. Gas
phase distances are also included for comparison.

PBE+D2 OPTPBE
Γ 331 Γ 331

ACN C1-N 1.169 1.169 1.167 1.167
C1-C2 1.424 1.424 1.427 1.427
C2-C3 1.342 1.342 1.342 1.342

ACN-1 C1-N 1.190 1.189 1.186 1.185
C1-C2 1.401 1.401 1.403 1.404
C2-C3 1.421 1.420 1.406 1.403
C1-Cu 2.749 2.776 2.771 2.802
C2-Cu 2.218 2.242 2.386 2.435
C3-Cu 2.135 2.151 2.211 2.242
N-Cu 2.063 2.071 2.101 2.110

ACN-2 C1-N 1.188 1.188 1.181 1.181
C1-C2 1.411 1.410 1.415 1.416
C2-C3 1.409 1.409 1.395 1.392
C1-Cu 2.359 2.348 2.500 2.517
C2-Cu 2.183 2.206 2.293 2.333
C3-Cu 2.174 2.179 2.264 2.295
N-Cu 2.243 2.268 2.377 2.426
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Table 3: Most relevant distances, in Å, of the minima found for acrolein adsorbed on a
Cu(100) surface after geometry optimization at the different levels of theory employed. Gas
phase distances are also included for comparison.

PBE+D2 OPTPBE
Γ 331 Γ 331

ACO C1-O 1.225 1.225 1.226 1.226
C1-C2 1.471 1.471 1.472 1.472
C2-C3 1.342 1.342 1.342 1.342

ACO-1 C1-O 1.311 1.309 1.302 1.294
C1-C2 1.436 1.435 1.440 1.441
C2-C3 1.416 1.410 1.407 1.405
C1-Cu 2.258 2.267 2.343 2.426
C2-Cu 2.114 2.156 2.177 2.235
C3-Cu 2.160 2.164 2.212 2.200
O-Cu 2.098 2.111 2.113 2.089

ACO-2 C1-O 1.332 1.333 1.330 1.333
C1-C2 1.424 1.418 1.426 1.419
C2-C3 1.448 1.456 1.443 1.455
C1-Cu 2.379 2.390 2.447 2.447
C2-Cu 2.069 2.099 2.112 2.138
C3-Cu 2.180 2.158 2.246 2.190
O-Cu 2.114 2.135 2.139 2.142

ACO-3 C1-O 1.289 1.291 1.284 1.285
C1-C2 1.443 1.441 1.445 1.443
C2-C3 1.410 1.410 1.404 1.404
C1-Cu 2.387 2.414 2.518 2.547
C2-Cu 2.175 2.200 2.243 2.265
C3-Cu 2.128 2.139 2.184 2.200
O-Cu 2.032 2.036 2.061 2.066
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distances have been extracted after the optimization at the different levels of theory for

the three molecules. For comparison, we also include those of the isolated molecules in the

gas phase. At the light of the numbers, the first conclusion is that the way in which the

dispersion forces are included does not change the geometry of the molecule (bond distances

barely change ∼ 0.01 Å), but it affects the surface-molecule distances, where values can

differ up to ∼ 0.2 Å). The surface-molecule distances are usually underestimated when the

D2 correction is included because this method lacks of screening effects inside the metal and

thus, it overestimates the molecule-surface interactions. Nevertheless, since the C6 parameter

of the atoms in the molecules (H, C, N, O) are much lower than the one of Cu (0.14-1.75 vs.

10.82), the D2 correction has a small effect in the molecule. However, screening of dispersion

interactions within the metal does not always lead to an increase in the molecule-surface

distances. Since the screening reduces effective C6 coefficients and vdW radii, distances

can be significantly reduced by screening. This have been observed when comparing the

Tkatchenko-Scheffler vdW method and the correctly screened vdWsurf method.87,105 We also

realize that the changes when one increases the K-mesh from Γ to (3 × 3 × 1) are almost

negligible; A 331 optimization requires a huge computational effort and barely change the

atomic positions. Since the supercell in the real space is quite large, its small reciprocal

space is small enough to be accurately described with a single k-point. Regardless of the

functional and k-mesh it is possible to appreciate common trends in the bond distances. In

any molecule and adsorption geometry, the C1-C2 distance decreases after the interaction,

whereas C2-C3 and C1-X (X=N for ACN, and X=O for ACA and ACO) get larger. This

is what one would expect in case of population of the LUMO orbital, which has a bonding

character between C1 and C2, and antibonding between C2 and C3 and between C1 and X.

As we show below, in the LUMO region of the molecule an increase of the electronic density

is indeed appreciated due to the interaction between the molecule and the surface, which

also explains the sp3 character of the C atoms involved in the bonding.
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Adsorption energies

The adsorption energy is defined as:

Eads = Emol/surface − (Emol + Esurface) (1)

Where Emol/surface is the energy of the whole molecule+surface system, Emol is the energy

of the optimized molecule in the gas phase and Esurface is the energy of the isolated bare

surface. The results of the adsorption energies for all the studied structures, computed with

the different levels of theory here considered, are shown in Table 4.

Table 4: Adsorption energies (in eV) of the acrylamide, acrylonitrile and acrolein on Cu(100)
computed at the different levels of theory and with the two functionals employed.

Eads (eV)
(1) Full Γ (2) 331/Γ (3) Full 331

PBE+D2 OPTPBE PBE+D2 OPTPBE PBE+D2 OPTPBE
ACA-1 -1.225 -0.930 -1.154 -0.879 -1.157 -0.879
ACA-2 -1.240 -0.932 -1.157 -0.872 -1.157 -0.868
ACN-1 -0.940 -0.644 -0.856 -0.590 -0.882 -0.601
ACN-2 -0.809 -0.525 -0.774 -0.483 -0.780 -0.496
ACO-1 -1.063 -0.736 -0.980 -0.674 -0.995 -0.696
ACO-2 -1.019 -0.677 -0.992 -0.670 -1.006 -0.687
ACO-3 -1.056 -0.740 -0.998 -0.701 -1.006 -0.704

The obtained values after the use of only the Γ−point and the single point 3× 3× 1 on

the top of the Γ−point geometry show that Γ−point is not enough to have correct energies.

In particular, by using the PBE+D2 functional, adsorption energies change in average 63.0

meV, with a maximum difference of 84.0 meV. OPTPBE is however less affected by the

different K-Point mesh: in average, the adsorption energy changes in 45.0 meV, with a

maximum change of 62.0 meV. Nevertheless, the obtained results with levels (2) and (3) are

very similar. The largest difference in adsorption energies from 3×3×1/Γ to full 3×3×1 is

26.0 meV (PBE+D2) and 22.0 meV (OPTPBE). Average differences in adsorption energies

do not change much either between levels (2) and (3): 10.3 meV (PBE+D2) and 10.0 meV
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(OPTPBE). This indicates, as we have mentioned before, that the geometries obtained with

Γ−point are almost the same than the ones provided by the 3 × 3 × 1 mesh, but with an

important gain in computational effort. Therefore, we conclude that the best compromise

between accuracy and computational time is the 3 × 3 × 1/Γ level. If one compares the

absolute adsorption energy of the most stable structure in each molecule at the 3× 3× 1/Γ

and full 3×3×1 levels (see Table 4), it can be seen that changes are 0 meV (ACA-1), 11meV

(ACN-2) and 22meV (ACO-1).

Table 4 shows that, except in the case of the acrylonitrile, the different adsorption struc-

tures are almost degenerate in energy, regardless of the method used to include the weak

interactions and the K sampling. At the 3× 3× 1/Γ and full 3× 3× 1 levels, both PBE+D2

and OPTPBE functionals predict the same structure as the most stable one. The only ex-

ception is the acrylamide, although the stability difference is lower than the error of the

method.

Our results also show that the adsorption energy is systematically overestimated by the

PBE+D2 method with respect to the OPTPBE one in approximately 300 meV, regardless

of the level. Since in Grimme’s D2 approach the dispersion is included through a semi-

empirical way, whereas in OPTPBE it is included in the functional, OPTPBE results can

be considered, in principle, more reliable. For the archetypal widely studied example of

benzene on Cu(111), experimental values of adsorption energy are in the range 57 – 78

kJ/mol.70,106,107 PBE-D2 also overestimates the binding energy in this case 97 kJ/mol,108

while vdW-DF slightly underestimates it (∼ 53 kJ/mol).106,109

The most stable structure in the three molecules (ACA-1, ACN-1 and ACO-3) shows a

common characteristic: it always corresponds to a geometry with direct interaction between

the C=C bond with a Cu atom on top potion and also direct interaction between the N

atom (ACN) or O atom (ACO and ACA) with a Cu atom on top position. This similarity

confirms the nature of the interaction and can be considered as a general behavior.

The stability of the organic molecules on metal surfaces upon adsorption is crucial for
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electronic nanodevices, since the coupling of the molecular states is effective only at short

ranges, thus a strong anchoring (high Eads) increases the efficiency of charge transfer through

the linking sites.

Charge transfer

To go deep into the understanding of the metal-molecule interaction, we have also studied the

charge transfer between molecule and surface upon adsorption (∆q). Several methods have

been developed to evaluate atomic charges. Among them, the Mulliken population analy-

sis (MPA),110 the Hirshfeld population analysis (HPA),111 Quantum Theory of Atoms In

Molecules (QTAIM),97,98 Natural Population Analysis (NPA),112 and Voronoi Deformation

Density method (VDD)113 are the most popular ones. They can yield drastically different

absolute values114 and one has to be caution with the interpretation of the results. Our anal-

ysis have been carried out using the QTAIM method. The computed values of the transferred

charge in the different adsorption geometries of each molecule are shown in Table 5.

Table 5: Transferred charge from the surface to the molecule (in atomic units) for the
different molecules and adsorption geometries, computed at the level 2 (single point energy
calculation with a 331 K-mesh over the geometry optimized with a Γ point).

PBE+D2 OPTPBE
ACA-1 0.264 0.188
ACA-2 0.324 0.222
ACN-1 0.369 0.286
ACN-2 0.323 0.233
ACO-1 0.573 0.496
ACO-2 0.684 0.648
ACO-3 0.478 0.416

We do not observe a clear relation between the charge transfer, ∆q, and the adsorption

energy. Acrolein is the molecule with the highest value of ∆q, with a large difference with

respect to the others, and its adsorption energy is located between that of acrylonitrile and

acrylamide. There is no relation either between the different adsorption geometries of each

molecule obtained with the two methods and ∆q. Nevertheless, there is a clear trend in the

19



values: ACO has the greatest value in ∆q, followed by ACN and being ACA the molecule

that takes less charge transferred from the surface. This fact can be understood in terms of

electronic structure; in particular analyzing the energies of the lowest unoccupied molecular

orbital (LUMO) of each molecule in gas phase. The energy of this orbital with respect to

the Fermi level is 1.47 eV in ACO; 1.69 eV in ACN and 2.14 eV in ACA. Thus a simple

explanation arises: higher the electron affinity of the molecule larger the charge transfered

from the surface.

Figure 6: Change in the electronic density upon adsorption (∆ρ, isovalue=0.01) for the most
stable adsorption structures of the three vinyl derivatives on Cu(100) surface. Green shows
positive ∆ρ and Red negative ∆ρ.

As in the analysis of the adsorption energies, the PBE+D2 functional gives higher val-

ues for ∆q than the OPTPBE one. Since OPTPBE includes the weak interactions in the

Hamiltonian (in the self-consistent optimization of the electronic density), charges given by

this method should be more accurate. Consequently, the following analysis, related with the

spatial redistribution of the electronic density, have been carried out using the OPTPBE
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results. To this, we define the change in the electronic density upon adsorption as:

∆ρ = ρmolecule/surface − (ρmolecule + ρsurface) (2)

where ρmolecule/surface is the electronic density of the whole system, and ρmolecule and ρsurface

are the densities of the molecule and surface computed keeping the adsorption geometry. The

results (Fig. 6) reveal a high similarity between the regions where there is a gain of electronic

density (in green) with the LUMO orbital of the corresponding molecule in the gas phase. It

is reasonable to assume that, in the adsorption of these molecules on a Cu(100) surface the

interaction leads to a charge transfer from the metal to the LUMO orbital of the molecule.

The ∆q regions also reflect the partial covalent character of the interactions, highlighting

the linkage sites. The depletion of electron density in regions where there is no nodal plane

in the π system, in addition to the mentioned gain in the LUMO, is explained in terms of a

simple chemical picture: electron donation from the π orbital of the molecule to the surface

and backdonation from the surface to the π∗ orbital of the molecule (π−backbonding). We

can also observe donation from lone pairs (LP) orbitals; typically from LP orbitals on the

N atom in the cyano, and on the O atoms in the amide and carbonyl groups. Thus from

the ∆ρ analysis we can infer π → Cu and LP → Cu donation and Cu → π∗ backdonation.

This phenomenon has been previously observed in a large variety of systems such as simple

molecules,115–117 in organic molecules with aromatic rings and functional groups118,119 or in

phthalocyanines120 interacting with metal surfaces. The electronic structure analysis in the

next section confirms this scenario.

The electronic properties of organic charge transfer (CT) compounds depend on the

amount of charge transferred from the donor (D) to the acceptor (A) species. It has been

shown that the CT process can be tuned by controlling the stoichiometry of the D and A

quantities when they are forming self-assembled monolayers on metal surfaces121 and pro-

ceeds through the metal. Thus, the electron transport in hybrid organic-metal nanodevices
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depends on the charge transfer efficiency.
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Figure 7: Density Of States projected on the atoms of the adsorbed molecules. Results of the
molecule far from the slab, non interacting with the surface, is also shown for comparison
- upper curves in each panel. In red, the pz-projection, which allows to identify the π
contribution to the pDOS.

Electronic structure: energy levels alignment

Further information on the interaction nature is obtained by computing the projected Density

Of States (pDOS). Decomposing the total Density Of States (DOS) in the contributions of the

different angular momenta of each atom allows to analyze in detail the electronic structure

and thus to determine the kind of interaction established between the molecule and the

surface. For the different adsorption geometries of each molecule we present in Fig. 7 the

DOS projected on all the atoms of the corresponding molecule. For comparison, the pDOS

when the molecule is placed far enough from the surface to avoid interactions (typically ∼

10Å), is presented as well in each case. The low energy region of the DOS is not shown

because inner bands (which correspond to bonding σ molecular orbitals) barely change their

position in energy after adsorption. They are just slightly shifted to lower energies due to
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the transferred charge and are not relevant since they do no contribute to the linkage.

Comparing the pDOS of the molecules far from the slab with those interacting with the

surface the main difference is found in the loss of resolution in the bands corresponding to

the π and π∗ orbitals in the isolated molecule and the lone pairs of the O and N: LP and π

orbitals show the maximum hybridization with the metal states and are the responsible of

the interaction. In general, broadening of the bands due to the interaction is observed also

for other orbitals, although to a lesser extent. The observed change in the molecular states

is a well known phenomenon122 and other theoretical works have previously pointed it out

in the interaction of organic molecules with metal surfaces (see e.g.123). Understanding this

effect has consequences in the mechanisms that determine the optoelectronic properties of

high-performance organic materials,124 in particular in the rate of charge transfer between

the active species (molecules) and the conductor (metal). As expected after the results

obtained of the location of the transferred charge, the LUMO orbital of the three studied

molecules is shifted below EF becoming an occupied state with a bonding character and

strongly contributes to the linkage of the molecule to the surface.16

A further analysis have been carried out by representing the change in the electronic

density upon adsorption (∆ρ) in two-dimensional projections (see Figs. 8, 9 and 10). We

obtain a complementary picture of the orbital hybridization due to the the charge transfer

(mainly lone pair and π orbitals), i.e. the states involved in the donation/backdonation

to/from the copper surface. Figure 8 shows 2D cuts of ∆ρ containing the π∗ and the LP

(O and N) orbitals of ACA. As previously mentioned, after the pDOS results, we observe

an increase of the electronic density between C1 and C2 (backdonation from the surface to

the π∗) and a depletion of the charge in the LP (dative interaction from the molecule to the

surface). The change transfer is higher in the oxygen than in the nitrogen atom, and can

be simply explained in terms of distance, the NH2 group is further away from the surface

than the carbonyl (C=O) and therefore the interaction is less favored. As in the case of the

ACA, the 2D cuts of ACO clearly show the dative interaction LPO → Cu (depletion of the

23



(a)

 0  2  4  6  8
x (Å)

 2

 4

 6

 8

 10

z 
(Å

)

-0.04

-0.02

 0

 0.02

 0.04

 0.06

(b)

 0  2  4  6  8
x (Å)

 2

 4

 6

 8

 10

z 
(Å

)

-0.04

-0.02

 0

 0.02

 0.04

(c)

 0  2  4  6  8
x (Å)

 2

 4

 6

 8

 10

y 
(Å

)

-0.15

-0.1

-0.05

 0

 0.05

 0.1

Figure 8: Two dimensional cuts of the change in the electronic density upon adsorption (∆ρ)
in ACA-1: (a) xz plane located between C1 and C2 and shows the π∗ density; (b)xz plane
that contains the N atom and shows its lone pair orbital; (c) xy plane which contains the O
atom and shows its lone pair orbital.
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Figure 9: Two dimensional cuts of the change in the electronic density upon adsorption (∆ρ)
in ACO-3: (a) xz plane located between C1 and C2 and shows the π∗ orbital; (b)xy plane
that contains the O atom and shows its lone pair orbital.
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Figure 10: Two dimensional cuts of the change in the electronic density upon adsorption
(∆ρ) in ACN-1: (a) xz plane located between C1 and C2 and shows the π∗ orbital; (b)xy
plane that contains the N atom and shows its lone pair orbital.
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charge in the lone pair of the oxygen) and the backdonation from the Cu to the π∗ (enhance

of the electronic density in this orbital). Finally, ACN is very similar to ACA and ACO: the

2D cuts show that the electronic density in the region between C1 and C2 increases upon

adsorption (Cu→ π∗), while the charge in the LP of the N atom decreases (LPN → Cu).

Conclusions

We have presented a detailed Density Functional Theory study of vinyl derivatives molecules

(amide, aldehyde and cyano as substituents) adsorbed on a pristine Cu(100) surface. Our

calculations also include periodic boundary conditions, in order to take into account a correct

description of the metallic character of the surface. Weak interactions were included in the

PBE functional through two different schemes: the Grimme’s D2 model and the OPT-DFT

(OPTPBE). Differences in the results obtained with both methods mainly arise from the fact

that D2 approach does not take into account the screening inside the metal and overestimates

the interaction forces between the molecule and the metal surface. For the three organic

molecules here studied, several stable structures were found, being these isomers almost

degenerated in energy except in acrylonitrile, whose isomers have an energy difference of

about 100 meV. In the three cases the most stable isomers have two common structural

characteristics: the double C=C bond and an atom with a lone pair (oxygen in acrolein

and acrylamide, and nitrogen in acrylonitrile) are placed on top position. This arrangement

favors the interaction of the π orbital in the C=C bond of the molecule with the d orbital of

the Cu atom, and the interaction of the lone-pair orbital in N and O with d orbitals of the

Cu atom. The nature of the interaction between these molecules and the surface is verified

with the analysis of the projected density of states and the charge transfer; both show a

donation from the πCC and from the lone pair orbitals to the surface and a backdonation to

the π∗
CC orbital. This type of interaction and the relation between the energy of the LUMO

orbital and the amount of transferred charge from the surface to the molecule seem to be a
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common characteristic of the vinyl derivatives adsorbed on metal surfaces.

As a general conclusion, the interaction of organic molecules with π orbitals (typically in

C=C double bonds) and lone pair orbitals (in Oxygen or Nitrogen atoms) are expected to

interact with metal substrates with "d" orbitals in the manner we present in this work. The

donation - backdonation is a synergic process that leads to the so called π−backbonding125

and drives the adsorption of organic molecules in metal surfaces. The nature of the in-

teractions described in this work might be also the responsible of the stabilization of small

metal clusters surrounded by organic molecules126,127 and help in the synthesis of new metal-

polymer nanocomposites.128,129
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