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Abstract

Here we present a thorough theoretical study of the interaction, chemisorption

and thermal decomposition of three vynil derivatives (acrolein, acrylonitrile, and acry-

lamide) on a pristine Cu(111) surface. To this we have carried out density functional

theory simulations, including weak van der Waals forces, in the framework of periodic

boundary conditions. The results have shown strong anchoring between the molecules

and the surface through the vinyl group, with the different functional groups driving
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molecular orientation. We explain the chemisorption with a simple chemical picture:

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). Ab

initio molecular dynamics simulations highlight the efficient energy exchange in excited

adsorbed molecules and energy dissipation through the interface, which takes place in

a few hundreds of femtoseconds. The study of the dynamics also allows to compre-

hend the catalytic effect of the chemisorption, which is reflected not only in the larger

amount of fragmentation but also in the much richer spectrum of fragments observed

with respect to the molecular decomposition in gas phase.

Introduction

Interaction of organic molecules with metal surfaces has been studied for a long time (see

e.g.1–3). Nevertheless it still remains as a hot topic due to the recent experimental devel-

opments that allow high precision in single molecule measurements and due to the number

of applications in which it is involved.4–6 In the case of transition metal substrates, the d-

band of the surface is able to mix with some of the molecular states, in particular with the π

states, since they are typically close in energy and spatially accessible, as stated in the d-band

center theory.7–11 These interactions can be explained with simple chemical models in terms

of electron donation and back-donation12 and are the responsible of the appearance of new

properties in hybrid organic-metal materials, which are not present in the organic nor in the

metal parts separately. For this reason, this kind of composite systems has been proposed

as promising candidates in several areas such as hybrid metal-organic materials,13–22 photo-

voltaic organic nanodevices,23–26 ultrathin optoelectronics,27–31 organic solar cells,24,26,32,33

molecular spintronics,34–37 corrosion protectors,29,38–41 etc. In addition, the organic-metal in-

terface is also responsible of a rearrangement of the molecular electron density that weakens

some chemical bonds, while others become stronger, thus changing the intrinsic reactivity.

This is the key aspect behind heterogeneous catalysis.42–48 Other aspect that must be con-
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sidered for catalytic applications is the anchoring of the molecule to the surface: as it has

been recently pointed out by Jiang and Huo,49 relative orientations of the adsorbed reac-

tants and/or changes in the molecule-surface interaction energies enhance reaction rates;

they further show the importance of the dynamics in these processes.

Excitation of vibrational modes is an excellent way to promote the system to higher en-

ergy states that are close to the so-called transition state (TS) point in the potential energy

surface (PES), facilitating the reaction by increasing its rate. Nowadays it is possible to

use light sources (typically ultrashort laser pulses) to selectively probe vibrational excited

states that populate a given mode and thus, to drive the reaction through a specific path

(the so-called quantum control50–57). For example, combination of different lasers allowed to

probe the dynamics of all adsorbed molecules in a sample and selectively probe only different

subsets of the adsorbed molecules in the same experiment.58 Laser pulses have been also used

to observe electronic structure changes in molecule-metal surface bond breaking employing

a pump probe scheme;59 the delay between the pump and the probe pulses allows measur-

ing molecular desorbtion dynamics. Scanning tunneling microscopes (STM) have been also

utilized in the promotion and control of single-molecule chemical reactions adsorbed on sur-

faces60 through inelastic electron scattering processes: cis-trans isomerization,61,62 molecular

dissociation,63 bond cleavage,64,65 and dehydrogenation66 are examples of single-molecule re-

actions induced with STM. The intermediate excited state created with the electric current

of the STM is the key point to control these reactions. Recent experiments have studied in

detail these electronic excited states in different systems.67–69 Photo-assisted activation of

selected bonds in individual molecules adsorbed on metal surfaces within the junction of a

STM has been recently reported;70 the mechanism behind this achievement consists in the

coupling of photons with the bond activation through a resonant photo-assisted tunneling

process.

Another important aspect that must be considered in the excitation of molecules that

interact with metal surfaces is the energy relaxation mechanisms, i.e., the energy transfer
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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 employed in the text and tables. Figure also published in J.Phys.Chem.C
2018, 122, 27301–27313.

from the molecule to the substrate. Vibrational relaxation lifetimes of molecules adsorbed

at metal surfaces have been measured to be in the range of a few picoseconds71–73 or even

longer.74 The response of vibrationally excited adsorbed molecules on metals, and the energy

relaxation mechanisms have been matter of study during the last decades.75–79 Electron-hole

pair excitations has been found to be one of the dominant channels of vibrational energy

dissipation of chemisorbed molecules. Novko et al. have recently investigated80 the early

stage dynamics of excited carbon monoxide molecules adsorbed on Cu(100) unveiling the

microscopic processes behind the vibrational spectroscopic changes induced by femtosecond

laser pulses. In a recent work,81 Ge et al. showed competition between two channels in the

vibrational energy relaxation dynamics of rhenium based catalysts adsorbed on metal sur-

faces: intramolecular vibrational relaxation and electron-hole pair mechanisms were shown

to occur in the same time scale.

In spite of the experimental and theoretical efforts many questions still remain open, such

as the mechanisms of the vibrational relaxation of excited molecules in direct energy transfer

to substrate vibrational modes (phonons), the influence of the anchorage, the presence of

different functional groups in these mechanisms, and the behavior of highly vibrationally

excited organic molecules chemisorbed on metal surfaces. We provide insight on these ques-
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tions in this work by means of theoretical simulations based on Density Functional Theory

(DFT) and Ab Initio Molecular Dynamics (AIMD). We present an exhaustive study of the

adsorption of three vinyl-derivatives (acrylamide, ACA; acrylonitrile, ACN and acrolein,

ACO) on a pristine Cu(111) surface. These molecules have a common skeleton (a termi-

nal double C=C bond) and they differ in their substituents, which are able to conjugate

with the vinyl group, thus changing the electron density distribution along the skeleton (see

Fig. 1). The metallic character of the surface is correctly described due to the inclusion of

Periodic Boundary Conditions (PBC) in the simulations, avoiding spurious quantization of

the electron density due to the finite size of the system. The combination of DFT+PBC

has been successfully used to study this kind of systems (see e.g.12,82–90). Weak interactions

(such as Van der Waals forces), which have been proved to be crucial in the adsorption of or-

ganic molecules on metal surfaces,12,87,89–94 are taken into account through the methodology

developed by Dion et al.95–97

We have structured our work in three parts: (i) first we present a static study including

adsorption energies and geometries, charge transfer and electronic structure; (ii) then, vibra-

tional modes of the adsorbed molecules on the metal surface are presented, focussing mainly

in the role of the interaction to understand frequencies shift with respect to the gas-phase;

(iii) finally, ab initio molecular dynamics simulations on the highly-excited molecules (6 and

12 eV of internal energy) show energy dissipation dynamics, molecular cleavage processes and

decomposition kinetics. All these results aim to provide insight for the future development

of efficient heterogeneous catalysts and new catalytic strategies.

Computational details

Both, static and dynamic calculations, were performed with the Vienna Ab initio Simula-

tion Package (VASP) software,98,99 which is based in the Density Functional Theory (DFT)

and take advantage of the Periodic Boundary Conditions (PBC), essential to account for
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the periodicity of the system and thus to properly describe the metallic character of the

surface. The optPBE functional95–97,100 was chosen for this work, since it has been shown to

provide accurate results for the interaction of organic molecules with metallic surfaces (see

e.g.2,12,101,102). The interaction between ions and electrons is described by using the Projector

Augmented Wave (PAW) pseudopotentials,103,104 obtained from the VASP database. The

electronic density is calculated with a plane-wave expansion, up to a kinetic energy of 750

eV for the static calculations. In the case of the molecular dynamics simulations, due to the

higher computational effort, the cutoff was set to 500 eV, enough to converge the adsorption

energies. We have used in all the calculations the same periodic supercell; it consists in a

four-layer slab with 5 × 5 copper atoms in each of the directions that define the hexagonal

(111) surface. A vacuum of 20 Å is included in the z−axis, direction perpendicular to the

surface, in order to avoid the interaction with the closest replica and to let the system enough

space to evolve in the molecular dynamics simulations. This supercell size has been shown to

provide converged results.12,88 The Brillouin zone was sampled by using the Γ−point in the

optimization. Optimized geometries are used in single point calculations using a Γ−centered

Monkhorst-Pack scheme105 with a 3×3×1 K-points sampling, in order to have more accurate

adsorption energies. This methodology was previously used with success in,12 with a typical

error in adsorption energies smaller than ∼ 10 meV. To determine the partial occupancies,

we have used the first-order Methfessel-Paxton scheme,106 with a σ value of 0.2 eV. The

electronic self-consistent convergence was set to 10−5 eV to have highly accurate energies

and gradients. In the case of the molecular dynamics simulations, this value was set to 10−4

eV. For the convergence criteria in the geometry optimizations, we have imposed to all the

Hellmann-Feynman forces to be lower to 5× 10−3 eV/Å for the geometrical variables to be

relaxed (x, y, z of all the atoms in the molecule and the z coordinate of the first layer of the

slab).

Atomic charges have been computed by using the Quantum Theory of Atoms In Molecules

(QTAIM).107,108 For this purpose, and taking advantage of the numerical grid which VASP

6



uses to store the electron density, we have employed the code developed by Henkelman et

al.109–111 to perform the grid integration.

In order to characterize the surface-molecule interactions, we have also carried out a

projected Density Of States (pDOS) analysis. To do this, we project the total Density Of

States (DOS) on the different angular momenta of every atom inside the supercell. With

all these contributions, one can easily determine which states contribute on each projection.

This technique is useful to identify the molecular orbitals that are mixed with substrate

states leading to molecule-metal interactions.

Vibrational frequencies have been evaluated under the harmonic approximation. In this

case, we have performed a central difference calculation. Each degree of freedom of the

molecule and the z coordinate of the atoms of the first metal layer are moved ±0.015 Å

from the equilibrium position in order to obtain the Hessian matrix. Then, the matrix is

diagonalized and the normal modes (eigenvectors) and energies (eigenvalues) are obtained.

We have benchmarked the vibrational results obtained with VASP using as reference those

computed at the PBE/aug-cc-pVTZ level of theory for the neutral molecule in the gas phase

using the Gaussian09 code.112 The greater difference between both codes in stretching modes

is of ∼16 cm−1 (C1-C2 stretching in acrolein).

For the ab initio molecular dynamics simulations, all the coordinates of the molecule and

the first, second and third atomic metal layers were allowed to move. In each trajectory the

initial excitation energy (6 and 12 eV) was randomly distributed among the nuclear coordi-

nates of the molecule. These are the typical values of multiple bond dissociation energies (see

e.g.113) We run several trajectories for each considered molecule and each excitation energy

value and then statistics were performed on them (a total of 180 trajectories for molecules

adsorbed on a metal surface, and 90 trajectories for molecules on the gas phase were run).

To ensure adiabaticity in the simulations, the time step was set to 0.3 fs, and we propagated

the trajectories up to ∼ 0.5 ps (those with excitation energy of 12 eV) or ∼1 ps (those

with excitation energy of 6 eV). These simulations were performed in the microcanonical
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ensemble.

Results and Discussion

Adsorption Geometries, Interaction Energies and Charge Transfer

In the search of molecular adsorption sites we have carried out a systematic exploration of

the potential energy surface. To this we have selected as initial guess in the geometry opti-

mization several structures. The choice was done by placing the molecule, whose geometry

was pre-optimized in the gas phase, in a parallel orientation with respect to the surface

and at a distance of ∼2 Å. Then, we scanned the relative orientation of the molecule with

respect to the surface keeping the parallel orientation, using different rotational angles, and

taking advantage of the high symmetry of the hexagonal surface. With this strategy we

have selected one hundred initial geometries to optimize. During the optimization process,

similar structures were discarded using geometrical and energetic criteria, i.e. when two of

them lead a similar configuration (in a visual inspection) and with a relative energy be-

tween them smaller than 5 meV. We finally obtained six possible adsorption structures for

acrylamide, four for acrylonitrile and two for acrolein, named hereafter ACA[1-6], ACN[1-4]

and ACO[1-2] respectively. The high symmetry of the surface and the limited molecular

anchorage sites are probably the responsible of the low number of structures found. Fig. 2

shows the geometry of the optimized structures and Table 1 the adsorption energy Eads of

these structures, defined as:

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

where Emol/surface is the energy of the total system (molecule adsorbed on the surface), Emol

is the energy of the molecule without any interaction with the surface (optimized in the gas

phase) and Esurface is the energy of the pristine slab.
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ACA-1 ACA-2 ACA-3 ACA-4

ACA-5 ACA-6

ACN-1 ACN-2 ACN-3 ACN-4

ACO-1 ACO-2

Figure 2: Top and side view of the minima found for acrylamide (ACA), acrylonitrile (ACN)
and acrolein (ACO) adsorbed on a Cu(111) surface. Three colors for the different Cu layers
are used.

In the obtained structures for the three studied molecules, the vinyl group plays a crucial

role in the interaction with the surface. In a simple visual inspection, loss of planarity of the

terminal CH2 group is observed in all cases. This is the consequence of the strong interaction

between the C atom and the surface which implies charge transfer and chemisorption, as we
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Table 1: Adsorption energy Eads of acrylamide (ACA), acrylonitrile (ACN) and acrolein
(ACO) on a Cu(111) surface. Several structures were obtained for each molecule (see Fig.
2). Relative energy ∆E between the structures in each system. All values are in eV.

Eads (eV) ∆E (eV)
ACA-1 -0.520 0.208
ACA-2 -0.477 0.251
ACA-3 -0.728 0.000
ACA-4 -0.466 0.262
ACA-5 -0.637 0.091
ACA-6 -0.569 0.159
ACN-1 -0.354 0.000
ACN-2 -0.145 0.208
ACN-3 -0.135 0.219
ACN-4 -0.271 0.083
ACO-1 -0.456 0.000
ACO-2 -0.442 0.014

will show below. It can be easily explained within the hybrid orbital model: charge transfer

from the molecule to the surface leads to a change in hybridization in the terminal C atom

from sp2 in the gas phase to sp3 in the adsorbed structure, forming a new chemical bond

between the molecule and the surface (see the dihedral angles in Table 2). Indeed, in the

energetically most favourable structure found for the three molecules (ACA-3, ACN-1 and

ACO1) the terminal C=C bond lies on top of a Cu atom of the surface forming a η2 − Cu

bond, thus showing that the vinyl–surface interaction is the main anchorage point and the

key stabilizing factor. In the case of Cu(100) we also found that the most stable structure

of the considered vinyl-derivatives are those in which the double C=C bond is on top of a

Cu atom of the surface.12

The adsorption structures that we have found for ACA show in common a direct, on

top, interaction between the oxygen atom of the molecule and a Cu atom of the surface,

with relative energies between them of up to ∼ 260 meV. In ACA-1, ACA-2 and ACA-4

we also distinguish direct interaction between the N atom and a Cu atom of the surface

(N→Cutop); in these cases the hybridization also changes in the N atom from sp2 to sp3

and the geometry is accordingly distorted. However in ACA-3, ACA-4, ACA-5 and ACA-6
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planarity in the amide group is observed; in these cases hybridization is not altered and the

resonant amide structure O-C=NH2 is preserved. The geometrical changes upon adsorption

are also reflected in the electronic structure and are discussed below.

In the case of ACN, the cyano and vinyl groups change the position in each adsorption

geometry (on top of a Cu atom and on hollow between Cu atoms in the surface), showing

differences in the adsorption energy of up to ∼ 220 meV. ACO-1 and ACO-2 are nearly

degenerated (∆E = 14 meV). Interestingly, the less stable one (ACA-2) shows a stronger

interaction between the O atom and the Cu one (the distance between O and the surface

is 1.8 Å; while in ACA-1 is 2.2 Å) and presents a higher distortion of the molecule upon

adsorption (e.g. the dihedral angle H-C-C-C is 146◦ in ACO-2 and 163◦ in ACO-1, being

planar in the gas phase 180◦). It suggests that in ACO-2 the deformation energy (with

respect to the gas phase structure) is countered with the adsorption one, but not enough to

become the most stable conformation.

We now analyze in more detail the nature of the molecule–surface interaction focusing

on the most stable structure of each studied system (ACA-3, ACN-1 and ACO-1). The

adsorption leads to charge transfer from the surface to the molecule in the three cases (see

Table 2). However, no relation between the charge transfer and the adsorption energy is

observed. The highest charge transfer from the surface to the molecule is observed in acrolein,

followed by acrylonitrile and acrylamide. We obtained similar trends and absolute values in

the adsorption of the same molecules on the Cu(100) surface,12 which points out that the

charge transfer does not depend on the crystal orientation but on its chemical composition

and on the adsorbed organic molecule.

Charge transfer can be further studied by analysing the change in the spatial redistribu-

tion of the electronic density upon adsorption, which is defined as:

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

11



Table 2: Most relevant C−C distances (in Å), dihedral H−C2−C3−H angles in adsorption
(in degrees, hydrogen atoms in trans) and transferred charge from the surface to the molecule
(in atomic units) of the most stable minima found for acrylamide, acrylonitrile and acrolein
adsorbed on a Cu(111) surface after geometry optimization. Gas phase distances are also
included for comparison.

C1− C2 C2− C3 H− C2− C3− H ∆q
Gas phase Adsorbed Gas phase Adsorbed Dihedral angle

ACA-3 1.497 1.462 1.337 1.414 153.6 -0.224
ACN-1 1.427 1.416 1.342 1.411 157.7 -0.244
ACO-1 1.473 1.444 1.342 1.412 161.6 -0.388

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

are the electronic densities of the molecule and surface computed keeping the adsorption

geometry. Fig. 3 shows that the charge is mainly transferred to the vinyl group in the three

molecules, i.e. from the surface to the lowest unoccupied molecular orbital (LUMO), which

has π∗ character. Therefore, the π system in the molecule becomes more homogeneous due

to the adsorption and this is reflected on changes in the geometry. Indeed, the C1-C2 bond

(single C-C bond in gas phase) is shortened, while the C2-C3 bond (double C=C bond in

the gas phase) lengthens, as can be observed in Table 2. The distortion of the molecular

skeleton upon adsorption is the direct consequence of the stronger electronic delocalization.

The distortion in the molecular geometry, specially those changes in the C-C bond distances

and the loss of planarity in the vinyl group, together with the charge transfer results, confirm

the nature of the molecule–surface interaction as chemisorption. As has been shown before

for vinyl derivatives adsorbed on Cu(100),12 the depletion of electron density in regions where

there is no nodal plane in the π system and the gain in the LUMO orbital 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).

This phenomenon was also observed in other molecules of different nature adsorbed on metal

surfaces59,114–118

In order to get a deeper information on the changes in the electronic structure upon

adsorption and on the nature of the interaction, we have analyzed the density of states

12



ACA-3 ACN-1 ACO-1

Figure 3: Change in the electronic density upon adsorption (∆ρ, isovalue=0.02) for the most
stable adsorption structures of the three vinyl derivatives on Cu(111) surface. Green shows
possitive ∆ρ and reddish orange negative ∆ρ. All the Cu atoms in this figure are shown in
the same color.

projected on molecular states: projected Density Of States (pDOS). They are shown, for

the most stable adsorption conformer, in Fig. 4. Due to the different Fermi levels of the

molecule and surface separately, when they interact, there is an energy alignment which

induces a charge transfer from the metal to the organic molecule.21,119 For this reason, since

the molecule has a partial negative charge, its nuclei have an extra screening, shifting its

electronic levels. This is a common feature of all the molecular states, regardless of their

symmetry. As we have explained, charge transfer takes place mainly through the π orbitals

of the molecule; due to their spatial orientation, the overlap with the metal states is more

favorable and thus, these orbitals are able to mix more efficiently with the surface. This

is clearly appreciated in the pDOS: the π states (in red) are the ones that have a higher

change upon molecular adsorption: they are the only molecular states that do not keep their

previous identity showing a larger broadening and higher energy shift. This observation

confirms the nature of the chemical interaction: 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).
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Table 3: Wavenumbers (in cm−1) associated to the stretching modes of the acrylamide
(ACA), acrylonitrile (ACN) and acrolein (ACO), in the gas phase (neutral and anion) and in
the most stable adsorption geometry on Cu(111).(a)In the case of the acrolein, the frequency
at 910.92 cm−1 is strongly coupled with other mode at 1149.93 cm−1. Although Hamada
et al.120 assigned the C1-C2 stretching to this band (1158 cm−1 in their work), an analysis
of the contributions of the normal modes shows that this internal coordinate contributes
approximately equal to both bands. In this work we propose this new assignment since
it is consistent with the other vinyl-derivatives and with the shift after the adsorption.
Frequencies of anionic molecules in the gas phase have been computed with Gaussian09.112

stretching mode Gas Phase Molecule/Cu(111)
ν ACA neutral ACA anion ACA-3
NH2 asymmetric 3627.01 3477.66 3578.58
NH2 symmetric 3494.81 3356.24 3448.05
CH2 asymmetric 3166.46 3155.30 3142.67
CH2 symmetric 3082.50 3069.88 3053.34
C-H 3065.00 3039.22 3079.02
C=O 1680.84 1586.16 1483.68
C2=C3 1624.43 1468.19 1417.15
C-N 1256.36 1257.72 1274.84
C1-C2 796.87 813.85 1383.82
ν ACN neutral ACN anion ACN-1
CH2 asymmetric 3182.71 3162.84 3167.93
C-H 3101.47 3060.99 3087.59
CH2 symmetric 3086.79 3071.03 3074.74
C≡N 2253.28 2078.32 2094.58
C2=C3 1613.95 1454.19 1455.07
C1-C2 871.42 866.63 1350.37
ν ACO neutral ACO anion ACO-1
CH2 asymmetric 3159.48 3127.58 3143.39
C-H (vinyl) 3100.49 3020.88 3052.93
CH2 symmetric 3067.72 3045.11 3047.44
C-H (aldehyde) 2790.37 2682.81 2818.41
C=O 1688.45 1466.86 1427.86
C2=C3 1618.60 1466.86 1457.79
C1-C2 910.92(a) 1197.22 1321.07
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Figure 4: 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. Black curve: total pDOS; Red curve: pz-projection, which
allows to identify the π contribution to the pDOS.

Vibrational Frequencies

We now present how the molecule-surface interaction, characterized in the previous section,

influences the vibrational properties of the studied molecules. This is a first step towards

understanding their behaviour upon thermal excitation (see next section). In particular, we

have computed the harmonic vibrational frequencies of the most stable adsorption structure

for each vinyl-derivative. We present in Table 3 the computed frequencies of the most

relevant vibrational modes. For comparison, vibrational frequencies of the same modes for

the neutral and the anion molecules in the gas phase are also shown.

The three vinyl-derivatives exhibit the same trends after the adsorption. The C1-C2

stretching mode increases its frequency in several hundreds of cm−1 in the adsorbed struc-

tures, which indicates a stronger bond. On the other hand, the double C2=C3 bond decreases

its characteristic frequency from ∼ 1620 to ∼ 1460 cm−1. In this way, in the adsorbed
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Figure 5: Resonance forms of acrylamide (up), acrylonitrile (middle) and acrolein (down).
The two relevant structures for the discussion are shown for each molecule.

molecules the difference between both frequencies (C1-C2 and C2-C3 stretching modes) is

much smaller than in the gas phase. This is the consequence of the higher electron delocal-

ization in the molecular skeleton, as stated in the previous section. Accordingly, changes in

the C1-C2 and C2-C3 bond lengths in the adsorbed structures lead to very similar distances

after the adsorption (1.4 Å). Also, both the symmetric and antisymmetric ν(CH2) frequen-

cies are red-shifted, which is consistent with the change of hybridization of the terminal C3

atom due to the interaction with the surface: it adopts a partial sp3 character and they

decrease in ∼ 20 cm−1.

In the substituent groups (C=O for ACO, C≡N for ACN, and NH2C=O for ACA) vari-

ations in the frequencies of the stretching modes can be also explained in terms of charge

transfer and molecular chemisorption to the metal surface. The amide group of acrylamide
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has an important contribution to the Lewis structure in which the electron lone pair of the

nitrogen atom migrates to form a double bond with the carbon, thus shifting the pair in the

C=O to the oxygen atom. In this resonant form, a partial negative charge is placed on the

oxygen atom (see Fig. 5). In the adsorption a non negligible part of the transferred charge

is accommodated on the oxygen atom (see ∆ρ in Fig. 3) thus decreasing the weight of this

resonant structure. Consequently, the lone pair of the nitrogen does not participate on the

resonant structure and is thus available to link the molecule to the surface. The N atom

adopts a sp3 character, causing a red-shifting in both symmetric and antisymmetric ν(NH2)

stretching frequencies. In addition, since larger electron density is hosted in the molecule,

the oxygen atom does not form anymore a pure double C=O bond and consequently the

corresponding stretching frequency is also red-shifted.

In acrylonitrile, the C ≡ N bond in the cyano group becomes more labile in the adsorption

because (i) part of the electron density initially located on this bond is now participating

in the linkage with the surface (π → Cu donation) and (ii) the extra transferred charge

populates the π∗ orbital (Cu → π∗ backdonation).12 Thus, red-shifting is also observed in

the stretching frequency of this bond, as it has been shown experimentally.121

Finally, the acrolein has two internal stretching modes: the double C=O bond, which

behaves as the CO bond of the amide group (red-shift due to the adsorption) and the C-

H bond of the aldehyde. This last frequency is blue-shifted after the interaction with the

surface. This change can be also explained due to the high electron transfer from the metal

to the molecule. An internal rearrangement of the electron density is observed and although

the molecule hosts globally 0.39 e− from the surface, locally in the C1-C2 bond 0.46 e−

is distributed. The charge excess strengthens the bond and therefore it becomes shorter,

causing an increase in the frequency of the ν(C1− H) stretching mode.

Although changes observed in some modes upon adsorption point in a similar direction to

those in the negatively-charged molecules in the gas phase, the trends in a few modes follow

an opposite behavior [ν(C−H) in ACA, ν(C1−C2) in ACN and ν(C−Haldehyde) in ACO].
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Figure 6: Energy exchange among the kinetic energy of the atoms in the molecule (Ekin,mol),
kinetic energy of the atoms in the surface (Ekin,surf), total kinetic energy (Ekin,tot) and potetial
energy (Epot), as a function of the time in the ab initio molecular dynamics simulations. Each
energy contribution has been averaged in time over the trajectories. Acrylamide (ACA),
acrylonitrile (ACN) and acrolein (ACO) with 6 and 12 eV of initial excitation energy have
been considered.

This indicates that the new vibrational leves are affected not only by charge transfer effects,

but also by the covalent interactions with the surface that strongly anchor the molecule, thus

hindering certain atomic displacements.

Ab initio Molecular Dynamics

Finally we have studied the behavior of excited vinyl derivatives (ACA, ACN, ACO) adsorbed

on a Cu(111) surface by means of ab initio molecular dynamics (AIMD). To this we have

computed several trajectories for each system assuming two values of excitation energy (E∗ =

6 and 12 eV) randomly distributed among the nuclear degrees of freedom of atoms in the

molecule. During the propagation we allow the movement of all the atoms (except the last

layer inside the metal bulk). For comparison, AIMD simulations on the molecules in gas

phase were also carried out.
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Figure 7: Snapshots of ab initio molecular dynamics trajectories for acrylamide (ACA),
acrylonitrile (ACN) and acrolein (ACO) with 12 eV of initial excitation energy. The selected
trajectories shows molecular breaking leading to (i) NH2(Ads) + CHOCH2 for ACA; (ii)
CN(Ads) + CH2CH for ACN; (iii) H(Ads) + CH2CH(Ads) + CO for ACO

We first analyze the excitation energy distribution and transfer dynamics. Fig. 6 shows

the energy decomposition as a function of the time: potential energy, kinetic energy in atoms

of the molecule, kinetic energy in atoms of the metal and total kinetic energy. Each curve

corresponds to an average over all the computed trajectories (with fluctuations of ∼ 7−25%).

In all cases (regardless the molecule or the excitation energy) a similar behavior is observed:

During the first ∼ 20 fs, the excitation energy is gradually transferred from kinetic energy in

the molecule to potential energy; i.e the energy is very rapidly redistributed and the system

suffers strong deformations from its departure point in the optimized geometry. Then, it

reaches a pseudo-equilibrium in which ∼ 50% of the kinetic energy has been transferred

to potential energy. From this point on, the kinetic energy remaining in the atoms of the

molecule is slightly transferred into kinetic energy of the atoms in the surface. The highly-

excited molecules evolve breaking bonds (molecule-surface or intramolecular bonds) during

the first femtoseconds in the propagation and transfer of thermal energy from the molecule
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to the surface is only effective when the atoms of the molecule have cooled down. The main

reason is the difference in mass between them: since the copper atoms on the surface are (at

least) four times heavier than the atoms of the molecule inelastic collisions are only effective

at low velocity; that is, from the remaining atoms of the molecule that still interact with

the substrate, the transfer of momentum to the metal atoms takes place in a kind of friction

process. A deeper analysis on the movements of Cu atoms reveals that the coordinates in

these atoms are frozen during the first part of the propagation, even if they are allowed to

move; only when the potential energy has reached a maximum the Cu atoms begin to move

from their original positions. This result indicates that all the potential energy gain is in the

form of molecular deformation or desorption.

We now focus on the chemical processes taking place after excitation. To this we analyze

the final products obtained after the molecular dynamics propagation. We first analyze the

three main processes that we have observed:

• Adsorption: The molecule is still interacting with the surface. Most probably it has

been moved from its original adsorption site. In this process, isomerization can be also

observed.

• Desorption: The molecule is desorbed and does not interact with the surface any more.

In this process, isomerization is also observed.

• Break: Bonds in the molecule suffer cleavage producing two or more fragments (see

examples of trajectories following this kind of dynamics in Fig. 7).

Fig. 8 shows the probability of these processes in the three studied molecules (molecular

breaking in the gas phase with E∗ = 12 eV is also shown for comparison). When the molecule

breaks, the produced fragments can desorb or stay interacting with the surface (part of them

or all of them). This information is also shown in the figure. The general trends are similar in

the three studied molecules (although percentages differ from one to other). The probability

of finding trajectories with molecular adsorption decreases with the energy, from ∼ 70%
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Figure 8: Percentage of the processes occurrence obtained in the molecular dynamics for the
three studied molecules acrylamide (ACA), acrylonitrile (ACN) and acrolein (ACO). Upper
panels (excitation energy 6 and 12 eV): The molecule remains adsorbed (Adsorption); the
molecule desorbs (Desorption); the molecule is broken (Break). Lower panels (excitation
energy 12 eV): when the molecule is broken, all produced fragments remain adsorbed (All
Frags Ads), all produced fragments desorb (All Frags Des), part of the fragments remains
adsorbed and the rest desorb (Frags Part Ads). In the upper panels the results for the
molecular breaking percentage of the molecules in gas phase at 12 eV are also shown.
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at 6 eV to ∼ 10% at 12 eV. Acrylamide shows larger desorption at 6 eV than at 12 eV

(most probably because we found much less molecular breaking at 6eV in comparison with

12 eV). In acrylonitrile and acrolein similar amount of molecular desorption is found at 6

and 12 eV (∼ 15− 20%). Molecular breaking is the dominant process at 12 eV in the three

molecules adsorbed with the surface (∼ 70− 80%). It is worth to stress that the amount of

molecular breaking observed in the molecules in gas phase with the same excitation energy

(12 eV) is half of the observed in the adsorbed systems. Even if part of the excitation

energy is transferred to the metal surface, the probability of finding molecular fragments

is much larger. The reason is that the interaction of the molecule with the metal surface

weakens the bonds between atoms in the molecule. In particular, the charge transferred in

the chemisorption is mainly located on the LUMO orbital of the molecule, with a strong

π∗ antibonding character: larger π conjugation but making C=C bonds much more labile.

We observe larger probability of molecular breaking in the surface when all the produced

fragments remain adsorbed on the substrate. A negligible amount of desorption of all the

produced fragments is appreciated. But the catalytic effect of the metal surface is not only

observed in the larger amount of fragmentation produced when the molecule is interacting

with the substrate, but also in a much wider spectrum of produced fragments (see Tables 4, 5

and 6). Some of the observed fragments in the gas phase are not present in the adsorbed

systems, but a much richer fragmentation behavior is observed. In general:

• Atomic hydrogen is widely observed in the adsorbed molecules while almost negligible

in the gas phase.

• In gas phase stable molecular species are mainly produced, such as ethylene H2C =

CH2, acetylene HC ≡ CH, molecular hydrogen H2, hydrogen cyanide HCN, or carbon

monoxide CO.

• The vynil moiety C2H3, coming from a direct cleavage of the central C-C bond is

one of the most observed fragments. Since the charge transferred is accommodated
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on the LUMO it increases the π delocalization reinforcing the central C-C bond; this

strengthening is reflected in the less amount of the vinyl fragment observed in the

adsorbed molecules.

In particular for each molecule:

• In acrylamide NH2 is much more observed in the adsorbed molecule being the dominant

fragment (50%).

• In acrylonitrile HCN is the most abundant fragment in gas phase and it is not observed

on the adsorbed molecule, where the CN fragment is largely the dominant one (60%).

• In acrolein HCO and C2H3 are common fragments in gas phase. While C2H3 is also

one of the most abundant in the adsorbed molecule, HCO almost disappears being now

CO much more probable.

Conclusions

In summary, we have presented a deep theoretical study of organic-metal interfaces, focussing

on the electronic properties and thermal stability of potential candidates for composite hybrid

materials. In particular we have performed density functional theory (DFT) simulations of

the vinyl derivative polymer precursors acrylamide, acrylonitrile and acrolein, interacting

on a pristine Cu(111) surface. The modeling highlighted anchoring mechanisms and the

preferred arrangement of the molecules at the surface. Interestingly, the vinyl group acts

as the binding site and the functional groups in each molecule drive the relative adsorption

orientation. Linkage with the surface can be explained with a simple chemical picture:

π → Cu donation and Cu→ π∗ backdonation. Changes in the electronic structure associated

to this kind of interaction show stronger electronic delocalization and consequently distortion

of the molecular skeleton. Molecular anchoring (through the vinyl group) and structural

changes (bond elongations and dihedral angles modifications upon adsorption) suggest the
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possibility of controlled polymerization in given crystal orientations. The ab initio molecular

dynamics simulations have shown a very efficient energy redistribution (shared between the

kinetic energy of atoms in the molecule, in the surface and potential energy in a short

time of ∼ 100 fs). Molecular decomposition shows a much more varied spectrum when the

molecule is adsorbed on the surface and, notably, a catalytic effect with a larger amount of

fragmentation with respect to molecules in the gas phase. These findings may help achieve

a deeper comprehension of the properties of ultra-thin organic coating of metal surfaces,

a promising two dimensional kind of hybrid material with potential applications in many

areas.
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Table 4: Percentage of ab initio molecular dynamics trajectories where the corresponding
fragment of the acrylamide (ACA) molecule is produced. Results when the molecule is
adsorbed on Cu(111) and for the molecule in gas phase are given, both with initial excitation
energy 12 eV.

Fragment ACA/Cu(111) Gas Phase
H 23.33 –
ACA-H 3.33 –
NH2 50.00 13.33
ACA-NH2 13.33 3.33
CH2 13.33 –
ACA-CH2 0.00 –
O 10.00 –
ACA-O 3.33 –
C2H3 16.67 20.00
C2H2 13.33 –
CO 26.67 10.00
OC2H 10.00 –
NH2C2H 3.33 –
NHC3H3 3.33 –
OCNH2 6.67 –
CH 3.33 –
NH2COH – 3.33
NH2CO – 10.00
CH2CH2 – 3.33
CHCH – 3.33
HNCO – 3.33
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Table 5: Percentage of ab initio molecular dynamics trajectories where the corresponding
fragment of the acrylonitrile (ACN) molecule is produced. Results when the molecule is
adsorbed on Cu(111) and for the molecule in gas phase are given, both with initial excitation
energy 12 eV.

Fragment ACN/Cu(111) Gas Phase
H 33.33 –
ACN-H 6.67 –
C2H2 23.33 3.33
CN 60.00 13.33
C2H3 30.00 13.33
CH 3.33 –
CH2 6.67 –
C 3.33 –
CHCH – 13.33
HCN – 16.67
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Table 6: Percentage of ab initio molecular dynamics trajectories where the corresponding
fragment of the acrolein (ACO) molecule is produced. Results when the molecule is adsorbed
on Cu(111) and for the molecule in gas phase are given, both with initial excitation energy
12 eV.

Fragment ACO/Cu(111) Gas Phase
H 56.67 3.33
ACO-H 3.33 –
CH2 6.67 –
ACO-CH2 3.33 –
CO 36.67 13.33
C2H2 10.00 3.33
C2H3 33.33 30.00
CH 6.67 –
OC2H2 3.33 –
O 13.33 –
CH2CCH2 3.33 –
OH 6.67 –
C3H3 10.00 –
OCHCCH 3.33 –
C2H 3.33 –
C3H2 3.33 –
OCCH2 3.33 –
CHO 6.67 –
CHCH – 6.67
HCO – 26.67
H2 – 6.67
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