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Ultrafast Dynamics of Electronic Resonances in Molecules Adsorbed on Metal Surfaces: a Wave Packet Propagation Approach

We present a wave packet propagation-based method to study the electron dynamics in molecular species in the gas phase and adsorbed on metal surfaces. It is a very general method that can be employed to any system where the electron dynamics is dominated by an active electron and the coupling between the discrete and continuum electronic states is of importance. As an example one can consider resonant moleculesurface electron transfer or molecular photoionization. Our approach is based on a 1 computational strategy allowing to incorporate ab initio inputs from Quantum Chemistry methods, such as Density Functional Theory, Hartree-Fock and Coupled Cluster.

Thus, the electronic structure of the molecule is fully taken into account. The electron wave function is represented on a 3D grid in spatial coordinates, and its temporal evolution is obtained from the solution of the time dependent Schrödinger equation. We illustrate our method with an example -electron dynamics of anionic states localized on organic molecules adsorbed on metal surfaces. In particular, we study resonant charge transfer from π * orbitals of three vinyl derivatives (acrylamide, acrylonitrile, and acrolein) adsorbed on a Cu(100) surface. Electron transfer between these lowest unoccupied molecular orbitals and the metal surface is extremely fast, leading to a decay of the population of the molecular anion on the femtosecond timescale. We detail how to analyze the time-dependent electronic wave function in order to obtain the relevant information on the system: the energies and lifetimes of the molecule-localized quasi-stationary states, their associated resonant wavefunctions, and the population decay channels. In particular, we demonstrate the effect of the electronic structure of the substrate on the energy and wave vector distribution of the hot electrons injected into the metal by the decaying molecular resonance.

Introduction

Standard methods in Quantum Chemistry are typically employed to study static properties or bound states of systems where the Hamiltonian is a time-independent operator. For the phenomena involving discrete states coupled with a continuum, even though the stationary scattering matrix, filter diagonalization, or complex scaling approaches were developed, [START_REF] Seideman | Quantum Mechanical Reaction Probabilities Via a Discrete Variable Representation -Absorbing Boundary Condition Green's Function[END_REF][START_REF] Jolicard | Resonance States Using the Optical Potential Model. Study of Feshbach Resonances and Broad Shape Resonances[END_REF][START_REF] Rom | Cumulative Reaction Probability by the Complex Coordinate Scattering Theory[END_REF][START_REF] Moiseyev | Quantum Theory of Resonances: Calculating Energies, Widths and Cross-Sections by Complex Scaling[END_REF][START_REF] Mandelshtam | Spectral Analysis of Time Correlation Function for a Dissipative Dynamical System Using Filter Diagonalization: Application to Calculation of Unimolecular Decay Rates[END_REF] the evolution of the computing capacities triggered a fast development of Wave Packet Propagation (WPP) techniques. [START_REF] Leforestier | A comparison of different propagation schemes for the time dependent Schrödinger equation[END_REF][START_REF] Truong | A Comparative Study of Time Dependent Quantum Mechanical Wave Packet Evolution Methods[END_REF][START_REF] Kosloff | Time-Dependent Quantum-Mechanical Methods for Molecular Dynamics[END_REF][START_REF] Kosloff | Quantum Molecular Dynamics on Grids[END_REF][START_REF] Zhang | Theory and Application of Quantum Molecular Dynamics[END_REF][START_REF] Kroes | Six-Dimensional Quantum Dynamics of Dissociative Chemisorption of H 2 on Metal Surfaces[END_REF][START_REF] Beck | The Multiconfiguration Time-Dependent Hartree (MCTDH) Method: a Highly Efficient Algorithm for Propagating Wavepackets[END_REF][START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF] The WPP explicitly solves the Time-Dependent Schrödinger Equation (TDSE), and, combined with wave function representation on the spatial grid, allows to efficiently account for the continuum effects. Moreover the WPP naturally allows to consider quantum systems under the action of the explicitly time-dependent Hamiltonians as relevant for the attosecond science, [START_REF] Sainadh | Attosecond Angular Streaking and Tunnelling Time in Atomic Hydrogen[END_REF][START_REF] Nisoli | Attosecond Electron Dynamics in Molecules[END_REF][START_REF] Siek | Angular Momentum-Induced Delays in Solid-State Photoemission Enhanced by Intra-Atomic Interactions[END_REF] for example. In the past decades many problems in Physics and Chemistry have been thus addressed with WPP techniques (see e.g. [START_REF] Saalfrank | Quantum Dynamics of Laser-and Field-Induced Desorption of Molecules from Metal Surfaces[END_REF][START_REF] Yang | Chemical Wave Packet Propagation, Reflection, and Spreading[END_REF][START_REF] Johnson | In Encyclopedia of Physical Science and Technology[END_REF][START_REF] Meyer | Quantum Molecular Dynamics: Propagating Wavepackets and Density Operators Using the Multiconfiguration Time-Dependent Hartree Method[END_REF][START_REF] Sielk | Quantum-Mechanical Wavepacket Propagation in a Sparse, Adaptive Basis of Interpolating Gaussians with Collocation[END_REF][START_REF] Cvitaš | Quantum Wave Packet Method for State-to-State Reactive Scattering Calculations on AB + CD → ABC + D Reactions[END_REF][START_REF] Nyman | Computational Methods of Quantum Reaction Dynamics[END_REF][START_REF] Grabowski | A Review of Wave Packet Molecular Dynamics. Frontiers and Challenges in Warm Dense Matter[END_REF][START_REF] Sun | Research Advances in Quantum Dynamics[END_REF][START_REF] Baeck | Basics of the Time-Dependent Wave-Packet Propagation for Photodissociations of Polyatomic Systems[END_REF] ).

In this work, we present a WPP-based methodology to study those systems where molecule-localized electronic states are coupled with a continuum of propagating electronic states, as in the case of the photoionization, or for a single molecule adsorbed on a metal surface -specifically addressed here. Our purpose is to merge (i) an ab initio description of the molecular electronic structure as provided by quantum chemistry approaches; and (ii) the possibility to describe the continuum states without artificial quantization, i.e. imposing the outgoing wave boundary conditions as offered by WPP. As a case study we address the negative ion states of organic molecules adsorbed on metal surfaces. In such systems, an electron initially localized on a molecular orbital can escape into the continuum of metal electronic states via energy-conserving resonant electron transfer; the so-called resonant charge transfer (RCT) process. The molecule-localized electronic states broaden into resonances, with lifetimes given by the rate of the RCT. This is a typical example of discrete state-continuum coupling which admits a theoretical description within the single electron picture.

Because of the possible applications of the adsorbed molecules as single photon sources, [START_REF] Lounis | Single Photons on Demand from a Single Molecule at Room Temperature[END_REF][START_REF] Moerner | Single-Photon Sources Based on Single Molecules in Solids[END_REF][START_REF] Merino | Exciton Dynamics of C60-Based Single-Photon Emitters Explored by Hanbury Brown-Twiss Scanning Tunnelling Microscopy[END_REF][START_REF] Zhang | Electrically Driven Single-Photon Emission from an Isolated Single Molecule[END_REF] and because of the role played by adsorbate localized electronic states in surface reactivity (see e.g. [START_REF] Jin | The Effects of the Specific Adsorption of Anion on the Reactivity of the Ru(0001) Surface Towards CO Adsorption and Oxidation: in situ FTIRS Studies[END_REF][START_REF] Busó-Rogero | Surface Structure and Anion Effects in the Oxidation of Ethanol on Platinum Nanoparticles[END_REF][START_REF] Petrova | Anion Selectivity In Ion Exchange Reactions With Surface Functionalized Ionosilicas[END_REF][START_REF] Mueller | Redox Activity of Surface Oxygen Anions in Oxygen-Deficient Perovskite Oxides During Electrochemical Reactions[END_REF][START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF][START_REF] Sheng | Carbon Dioxide Dimer Radical Anion as Surface Intermediate of Photoinduced CO 2 Reduction at Aqueous Cu and CdSe Nanoparticle Catalysts by Rapid-Scan FT-IR Spectroscopy[END_REF][START_REF] Maneepong | Stability of Cl -NO -3 , ClO -4 , and SO -4 Surface Complexes at Synthetic Goethite/Aqueous Electrolyte Interfaces[END_REF] ), the characterization of adsorbate induced anion or excited state resonances at metal surfaces is of paramount importance. In particular, the lifetime of a molecular state is a key property which controls the efficiency of the reaction mechanism where the too short lifetime would not allow for an energy transfer between electrons and nuclei. [START_REF] Guo | Theory of Photoinduced Surface Reactions of Admolecules[END_REF][START_REF] Saalfrank | Quantum Dynamical Approach to Ultrafast Molecular Desorption from Surfaces[END_REF][START_REF] Golibrzuch | The Dynamics of Molecular Interactions and Chemical Reactions at Metal Surfaces: Testing the Foundations of Theory[END_REF] Similar, too fast electron transfer from an excited state into the substrates would hinder the decay via photon emission. [START_REF] Avouris | Excited States at Metal Surfaces and their Non-Radiative Relaxation[END_REF][START_REF] Reecht | Electroluminescence of a Polythiophene Molecular Wire Suspended between a Metallic Surface and the Tip of a Scanning Tunneling Microscope[END_REF] With the methodology presented in this work, one can obtain a complete characterization of the resonances: energy, lifetime and resonant wavefunction.

From the experimental point of view the electron dynamics in excited states at surfaces has been thoroughly addressed using the proximal probe Scanning Tunneling Mi- [START_REF] Aguilar-Galindo | Theoretical Insights Into Vinyl Derivatives Adsorption on a Cu(100) Surface[END_REF][START_REF] Aguilar-Galindo | Outstanding Energy Exchange between Organic Molecules and Metal Surfaces: Decomposition Kinetics of Excited Vinyl Derivatives Driven by the Interaction with a Cu(111) Surface[END_REF] croscopy (STM) technique [START_REF] Repp | Imaging Bond Formation Between a Gold Atom and Pentacene on an Insulating Surface[END_REF][START_REF] Soe | Direct Observation of Molecular Orbitals of Pentacene Physisorbed on Au(111) by Scanning Tunneling Microscope[END_REF][START_REF] Garnica | Probing the Site-Dependent Kondo Response of Nanostructured Graphene with Organic Molecules[END_REF][START_REF] Zhang | Low-Temperature Scanning Tunneling Microscopy Study on the Electronic Properties of a Double-Decker DyPc2 Molecule at the Surface[END_REF] as well as the Time-Resolved Two-Photon-Photoemission (TR-2PPE). [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Petek | Real-Time Observation of Adsorbate Atom Motion Above a Metal Surface[END_REF][START_REF] Weinelt | Time-Resolved Two-Photon Photoemission From Metal Surfaces[END_REF][START_REF] Zhu | Electron Transfer At Molecule-Metal Interfaces: A Two-Photon Photoemission Study[END_REF][START_REF] Güdde | Dynamics of Electronic Transfer Processes at Metal/Insulator Interfaces[END_REF] These and other experiments triggered large theoretical interest. Among other theoretical approaches, the excited-state potential-energy surfaces for molecules adsorbed on metal substrates were obtained using the ∆ self-consistent field (∆SCF) method [START_REF] Gavnholt | ∆ self-consistent field method to obtain potential energy surfaces of excited molecules on surfaces[END_REF] and the ∆ self-consistent field density-functional theory (∆DFT). [START_REF] Maurer | Bistability Loss as a Key Feature in Azobenzene (Non)Switching on Metal Surfaces[END_REF][START_REF] Maurer | Excited-state potential-energy surfaces of metal-adsorbed organic molecules from linear expansion ∆-self-consistent field density-functional theory (∆SCF-DFT)[END_REF] The WPP technique has been also applied to study energies and lifetmes of the excited electronic states localized on adatoms, adlayers, and on small nanostructures. [START_REF] Borisov | Long-Lived Excited States at Surfaces: Cs/Cu(111) and Cs/Cu(100) Systems[END_REF][START_REF] Kürpick | Resonance Formation of Hydrogenic Levels in Front of Metal Surfaces[END_REF][START_REF] Martín | Multicenter-Gaussian Representation of Resonant Charge Transfer in Atom-Surface Interaction[END_REF][START_REF] Zugarramurdi | Lifetimes of Quantum Well States and Resonances in Pb Overlayers on Cu(111)[END_REF][START_REF] Díaz-Tendero | Different Quantization Behaviors of Electrons Confined in Nanostructures at Surfaces[END_REF][START_REF] Díaz-Tendero | Theoretical Study of Electron Confinement in Cu Corrals on a Cu(111) Surface[END_REF][START_REF] Díaz-Tendero | Electron Propagation Along Cu Nanowires Supported on a Cu(111) Surface[END_REF][START_REF] Díaz-Tendero | Extraordinary Electron Propagation Length in a Metallic Double Chain Supported on a Metal Surface[END_REF] Rather simple model descriptions of the system have been used in these early works. It is only recently that RCT between single molecular adsorbates and semiconductor surfaces has been addressed at the ab initio level, [START_REF] Müller | Effect of Structural Fluctuations on Elastic Lifetimes of Adsorbate States: Isonicotinic Acid on Rutile(110)[END_REF] however within the stationary Green's function framework that does not admit time-dependent Hamiltonians.

The WPP method reported here aims simultaneously: (i) to represent the continuum of the propagating electronic states inside the metal and in the vacuum region, and (ii) to fully account for the electronic structure of the adsorbed molecule using potentials obtained with Quantum Chemistry calculations. We illustrate our approach with a complete description of the quasi-stationary molecular anion localized states (resonances) for the three vinyl derivatives: acrylamide (ACA), acrylonitrile (ACN) and acrolein (ACO) -see Figure 1 adsorbed on a Cu(100) surface. We obtain the resonance decay channels and wave function, as well as the resonance energy and the decay rate associated with its lifetime. The above mentioned molecules are characterized by an antibonding π * C 2 -C 3 character of LUMO orbital. Thus, the negative ion formation by e.g. an electron injection from an STM tip or via attachment of a hot electron from the metal would weaken the (formally) double C=C bond, activating this bond. On the other hand one would expect that the π * orbitals strongly hybridize with the metal surface, [START_REF] Aguilar-Galindo | Theoretical Insights Into Vinyl Derivatives Adsorption on a Cu(100) Surface[END_REF] leading to a fast decay of the negative ion population.

Thus, understanding the dynamics of such electronic resonances provides also information on the catalytic activity of such states.

It is worth stressing that our developed software is able to go well beyond the problem of the RCT at metal surfaces and to deal with general problems of electron escape from molecular system into a continuum, including the case of the time dependent Hamiltonians as in photoionization. In particular, using the all valence-electron description provided by standard Quantum Chemistry packages (as the ones used here, see below) makes it possible to address the electron rescattering processes. This subject is of great interest for the formation of photoemission delays in attosecond science or for the molecular imaging in optical field emission with intense laser pulses. [START_REF] Nisoli | Attosecond Electron Dynamics in Molecules[END_REF][START_REF] Siek | Angular Momentum-Induced Delays in Solid-State Photoemission Enhanced by Intra-Atomic Interactions[END_REF][START_REF] Biswas | Probing Molecular Environment Through Photoemission Delays[END_REF][START_REF] Meckel | Laser-Induced Electron Tunneling and Diffraction[END_REF][START_REF] Lin | Strong-field Rescattering Physics-Self-Imaging of a Molecule by its Own Electrons[END_REF][START_REF] Wolter | Ultrafast Electron Diffraction Imaging of Bond Breaking in Di-Ionized Acetylene[END_REF] The paper is organized as follows. Next section presents the methodology: TDSE solution under the WPP scheme, strategy to construct the potential of the active electron, and how to extract the relevant information from the propagation. Section 3 is devoted to the results: characterization of anion resonances localized on vinyl derivatives adsorbed on a Cu(100) surface. We end the article with the conclusions in section 4. Atomic units are used throughout the paper unless otherwise stated.

Methodology

Time Dependent Schrödinger Equation

The WPP approach consists in solution of the time Time Dependent Schrödinger Equation (TDSE) describing the time evolution of the wave function, Ψ( r, t), of the active electron. Ψ( r, t) is sought as function of time and spatial coordinates r, and evolves in time according

to i ∂ ∂t Ψ( r, t) = Ĥ(t)Ψ( r, t), (1) 
where Ĥ(t) is the Hamiltonian of the system. At this stage for the sake of completeness we consider the case of the time-dependent Hamiltonian. Given an initial condition Ψ 0 ( r) ≡ Ψ( r, t = 0), the solution of Eq. 1 is given by

Ψ( r, t) = Û (t)Ψ 0 ( r) = Pe -i t 0 Ĥ(t )dt Ψ 0 ( r), (2) 
where Û is the time evolution operator, and P is the time ordering operator.

Numerically, many time-propagation schemes have been developed including the global and short-time propagation techniques. [START_REF] Leforestier | A comparison of different propagation schemes for the time dependent Schrödinger equation[END_REF][START_REF] Truong | A Comparative Study of Time Dependent Quantum Mechanical Wave Packet Evolution Methods[END_REF][START_REF] Kosloff | Time-Dependent Quantum-Mechanical Methods for Molecular Dynamics[END_REF][START_REF] Kosloff | Quantum Molecular Dynamics on Grids[END_REF][START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF][START_REF] Kosloff | A Fourier Method Solution for the Time Dependent Schrödinger Equation as a Tool in Molecular Dynamics[END_REF][START_REF] Tal-Ezer | An Accurate and Efficient Scheme for Propagating the Time Dependent Schrödinger Equation[END_REF][START_REF] Park | Unitary Quantum Time Evolution by Iterative Lanczos Reduction[END_REF][START_REF] Bandrauk | Improved Exponential Split Operator Method for Solving the Time-Dependent Schrödinger Equation[END_REF][START_REF] Huang | Energy-Separable Faber Polynomial Representation of Operator Functions: Theory and Application in Quantum Scattering[END_REF][START_REF] Huisinga | Faber and Newton Polynomial Integrators for Open-System Density Matrix Propagation[END_REF] Here we prefer the short-time propagation approach for its versatility in addressing the time dependent and time independent Hamiltonians as well as for the availability of the information on the system in due course of the time evolution. Setting propagation time-step ∆t, the time evolution is obtained from

Ψ( r, t + ∆t) = e -i∆t Ĥ(t+ ∆t 2 ) Ψ( r, t). (3) 
The Hamiltonian Ĥ of the system can be expressed in the following general form

Ĥ(t) = T + V ( r, t) + VNL + V abs ( r) Vtot(t) , T = - 1 2 ∇ 2 , VNL = α v α Pα = α |φ α v α φ α |. ( 4 
)
Here T is the kinetic energy operator, and Vtot (t) is the total (possibly time-dependent) potential. It consists of the several contributions described below in the order of appearance.

The local potential V ( r, t), includes the local part of the electron-molecule interaction, the electron-surface interaction, which takes into account the charge transfer between the molecule and the substrate, and, finally, the possible external potentials acting on the system.

As an example, an incident electromagnetic pulse with electric field E(t) contributes to the local potential with the term E(t) r. Although in this work we do not consider any external time-dependent potential acting on the system, the code is ready to use this option.

The details on the electron-molecule and the electron-surface interactions are given in the following sections.

The non-local (local) potential, VNL , arises from the pseudopotential description of the molecular electronic structure as often implemented in the DFT simulations. [START_REF] Lin | Optimized and transferable nonlocal separable ab initio pseudopotentials[END_REF][START_REF] Gonze | First-Principles Computation of Material Properties: The ABINIT Software Project[END_REF][START_REF] Gonze | A Brief Introduction to the ABINIT Software Package[END_REF] It is defined by the projectors Pα on the orthonormal basis of φ α -states, and by the set of constants v α .

In the r representation, the action of the projector on the wave function Ψ( r, t) is defined

as: Pα Ψ( r, t) = v α φ α ( r) φ α ( r )Ψ( r , t)d 3 r . In the present case φ α ( r) is a real function.
Finally, V abs ( r), is the local complex absorbing potential used to impose the outgoing wave conditions at the boundaries of the computational box consistent with bound statecontinuum interaction at the focus of the present study.

Since different operators contributing to the Hamiltonian of the system do not commute in general, the short-time propagation given by Eq. 3 is performed using the split operator technique 6,7,69,73

Ψ( r, t + ∆t) = e -i ∆t 2 V abs e -i ∆t 2 V (t ) e -i ∆t 2 VNL ÛL e -i∆t T e -i ∆t 2 VNL e -i ∆t 2 V (t ) e -i ∆t 2 V abs ÛR Ψ( r, t), (5) 
where t = t + ∆t 2 the propagation error is of the order of ∆t [START_REF] Rom | Cumulative Reaction Probability by the Complex Coordinate Scattering Theory[END_REF] . The reason why it is convenient to split the Hamiltonian in terms of kinetic energy and local and nonlocal potential terms lies in the fact that a local operator (as the potential energy operator) is diagonal in a direct space while the kinetic energy operator is diagonal in the reciprocal space. We then use the Fourier Grid Hamiltonian (FGH) approach to perform the time propagation of the wave function. [START_REF] Leforestier | A comparison of different propagation schemes for the time dependent Schrödinger equation[END_REF][START_REF] Kosloff | Time-Dependent Quantum-Mechanical Methods for Molecular Dynamics[END_REF][START_REF] Kosloff | Quantum Molecular Dynamics on Grids[END_REF][START_REF] Feit | Solution of the Schrödinger Equation by a Spectral Method[END_REF][START_REF] Kosloff | A Fourier Method Solution for the Time Dependent Schrödinger Equation as a Tool in Molecular Dynamics[END_REF][START_REF] Feit | Solution of the Schrödinger equation by a spectral method II: Vibrational energy levels of triatomic molecules[END_REF] The wave function of the active electron is represented on a discrete equidistant grid in cartesian coordinates. The action of the exponential of the local potentials is computed in the direct space by direct multiplication on each grid point. The action of the exponential of the kinetic energy operator is computed in the reciprocal space leading to the following algorithm of the time step

Ψ( r, t + ∆t) = ÛL F -1 e -i∆tT k F[ ÛR Ψ( r, t)] . (6) 
Here F (F -1 ) stands for the direct (inverse) Fast Fourier Transform (FFT). With absolute value of the momentum k 2 = k 2 x + k 2 y + k 2 z , the diagonal kinetic energy matrix T k is given by

T k = 1 2 k 2 , k x,y,z = 2πj x,y,z N x,y,z h x,y,z , (7) 
where N x,y,z and h x,y,z are the number of knots and the step of the mesh in the corresponding direction. The index j x,y,z runs in the limits -(N x,y,z /2 -1) ≤ j x,y,z ≤ N x,y,z /2.

If the Hamiltonian does not contain any time-dependent term this scheme is very efficient, since the exponentials have to be calculated once at the beginning of the calculation and the FFT algorithm is employed to switch between representations.

Before closing this section we discuss the computation of the exponential e -i VNL ∆t 2 of the non-local operator VNL ( r) defined by Eq. 4. Since the |φ α states are orthonormal φ α |φ α = δ α α , the operators Pα commute. Then

e -i ∆t 2 V N L = e -i ∆t 2 α vα Pα = α e -i ∆t 2 vα Pα . (8) 
Using the Taylor expansion of the exponent e -i ∆t 2 vα Pα = 1 + ∞ n=1

(-i ∆t 2 vα) n n!
Pα we finally obtain

e -i ∆t 2 V N L = 1 + (e -i ∆t 2 vα -1) Pα . ( 9 
)
2.2 Potential

Molecular potential

One of the most important advantages of the present methodology is that it incorporates the versatile character of the WPP on real space grids in describing the propagating continuum states, and the full account for the realistic electronic structure of the adsorbed molecule.

The description of the interaction between an active electron and the molecule is thus at the core of our approach, where the required information is extracted from Quantum Chemistry packages. In this case, the molecular potential contains local and nonlocal components described below.

The main idea is that in the WPP code we use exactly the same potential as the one leading to the ground-state Kohn-Sham orbitals within the Density Functional Theory (DFT) software applied to the same molecule. This guarantees that, for the free-standing molecule, the Kohn-Sham orbitals calculated using DFT are also the eigenstates of the Fourier Grid

Hamiltonian driving the electron dynamics in WPP. For the electron-nuclei interaction the standard DFT packages routinely employ the frozen core approximation and pseudopotentials in order to decrease the computational effort. For the WPP only norm conserving pseudopotentials can be applied in order to guarantee the unitarity of the time propagation operator and thus preservation of the norm of the wave packet. Thus, the Abinit pack-age [START_REF] Gonze | First-Principles Computation of Material Properties: The ABINIT Software Project[END_REF][START_REF] Gonze | A Brief Introduction to the ABINIT Software Package[END_REF][START_REF] Gonze | ABINIT: First-Principles Approach to Material and Nanosystem Properties[END_REF][START_REF] Gonze | Recent Developments in the ABINIT Software Package[END_REF][START_REF] Gonze | The Abinit Project: Impact, Environment and Recent Developments[END_REF] is an excellent choice for our approach, because it employs norm-conserving pseudopotentials. [START_REF] Hamann | Optimized Norm-Conserving Vanderbilt Pseudopotentials[END_REF] These pseudopotentials contain the local part V loc j and the non-local part V nl j that is responsible of the correct energy position of the calculated electronic states.

Index j stands for the given atom within the molecule, which implies that prior to the WPP study the molecular structure, defined by the set of atomic positions { r j }, has to be determined from the ground-state ab initio calculations for the molecule in a given environment.

Depending on the problem at hand this calculations can be performed for the free standing molecule using Gaussian09 84 package or, for the molecule adsorbed at metal surface, VASP [START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] package.

Provided atomic positions, the non-local potential is given by:

V nl j = f |φ f,j v f,j φ f,j | (10) 
where φ f ,j |φ f,j = δ f f δ jj . An index f runs over the angular momentum and magnetic quantum number of each pseudo-function. It also takes into account the situations where several pseudo-functions are needed for the atom j. v f,j is the shift in the energy of the (normalized) eigenfunction φ f,j that places the corresponding eigenstate at the correct position in the spectrum. Note that since φ f,j are localized in the region of the space surrounding the corresponding atom, projection of the time-dependent wave function required to perform the propagation time step (see Eq. 9) only involves the integrations within the small portion of the complete 3D mesh.

The interaction between an active electron and the rest of the molecular electrons is obtained from the Abinit calculations using the previously optimized molecular structure defined by { r j }. The resulting local potential is given by the sum of the Hartree, V Mol H ( r)

and exchange-correlation, V Mol xc ( r), potentials that are calculated on the knots of the WPP grid.

Despite the huge improvements in the development of functionals, the DFT approaches are far from a correct description of the excited states, electron affinities or ionization energies in terms of the Koopmans' theorem. [START_REF] Koopmans | Uber die Zuordnung von Wellenfunktionen und Eigenwerten zu den Einzelnen Elektronen Eines Atoms[END_REF] This is while the lifetime of the quasi-stationary states localized on adsorbed molecule considered here is determined by their energy position with respect to the features of the band structure of the substrate. Similarly, if one is interested in the photo-detachment from the molecular anion, the energy of the affinity level with respect to the vacuum is of paramount importance.

To impose the correct electron affinity in the WPP calculations we proceed as follows.

First, for the molecular structure defined by { r j }, the electron affinity E a is calculated with a very high accuracy as the energy difference of the free-standing anion and the freestanding neutral molecule, using CCSD (coupled cluster theory including single and double excitations) and a triple-ζ basis in both cases. To this end the Gaussian09 84 is used. Further, we consider that for the molecular anion the wave function of an external electron is close to the wave function of the LUMO orbital of the neutral molecule, Φ LUMO ( r). Then, the nonlocal potential

V = U |Φ LUMO Φ LUMO | (11) 
is added to the electron-molecule interaction. The constant U = -E a -E LUMO provides the energy correction given by the difference between the KS energy of LUMO, E LUMO , and the electron affinity E a of the molecular anion obtained from the high level ab initio calculations.

The energy E LUMO , and wave function of the LUMO orbital, Φ LUMO ( r), are calculated using the WPP (see below) for the electron-molecule interaction given by the potential

VAbinit = V Mol H ( r) + V Mol xc ( r) + j V loc j + j V nl j ( 12 
)
extracted from the Abinit calculations. It is worth noting that for converged WPP calculations, the KS energy of LUMO obtained in Abinit and the WPP result differ by less than 0.1 meV.

Summarizing the discussion above, the final potential of the interaction between an active electron and the molecule reads

VMol = V Mol H ( r) + V Mol xc ( r) + j V loc j + j V nl j + V, (13) 
where the summation in j runs over all atoms forming the molecule. This choice guarantees that for the free-standing molecule with atomic arrangement { r j }, the Hamiltonian

H = - 1 2 ∇ 2 + VMol ( 14 
)
projected on the grid leads within the WPP scheme to the existence of the stationary state Φ LUMO ( r) at the energy -E a . We note here that the total nonlocal potential in Eq. ( 5) is

given by

VNL = j V nl j + V. (15) 
The nonlocal operators V nl j and V do not commute. As a consequence, if the energy correction to the orbitals of the ground state neutral molecule is applied, the calculation of the exponential of the non-local potential in Eq. ( 5) requires an additional split

e -i ∆t 2 VNL → e -i ∆t 2 V j e -i ∆t 2 V nl j (16) 
It is also worth noting that the Abinit calculations explicitly account not only for the external, but for the tightly bound molecular orbitals. The resulting strong and localized on atomic positions potential represents a complication since the tight WPP mesh and relatively small propagation time step are required to describe the corresponding wave functions quickly changing close to atomic positions. On the other hand, this description of the electronmolecule interaction allows one to use the present methodology to address e.g. the scattering of the energetic electrons penetrating close to the atomic cores. This subject is of great interest for the strong field, and/or ultrafast science.

Interaction with the metal surface

For the molecules adsorbed at metal surfaces the total potential that drives the dynamics of the active electron is determined by the electron-molecule and electron-substrate interactions.

In order to account for a proper adsorption geometry, we obtain the interaction potential between the active electron and the metal as follows.

• Using VASP, by combining DFT and Projected Augmented Wave (PAW) pseudopotentials, we perform the calculation of the adsorption geometry. During these geometry optimizations, all the metal coordinates, but the z coordinate of the atoms in the first layer, are fixed; and the atomic positions of the molecule are allowed to be relaxed.

• Then, the determined adsorption geometry of the molecule given by atomic positions r Ads j is used in the single Abinit run describing the molecule adsorbed on metal surface and allowing to obtain the electronic density as well as the potential of the entire system V DFT Met+Mol .

• Abinit calculations are also performed for the bare metal surface where the first layer is fixed at the positions determined for the adsorption case. This calculation provides with V DFT Met the electron-metal interaction potential.

• Abinit calculations are finally performed for the free-standing molecule with atomic arrangement given by r Ads j which provides the electron-molecule interaction potential

VMol .

The potential of the system can be then expressed as

V DFT Met+Mol = VMol + V DFT Met + ∆V DFT Met+Mol ( r), ∆V DFT Met+Mol ( r) = V DFT Met+Mol ( r) -VMol -V DFT Met . (17) 
Note that by construction ∆V DFT Met+Mol is a local potential mainly determined by the valence electrons. The contribution of the inner shell electrons is nearly cancelled, while the z -coordinate (a.u.) z -coordinate (a.u.)

x

x -coordinate (a.u.)

x -coordinate (a.u.)

V Met+Mol ∆V Met+Mol Since ∆V DFT Met+Mol vanishes in the asymptotic region, we can express the potential of the system in the form given by Eq. ( 17). This allows to introduce an approximation that greatly reduces the computational load and makes the problem of the quasistationary states localized on the single adsorbed molecule, and decaying into the metal, numerically accessible.

Indeed, the standard codes based on DFT are able to deal with enough atoms to describe properly many of the processes of interest such as molecular adsorption geometry, formation of molecule-metal bond, etc. [START_REF] Gonzalez | Methylthiolate Adsorption on Au(111): Energetics, Vibrational Modes and STM imaging[END_REF][START_REF] Tkatchenko | Accurate Molecular Van Der Waals Interactions from Ground-State Electron Density and Free-Atom Reference Data[END_REF][START_REF] Tonigold | Adsorption of Small Aromatic Molecules on the (111) Surfaces of Noble Metals: A Density Functional Theory Study with Semiempirical Corrections for Dispersion Effects[END_REF][START_REF] Mercurio | Structure and Energetics of Azobenzene on Ag(111): Benchmarking Semiempirical Dispersion Correction Approaches[END_REF][START_REF] Stradi | Role of Dispersion Forces in the Structure of Graphene Monolayers on Ru Surfaces[END_REF][START_REF] Faraggi | Bonding and Charge Transfer in Metal-Organic Coordination Networks on Au(111) with Strong Acceptor Molecules[END_REF][START_REF] Mercurio | Quantification of Finite-Temperature Effects on Adsorption Geometries of π-Conjugated Molecules: Azobenzene/Ag(111)[END_REF][START_REF] Díaz-Tendero | Density Functional Theory Study of the Structure and Vibrational Modes of Acrylonitrile Adsorbed on Cu(100)[END_REF][START_REF] Robledo | Exploring the Adsorption and the Potential Energy Surface of Acrylonitrile on Cu(100) and Cu(100) Coated with NaCl Layers[END_REF][START_REF] Robledo | Adsorption of Benzene on Cu(100) and on Cu(100) Covered with an Ultrathin NaCl Film: Molecule-Substrate Interaction and Decoupling[END_REF][START_REF] Rodriguez-Fernandez | Tuning Intermolecular Charge Transfer in Donor-Acceptor Two-Dimensional Crystals on Metal Surfaces[END_REF][100][101][102] Typically, 4-5 atomic layers are enough for a proper description of these properties, provided large enough supercell in the lateral direction so that the effects owing to periodic representation of the system inherent to this codes can be neglected. However, if one is interested in the decay of molecule localized states into the metal, or in the photoemission, the computational domain has to be extended parallel to the surface as well as deep inside the metal and into the vacuum. This is mandatory in order to correctly capture the band structure effects on the electron propagation (e.g. to have fully developed projected band gaps) as well as to avoid the quantization of the continuum of the propagating states in metal and in vacuum. Such an extension of the computational domain requires extremely heavy ab initio calculations in order to generate V DFT Met+Mol potential as well as it harms the efficiency of the WPP approach that has to deal with nonlocal potentials at each lattice site of the metal. Of course, if the system of interest is periodic (self-assembled monolayers, for example) the periodicity of the DFT cell is correct and thus the total cell in the WPP must have the same size; this however does not remove the necessity of the large computational domain in the direction perpendicular to the surface.

The way to cope with the problem outlined above consists in replacing the potential ob- 

In this case all local environment of the adsorbed molecule is represented with potentials extracted from the ab initio calculations VMol + ∆V DFT Met+Mol ( r), and the metal is represented with an analytical model potential V model Met ( r) which allows an easy spatial extension of the WPP mesh. We use the model potential developed by Chulkov et al , 103 successfully applied in the past to describe the dynamics of the excited states at metal surfaces. [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Weinelt | Time-Resolved Two-Photon Photoemission From Metal Surfaces[END_REF][START_REF] Zhu | Electron Transfer At Molecule-Metal Interfaces: A Two-Photon Photoemission Study[END_REF][START_REF] Güdde | Dynamics of Electronic Transfer Processes at Metal/Insulator Interfaces[END_REF]104 This model potential only depends on the electron coordinate z perpendicular to the surface:

V model Met ( r) → V model Met (z).
It smoothly joins the image potential tail of the electron/surface interaction in vacuum, and shows the periodic oscillations corresponding to the interaction of the electron with the metal layers inside the bulk, as shown in Figure 3. Indeed, the periodicity of the potential reflects the arrangement of atomic planes perpendicular to the surface and a free-electron motion parallel to the surface is assumed. Despite its simplicity,

V model Met (z) allows to correctly recover the surface electronic structure at the Γ point and yields the correct energies for the surface and image potential states, as well as for the projected band gap. 103 The latter is very important for the decay of the electronic resonances at surfaces as it determines the final states in the conduction band available for the RCT process as we discuss below in this paper.

In Figure 2 

Complex absorbing potentials

Addressing the decay of the quasistationary state into the continuum of propagating electronic states with the calculations performed on the finite size mesh has been thoroughly addressed in the context of e.g. quantum reaction theory and the theory of resonances. [START_REF] Seideman | Quantum Mechanical Reaction Probabilities Via a Discrete Variable Representation -Absorbing Boundary Condition Green's Function[END_REF][START_REF] Jolicard | Resonance States Using the Optical Potential Model. Study of Feshbach Resonances and Broad Shape Resonances[END_REF][START_REF] Rom | Cumulative Reaction Probability by the Complex Coordinate Scattering Theory[END_REF][START_REF] Moiseyev | Quantum Theory of Resonances: Calculating Energies, Widths and Cross-Sections by Complex Scaling[END_REF][START_REF] Mandelshtam | Spectral Analysis of Time Correlation Function for a Dissipative Dynamical System Using Filter Diagonalization: Application to Calculation of Unimolecular Decay Rates[END_REF][START_REF] Kosloff | Time-Dependent Quantum-Mechanical Methods for Molecular Dynamics[END_REF][START_REF] Kosloff | Quantum Molecular Dynamics on Grids[END_REF]105 Among many techniques proposed in the literature we use the Complex Absorbing Potentials (CAPs) that have proven their efficiency for the WPP approaches. The CAPs are introduced at the boundaries of the computational mesh in order to impose the outgoing wave boundary conditions. In practice, upon arrival to the mesh boundary an electronic wave packet is progressively absorbed with negligible reflections. Thus the WPP calculations performed on the finite size mesh are representative for the system in the infinite space.

In practice, we use local CAPs of quadratic form 106 given by

V abs ( r) = V abs (x) + V abs (y) + V abs (z), (19) 
where

V abs (ξ) =              -iλ -(ξ -ξ -) 2 if ξ ≤ ξ -, -iλ + (ξ -ξ + ) 2 if ξ + ≤ ξ, 0 otherwise. ( 20 
)
In Eq. ( 20) we assume ξ -< ξ + , so that ξ -≤ ξ ≤ ξ + is the absorption-free region. Using

CAPs results in the non-Hermitian Hamiltonian. The associated non-conservation of the norm of the wave function in WPP reflects the absorption of the electron flux arriving at the mesh boundary as if the electrons were leaving the computation box.

Total potential

For the case of the anion resonances of adsorbed molecules chosen as an example of our approach, the resulting total potential for the wave packet propagation as enters Eq. 4 does not depend on time and it is given by

Vtot = VMol + V model Met ( r) + ∆V DFT Met+Mol ( r) + V abs ( r). (21) 
The electron-molecule interaction potential VMol is defined with Eq. 13.

Extracting lifetimes, energies and resonant wavefunctions

All the information on the decaying state is contained in the time-dependent wave-function of the active electron Ψ( r, t). In this section we show the typical Ψ( r, t) analysis techniques allowing to obtain the energy, lifetime and electronic wave function of the anion resonance localized on adsorbed molecule.

Important quantity to be determined with WPP is the autocorrelation function, A(t),

given by

A(t) = Ψ * 0 ( r)Ψ( r, t)d 3 r (22) 
where * stands for the complex conjugate.

The time-to-energy Fourier transform of the autocorrelation function allows to obtain the energy-dependent electronic density of states projected on the initial wave function

(pDOS), 13 n(E) = Re T 0 A(t) e i(E+iη)t dt = k | ϕ k |Ψ 0 | 2 δ(E k -E), (23) 
where Re {Z} stands for the real part of the complex number Z, T is the finite, albeit large propagation time, η → +0, and | ϕ k stands for the bound and continuum eigenstates of the Hamiltonian Ĥ = T + Vtot of the system.

The decaying (quasi-stationary) molecular states appear as resonances in n(E). The energy positions and widths of the resonances in n(E) are associated with energies and resonant charge transfer (RCT) decay rates of the corresponding molecular states. The approach above is robust, but it is difficult to apply in the case when the long-lived states are present in the system so that very large propagation times T are then needed to reach convergence in Eq. 23. In such situations an alternative scheme is used. The autocorrelation is sought in the form (see ref [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF] ):

A(t) = j=1,...n
a j e -iE j t e -Γ j 2 t .

I.e. it is represented as a linear combination of the contributions from quasi-stationary states with energies E j and decay rates Γ j . Some of the states are the actual resonances of the system and some are the "effective" resonances that represent the contribution of the conduction band states, surface state continuum, and free-propagating states above the vacuum level. The least square fit of the autocorrelation function A(t) obtained from the WPP to the analytical form A(t) given by Eq. ( 24) yields the complex energies (E j , Γ j ) of the resonances in the system. The results for the actual resonances converge as a function of the propagation time T and the number of states n.

Once the energy, E, of the resonance is known, the corresponding wave function of the decaying state can be extracted from

ψ res ( r) = T 0 e iEt Ψ( r, t) dt. (25) 
Note that at difference with a bound state, the resonance wave function ψ res ( r) satisfies the outgoing wave conditions at the boundaries of the mesh and thus contains the continuum part.

The autocorrelation function A(t) reflects the dynamics of the electronic states of the system populated at t = 0 by projection of the initial wave function Ψ 0 ( r), the choice of the latter might significantly ease or harm extraction of the resonance characteristics. For this reason, the initial conditions must be carefully chosen and, depending on the states of interest, several propagations might be required to obtain Ψ 0 ( r). 

Y 0 = F LUMO i th propagation Y 0 = Y E(i)

Analysis

Absorbing potential V abs = -ile [START_REF] Jolicard | Resonance States Using the Optical Potential Model. Study of Feshbach Resonances and Broad Shape Resonances[END_REF] Final Results E res , Y res , G res Figure 4: Workflow of the computational strategy here proposed. Geometry optimization is followed by the construction of the total potential, including different steps. Once the potential is obtained, wave packet propagation simulations are performed. The analysis allows to obtain the final results: energy, lifetime and resonant wave-function of the state of interest.

is calculated with WPP for the free-standing molecule following iterative procedure:

ψ f +1 ( r) = T 0 e iE f t e -ηt Ψ f ( r, t) dt. (26) 
Here f provides the order of approximation, Ψ f ( r, t) is the time dependent solution of the Schrödinger equation obtained with initial state ψ f ( r) (order f approximation to Φ LUMO ( r)).

The final propagation time T and the attenuation η 4/T are determined by the energy difference ∆Ω between the sought quasistationary state and next in energy state emerging in the fit of the autocorrelation function (see Eq. ( 24)). Typically we use T 10 × 2π/∆Ω.

Since the π * orbital at the origin of the sought resonances for the molecules adsorbed at metal surface is antisymmetric with respect to the molecular plane, the iterations are started with an initial function given by the gaussian centered out of the molecular plane. The energy estimate E 1 is obtained from the energy of the LUMO π * orbital calculated with Abinit for r Ads j molecular structure. At the following steps, the E f energy is obtained from the analysis of the autocorrelation function. Typically, a small number of iteration steps F ∼ 2, 3 is enough to obtain good approximation to the eigenstate of the FGH, Φ LUMO ( r) used as an initial condition for the WPP study of the electronic resonances of adsorbed molecule. It is worth stressing that Eq. 26 establishes a general iteration procedure that can be applied to ease the extraction of the energies, widths and wave functions of the quasi-stationary states localized on molecules embedded in different environments. In particular, we use it for the surface-adsorbed molecules as shown below.

Fig. 4 presents a workflow with the computational strategy proposed in this work, as has been detailed in this section.

3 Anion resonances of vinyl derivatives adsorbed on a

Cu(100) surface

In this section we illustrate our approach with results obtained for the negative ion resonances localized on vinyl derivatives (acrylamide, acrylonitrile, and acrolein) adsorbed on a Cu(100).

Computational Details

The calculations have been performed with two different sizes of the uniformly spaced 3D Large box x -= y -= -23 a.u.

x -= y -= -46 a.u. x + = y + = 23 a.u.

x + = y + = 46 a.u. z -= -30 a.u. z + = 28 a.u. z -= -30 a.u. z + = 28 a.u.

λ -= λ + = 2 • 10 -4 a.u. λ -= λ + = 2 • 10 -4 a.u.
the KS energies of molecular orbitals obtained from the quantum chemistry code (Abinit) is also less than 0.1 meV. Using these values of h and dt also provides accurate results in the widths of the resonances at a reasonable computational cost. The absorbing potential set at the boundaries of the mesh is defined by Eq. ( 20) with: λ -= λ + = λ = 2 • 10 -4 a.u.;

x -= y -= -23 a.u. and x + = y + = 23 a.u. for the regular computation box; and

x -= y -= -46 a.u. and x + = y + = 46 a.u. for the large computation box. In both cases z -= -30 a.u. and z + = 28 a.u. is used. Note that since the molecule localized resonance is found at negative values (with respect to vacuum energies) and decays into the metal, the calculation can be done without absorber at positive z without altering the results. Table 1 summarizes the computational details in the WPP simulations.

For the vinyl derivatives adsorbed on Cu(100) surface, the adsorption geometries have been taken from the most stable structures reported in ref. [START_REF] Aguilar-Galindo | Theoretical Insights Into Vinyl Derivatives Adsorption on a Cu(100) Surface[END_REF] The optimization of the geometry was carried out using the optPBE functional, 107-110 PAW pseudopotentials to describe the electron-ion interactions, and a plane-wave basis set with kinetic energy cutoff of 750 eV. We used a periodic supercell with a metal slab made by a four-layer (5 × 5), the ad-sorbed molecule and a vacuum distance of ∼ 20 Å. The Brillouin zone was described with a single 1 × 1 × 1 point using a Γ-centered Monkhorst-Pack scheme. These calculations were performed with the VASP code. [START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] See 63 for further details. Using these geometries, potentials for the WPP were obtained from the Abinit package 81 calculations, taking advantage of the periodic boundary conditions (PBC) in order to have a correct description of the metal surface. The interaction between ions and electrons has been described with Norm-Conserving pseudopotentials. [START_REF] Hamann | Optimized Norm-Conserving Vanderbilt Pseudopotentials[END_REF] Plane waves up to a kinetic energy of 32 atomic units were use to describe the electron density. Electronic energy was converged until an energy difference of 10 -9 a.u. was reached. Γ point was used to sample the reciprocal space. Since, according to the Koopmans' theorem, the LUMO states accommodate an extra electron in molecular anion, we apply the correction given by Eq. 11. The molecular affinities in the gas phase necessary to determine the U -parameter were obtained using Gaussian09 

Results and discussion

With initial conditions given by the wave function Φ LUMO ( r) of the π * molecular orbital obtained from the gas-phase WPP calculations, we carried out the WPP studies of the dynamics of an active electron in the RCT between an adsorbed molecule and a metal surface. As follows from our results presented below, the decay of the anion population by the transfer of an extra electron into the metal surface is very fast. In this situation the quasistationary molecular states appear as broad resonances in pDOS, n(E), (see Fig. 5) making difficult extraction of their energies and lifetimes. In order to improve extraction of the resonance parameters, consecutive propagations defined by the iterative procedure given by Eq. 26 are often required for the adsorbed molecule. The iteration is started with Φ LUMO ( r) allowing to estimate the energy E res f =1 of the quasi-stationary state. Then, we rerun the WPP with initial state Φ LUMO ( r), and we extract the resonance energy E res f =1 . This allows to launch the iterations. We repeat the iteration cycle up to obtain a spectra dominated by one single peak. Using this iterative procedure we progressively increase the contribution of the quasi-stationary state in the initial wave function Ψ 0 ( r) which eases the extraction of the energy and the decay rate of the molecular localized resonance.

We illustrate the performance of the iterative procedure with an example of the acrylamide molecule adsorbed on Cu(100). The two consecutive time-propagations are applied.

First one is performed using the gas-phase LUMO orbital as an initial state, and provides an initial state for the second time propagation. In Figure 5 we show the pDOS calculated using different initial states. If the gas-phase LUMO orbital Φ LUMO ( r) is used as an initial state (black line), along with the main peak with maximum at E π * = -0.53 eV and corresponding to the sought quasi-stationary state, the pDOS shows a reach pattern. Indeed, while Φ LUMO ( r) is the eigenstate of the FGH for the free standing molecule this is not the case in front of the surface so that pDOS reflects contribution of different eigenstates of the FGH of the compound molecule+surface system populated by the projection on initial state. Thus, a broad feature extending from approx. the previous result, the pDOS obtained in the propagation with Ψ 0 ( r) (red line in Fig. 5), computed as result of two iterations, features a single Lorentzian peak corresponding to the quasi-stationary state originating from the LUMO molecular orbital hybridized with metal surface. Thus, the iterative procedure allows the choice of the initial condition approaching the quasistationary molecule-localized state.

The structure of pDOS characterized by a single resonance or many populated states obviously reflects the time-dependence of the autocorrelation function, A(t). Both are linked by the Fourier transform. This is illustrated with Figure 6 where we show the time evolution Ψ 0 ( r), obtained from the iterative procedure and approaching the wave function of the quasistationary state (red curve in Fig. 6). At variance, using the gas-phase orbital Φ LUMO ( r)

as an initial state for the time propagation (black curve in Fig. 6) leads to the strong population of metal and vacuum continuum states within a broad energy range. In turn, this results in the fast drop of the initial state population at short propagation times. At longer propagation times we retrieve an exponential decay of the quasi-stationary state, with some oscillations. This oscillating pattern is the direct consequence of the interference between different molecular states populated by the choice of initial condition. In particular, contribution of bound molecular orbitals below the bottom of metal continuum does not decay in time.

Energies, RCT decay rates (or resonance widths) and lifetimes of the molecular anion resonances computed with WPP are shown in Table 2. The acrylamide, acrylonitrile, and acrolein molecules adsorbed on Cu(100) surface are studied using regular and large spatial extension of the computational mesh. Both sizes of the simulation mesh provide results with differences lower than 0.1 fs in lifetimes and 0.03 eV in resonance energies (which represents less than 5% in all the cases). For the sake of computational efficiency we then used the regular mesh to describe the energy and the decay dynamics of the molecular induced resonances at surfaces. For all three studied vinyl derivatives, the surface strongly stabilizes the extra electron around the molecule: the obtained energies for the anionic states are negative (i.e., below the vacuum level), whereas in the gas phase the molecular anions are unbound. Thus, in difference to the gas phase situation, the molecular anion can not decay by electron emission into the vacuum. The only possible decay channel is the RCT into the metal which is allowed because the three anionic resonances have energies above the Fermi level of the surface. , [START_REF] Aguilar-Galindo | Theoretical Insights Into Vinyl Derivatives Adsorption on a Cu(100) Surface[END_REF] acrylonitrile and acrolein molecules adsorb in a almost parallel orientation with respect to the metal surface. However, the NH 2 group of the acrylamide is oriented towards the vacuum. Then, the LUMO orbital underlying the π * resonance is not oriented totally perpendicular to the substrate. It is less coupled with continuum of metal states, which explains its slightly larger lifetime.

The electron densities of the quasistationary molecular π * anion states associated to the energies in Table 2, are shown in Figure 7 for the three vinyl-derivatives adsorbed on Cu(100).

They are given by the modulus square of the resonant wave-functions |ψ res π * ( r)| 2 calculated using Eq. 25 from the energies E π * of the quasistationary states of the π * character. The initial conditions for the WPP are obtained using the iterative procedure given by Eq. 26.

In the three cases |ψ res π * ( r)| 2 is characterized by the hybridization between the molecular LUMO orbital and valence band states of the metal: part of the density is localized on the molecule and the rest is spread in a decaying tail inside the metal. The density localized in the organic part retrieves the lobes as in the π * molecular orbital in the gas phase. The decaying tail inside the metal corresponds to the flux of electrons escaping from the decaying quasi-stationary molecule-localized state into the metal continuum. It presents oscillations because of the metal atomic layers. In addition, the flux of electrons outgoing from the molecule into the metal shows a well pronounced directionality. Thus, electrons escape from the molecule not along the direction perpendicular to the surface plane, which is a shortest path to the metal, and intuitively, the easiest direction of an electron transfer. In contrast to this simple minded picture, the flux of escaping electrons is oriented at some angle with respect to the surface normal.

This effect has been thoroughly studied for the case of adatoms. [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Borisov | Long-Lived Excited States at Surfaces: Cs/Cu(111) and Cs/Cu(100) Systems[END_REF] It is a direct consequence of the presence of the projected band gap (X-gap) of the Cu(100) surface as explained with Figure 8 where we show the energy dispersion of the electronic states relevant for the RCT between the molecule and the metal. Because of the successive reflections by the atomic planes inside Cu(100), the electron propagation in the direction perpendicular to the surface is impossible within the energy range between -3.02 eV and +3. 

E = k 2 2m * + E z , (27) 
where m * is the effective electron mass (1 in the present case), k = (k x , k y ) is an electron momentum parallel to the surface, and E z describes the electronic structure at Γ point (k x = k y = 0) corresponding to electron motion in the direction perpendicular to Cu(100)

surface. The molecule-localized quasistationary state at the energy E π * is non-dispersive and it is shown with horizontal line in Figure 8. Obviously, only the metal continuum states with electron momentum k min ≤ k ≤ k max are energetically available for the decay of the molecular π * resonance. Here k min 0.4 a.u., and k max 0.9 a.u. can be obtained from

k min = 2m * (E π * -E GB ), k max = 2m * (E π * -E V B ), (28) 
where E GB is the energy of the bottom of the projected band gap (-3.02 eV) at Γ, and

E V B
is the energy of the bottom of the valence band continuum (-12 eV) at Γ. As a result of the projected band structure of the substrate, the flux of the electrons propagating into the metal bulk is concentrated within a given k range, and appears in Figure 7 within at finite angles with respect to the surface normal.

At this point it is interesting to compare earlier reported results for the alkali adatoms and the present results for adsorbed molecules. As we demonstrated with Fig. 8, the projected band gap blocks the resonant (energy-conserving) electron transfer from the adsorbate into the substrate along the "easiest" direction of the surface normal. For the alkali adsorbate localized electronic resonances, the long lifetimes ( 6 fs for Cs/Cu(100)) have been consequently measured and calculated. [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Borisov | Long-Lived Excited States at Surfaces: Cs/Cu(111) and Cs/Cu(100) Systems[END_REF]111 The anion molecular resonances studied here reveal much shorter lifetimes which can be associated with less efficient stabilization by the projected band gap. Indeed, as demonstrated for the alkali adatoms, their high polarizability plays a crucial role. It leads to the shift of the electron density of the adsorbate localized state away from the surface which enhances the projected band gap effect. 111 The vinyl derivatives studied here lay flat at the surface with the π * orbital oriented parallel to the surface plane. The polarizability in the direction perpendicular to the surface is small, and the coupling with the substrate is large resulting in short lifetimes despite the projected band gap is present for the Cu(100) substrate. This explanation is also supported by the WPP calculations for the H -ion resonance, where similar decay rates (of the order of a fraction of eV) have been reported close to the metal surface in the absorption region. 112 Note also that, since in the present situation the resonant electron transfer leads to large decay rate of the molecule localized resonance, the many-body contribution can be neglected. 111 The many-body effects, associated with inelastic scattering events between an active electron and electrons from the metal valence band, typically change the decay rate by 20 meV. When needed, the inelastic electron-electron scattering inside the metal substrate can be accounted for within our method by using a non-Hermitian (absorbing) potential. 113,114 Another important difference between the present results and earlier calculations for atomic adsorbates relies in the azimuthal anisotropy of the decay as calculated here. While the energy resonance conditions are isotropic regarding final electron momentum parallel to the surface with no preferential direction, the results in Figure 7 evidence that the intensity of the outgoing electron flux has no axial symmetry. It depends not only on the polar angle θ with respect to the surface normal, but also on the azimuthal angle φ measured in the plane parallel to the surface between the k and the x-axis directed along the C 1 -C 2 bond.

The orientation of the decay along the well defined directions of the k , seen in Figure 7 for vinyl derivatives, arises from the properties of the molecular LUMO orbital of π * character, and it is in sheer contrast with findings reported so far for adatoms. [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Borisov | Long-Lived Excited States at Surfaces: Cs/Cu(111) and Cs/Cu(100) Systems[END_REF] In order to understand the φ-dependence of the anion decay into the metal let us recall the Bardeen transfer hamiltonian theory 115-117 routinely applied to explain the STM images or to address an electron transfer in heterostructures. Within the transfer hamiltonian theory the decay rate of the molecule in front of the surface is given by the golden rule equation 118

Γ = 2πΣ k ,Ez M k ,Ez 2 , (29) 
where M k ,Ez are the transition matrix elements between the localized molecular state Φ LUMO ( r) of π * character and metal states ψ k ,Ez ( r)

M k ,Ez = 1 2 dx dy ψ k ,Ez ( r) ∂ ∂z Φ LUMO ( r) * -Φ LUMO ( r) * ∂ ∂z ψ k ,Ez ( r) . (30) 
The integration runs over the surface parallel to the metal and located at any z position within the tunneling barrier. Obviously, the k structure of the transition matrix elements defining the electron flux in different k decay channels reflects the decomposition of the molecular orbital in the basis of plane waves parallel to the surface. One remark is in order however regarding the character of the RCT in the present case. The analysis of the total potential of the system shows that an electron is transferred between the metal and the molecule potential wells via the direct classically allowed over the barrier transition. Thus albeit it sheds light on the observed trends, the transfer hamiltonian formalism should be considered here with care.

In order to verify the validity of the qualitative conclusions drawn from Eq. 30 we have performed a plane wave decomposition of the resonance wave function ψ res π * ( r) for the fixed position of the analysis plane z = z 0 . In practice, we computed the quantity

C(k , φ, z 0 ) = dx dy ψ res π * ( r) e -ik cos(φ)x e -ik || sin(φ)y dxdy, (31) 
where the components of the parallel momentum are given by k Three different positions of the analys plane have been considered: z 0 = 2 a.u. between molecule and metal, z 0 = 0 corresponding to the first metal surface layer, and z 0 = -6 a.u.

(negative z corresponds to metal bulk). While z 0 = 2 a.u. is not located in the asymptotic region, for z 0 = 0 and z 0 = -6 a.u. inside the metal a similar pattern is observed indicating convergence towards asymptotic solution. Here the outgoing wave imprints the gross features of the k decomposition of the molecular LUMO orbital which is behind the resonance.

For the free-standing acrolein and acrylonitrile molecules the Φ LUMO ( r) is illustrated in 

Conclusions

We have presented a method for studying ultrafast electron dynamics in complex molecular systems characterized by the discrete state-continuum interaction. The methodology grounds on a real-time solution of the time dependent Schrödinger equation where the wave function of the active electron is represented on a spatial mesh of points and the wave packet propagation technique (WPP) is applied. One of the most important advantages of our approach is that it incorporates the versatile character of the WPP on real space grids in describing the propagating continuum states, together with the realistic electronic structure of the adsorbed molecule. The electron-molecule interaction potential is obtained from ground state DFT simulations and involving exact account of the inner shell electrons. While leading to the sharp and strong potentials this choice has a twofold advantage. First, it guarantees that the Kohn-Sham orbitals representing the bound molecular states are strictly the same at the ab initio and WPP level, which is important as far as the correct choice of initial state is concerned; Second, the scattering of the continuum electrons by the molecule can be addressed up to relatively high electron energies relevant e.g. for studies of attosecond photoemission delays [START_REF] Siek | Angular Momentum-Induced Delays in Solid-State Photoemission Enhanced by Intra-Atomic Interactions[END_REF][START_REF] Biswas | Probing Molecular Environment Through Photoemission Delays[END_REF]119,120 or electron rescattering in the optical field emission. [START_REF] Nisoli | Attosecond Electron Dynamics in Molecules[END_REF][START_REF] Meckel | Laser-Induced Electron Tunneling and Diffraction[END_REF][START_REF] Lin | Strong-field Rescattering Physics-Self-Imaging of a Molecule by its Own Electrons[END_REF][START_REF] Wolter | Ultrafast Electron Diffraction Imaging of Bond Breaking in Di-Ionized Acetylene[END_REF] Thus, the technique presented here benefits from the state-of-the-art ab initio description of the molecular system and, simultaneously, from the easiness to account for the continuum states within the WPP.

We illustrate our method with the case study of resonant charge transfer processes (RCT) between anion states of organic molecules and metal surfaces. For the three vinyl derivatives acrylamide, acrylonitrile, and acrolein, adsorbed on a Cu(100) surface, we report the detailed characterization of molecular localized anion resonance, decaying via electron escape into the continuum of the electronic states of the metal. The energy, resonant charge transfer rate, resonant wavefunction, and decay channels are calculated with WPP using analysis tools detailed in this work. We introduce a strategy to compute the potential probed by an active electron in the RCT, for the coupled adsorbed-molecule + metal-surface system.

To this end we combine (i) a model potential to describe the Cu(100) metal continuum, (ii) DFT simulations of molecular adsorption to account for the molecular structure and charge transfer effects between the molecule and the surface, and (iii) high level ab initio coupled cluster calculations to determine the molecular electron affinity. We have found an ultrafast decay of the molecular localized anion resonances where an electron escapes from the molecule into the metal on a time scale below 2 fs. While this result resembles to that observed earlier with adatoms, [START_REF] Chulkov | Electronic Excitations in Metals and at Metal Surfaces[END_REF][START_REF] Borisov | Long-Lived Excited States at Surfaces: Cs/Cu(111) and Cs/Cu(100) Systems[END_REF] the molecular nature of the adsorbate leads to the new effects. Namely, the spatial distribution of the hot electrons, injected into the metal by the decaying molecules, reveals a highly marked directionality which can be rooted back to the structure of the LUMO π * orbital underlying the anion resonance.

While illustrated here with an example of the lifetimes of resonances in adsorbed molecules at metal surfaces, our approach can deal with general problems of electron escape from molec-ular systems into a continuum, including the case of photoionization, triggered by short and intense laser pulses, process of relevance for attosecond science.

Figure 1 :

 1 Figure 1: The three vinyl derivative molecules studied in the present work: (a) acrylamide (ACA), (b) acrylonitrile (ACN), and (c) acrolein (ACO). Figure also published in refs.[START_REF] Aguilar-Galindo | Theoretical Insights Into Vinyl Derivatives Adsorption on a Cu(100) Surface[END_REF][START_REF] Aguilar-Galindo | Outstanding Energy Exchange between Organic Molecules and Metal Surfaces: Decomposition Kinetics of Excited Vinyl Derivatives Driven by the Interaction with a Cu(111) Surface[END_REF] 

Figure 2 :

 2 Figure 2: a) Local part of the model potential VMet+Mol (see Eq. (18)) for the electron active in the RCT between the acrolein anion and the Cu(100) surface. b) The difference ∆V DFT Met+Mol between the electron interaction potential with acrolein molecule adsorbed on the Cu(100) surface and the sum of the independent electron/acrolein and electron/Cu(100) interaction potentials. Here all potentials are calculated using the DFT as implemented in the Abinit package. The potential maps in panels a) and b) are presented in the (x, z)-plane. The x-coordinate runs along the C 1 -C 2 bond as indicated in the inset. The z-coordinate is perpendicular to the surface, z = 0 corresponds to the surface Cu atom layer, and the metal is located at negative z values. The numbers on the vertical color bar in each panel give the potential in atomic units and define the color scale.

Figure 3 :

 3 Figure 3: Model potential for the Cu(100) surface, 103 V modelMet ( r). The electron/Cu(100) interaction potential is shown as function of the electron coordinate perpendicular to the surface, z, where z = 0 corresponds to the surface layer of Cu atoms. The z-axis points from metal to vacuum with negative z inside the metal.

  we show the 2D maps of the local part of the potential VMet+Mol as well as the difference potential ∆V DFT Met+Mol ( r) for the case of the acrolein molecule adsorbed on Cu(100) surface. As explained above in this subsection ∆V DFT Met+Mol ( r) expresses the difference between the DFT results obtained using the Abinit package for the coupled Molecule+Surface system and sum of the independent electron interactions with and individual molecule and pristine Cu(100) surface. Two bright regions in Figure 2)a arise because of the electron interaction with carbon atoms forming the C 1 -C 2 bond, and the periodic oscillations of the potential inside the metal reflect the successive atomic planes parallel to the surface as implemented in the electron-metal interaction potential of Ref. 103 Notice that the ∆V DFT Met+Mol potential reaches up to 6 eV which shows an essential rearrangement of the electron density between the surface and the adsorbed molecule. Obviously this effect can only be captured by performing the quantum chemistry DFT study for the complete system.

  For the study of the anionic resonances at surfaces, the wave function of the π * LUMO orbital of the gas phase molecule, Φ LUMO ( r) provides a good initial condition. Here the molecular structure is defined by atomic positions r Ads j . Since the direct diagonalization of the FGH is impossible, the Φ LUMO ( r)

  mesh: n x = n y = n z = 512 (regular box) and n x = n y = 1024, n z = 512 (large box). While the regular box is used routinely, the large-box-computations are performed for some of the data points to check the convergence of the results. The mesh spacing h x = h y = h z = h = 0.169 a.u. is set equal to the mesh spacing used in the Abinit package. Thus in zcoordinate, perpendicular to the surface the mesh extends within the -55 a.u. ≤ z ≤ 31 a.u. range as measured from the first layer of the surface atoms (negative z corresponds to inside the metal, and positive z correspond to vacuum region above the surface). Parallel to the surface the mesh extends within the -43 a.u. ≤ x, y ≤ 43 a.u. range for the regular box, and within the -86 a.u. ≤ x, y ≤ 86 a.u. range for the large box. The propagation time step dt = 0.018 a.u. is used. With the present choice of h and dt, for the free-standing molecule, the Kohn-Sham (KS) energies of molecular orbitals obtained using WPP converge with an accuracy of at least 0.1 meV. Simultaneously, the difference between the WPP results and

Figure 5 :

 5 Figure5: Acrylamide molecule adsorbed on Cu(100) surface. The pDOS obtained in WPP calculations via Fourier transform of the autocorrelation function. Black line: result obtained using the gas phase LUMO orbital as an initial state for the WPP, red line: result obtained with an initial state of the time propagation extracted from the iterative procedure and approaching the wave function of the anion resonance.

Figure 6 :

 6 Figure6: Acrylamide molecule adsorbed on Cu(100) surface. Survival probability of the initial state given by the squared modulus of the autocorrelation function. The WPP is performed using different initial wave-functions. Black line: result obtained using the gas phase LUMO orbital as an initial state for the WPP, red line: result obtained with an initial state of the time propagation extracted from the iterative procedure and approaching the wave function of the anion resonance.

Figure 7 :

 7 Figure 7: Electron densities (isovalue=0.0025 a.u.) associated to the resonant wavefunctions of the molecular anions of the vinyl-derivatives on Cu(100). Top and lateral views are shown for acrylamide (left), acrylonitrile (center) and acrolein (right). Colour code for the atoms: Cu -orange, C -grey, H -white, N -blue, O -red.

Figure 8 :

 8 Figure 8: Energies of the electronic states relevant for the RCT between molecular anion and metal for the vinyl derivatives adsorbed on Cu(100) surface. The energies measured with respect to the vacuum level are shown as function of the electron momentum parallel to the surface, k . The Cu(100) metal is represented with model potential 103 so that the metallic states are characterized by the free electron energy dispersion k 2 /2. The continuum of the electronic states of the metal is shown with hatched areas separated by the projected band gap. The non-dispersing molecule-localized quasi-stationary state is shown with horizontal green line. The metal continuum states characterized by k min ||

  x = k cos(φ), and k y = k sin(φ). From the energy conservation conditions only the k min ≤ k ≤ k max range has been considered. For z 0 set in the asymptotic region inside the metal, the molecule induced potential is screened. Eq. 31 corresponds then to the final state analysis and provides the outgoing wave packet decomposition in the basis of the eigenstates of the metal Hamiltonian, ψ k ,Ez (x, y, z) | z=z 0 = e ik cos(φ)x e ik || sin(φ)y χ + (E z , z) | z=z 0 , where the outgoing Bloch waveχ + (E z , z) is defined by its energy E z = E π * -k 22m * . In particular, |C(k , φ, z 0 )| 2 calculated in the asymptotic region is proportional to the probability of the RCT from the molecule to the metal continuum state ψ k ,Ez . f (deg.) angle f (deg.) angle f (deg.)

Figure 9 :

 9 Figure 9: 2D maps of the k || decomposition |C(k , φ, z 0 )| 2 , for the acrylamide (ACA) left column, acrylonitrile (ACN) central column, and acrolein (ACO) right column. The data is shown as function of the asimuthal angle, φ, and the absolute value of the electron momentum parallel to the surface, k . The analysis plane is parallel to the metal surface an located between the molecule and the surface (z 0 = 2 a.u.) upper row, at the first atomic layer of Cu(100) (z 0 = 0) central row, and inside the Cu(100) (z 0 = -6 a.u.) lower row. The analysis have been performed for the metal electronic states with k min ≤ k ≤ k max are available for the electron transfer from the molecule localized resonance. The color code is explained with horizontal color bar.

Figure 10 .

 10 Figure 10. Using this Figure, the maxima in the angular dependence of |c(k k , φ, z 0 )| observed for acrolein at φ = 45 • and φ = 135 • can be identified as resulting from the overall orientation of the Φ LUMO ( r) with respect to the C 1 -C 2 bond (set as x-axis). Similar explanation holds for the angular dependence of the final state occupation amplitudes in the case of acrylamide.The structure of the LUMO orbital of the acrylonitrile can not be characterized by the overall linear alignment, but rather features two preferential directions rotated by φ = 120 • in the (x, y)-plane. Consequently, four maxima are observed in the angular dependence of the final state population amplitudes in Figure9. Interestingly, the Φ LUMO ( r) of acrolein (Figure10) features the 4.6 a.u. spacing between the nodes in x-direction leading to the characteristic molecular structure wave vector k M ol = 0.68 a.u. It falls within the range of the wave vectors in Figure9and it is indicated with dashed line.Finally, the remark is in order concerning the essential role of the energy correction as implemented in the non-local potential given by Eq. 11. Without the energy correction the π * -resonance of the molecular anion shifts to much lower energy (e.g. E π * ∼ -4 eV for the acrolein molecule) below the projected band gap of Cu(100) surface. The RCT along the easiest direction perpendicular to the surface becomes possible since metal continuum states with parallel to the surface momenta 0 ≤ k ≤ k max are now available for the RCT provided that their energy. E z = E π * -k 2 /2m * . Not only this leads to the faster decay rate

Figure 10 :

 10 Figure 10: LUMO orbital of (a) acrylamide (ACA), (b) acrylonitrile (ACN), and (c) acrolein (ACO) molecules in the gas phase. Red an green denotes different phases. An isovalue for the surface of 0.02 a.u. has been used.

Table 1 :

 1 Summary of the computational details in the wave packet propagation simulations. Within these values, a typical WPP run requires ∼ 1000 hours of cpu time and ∼ 50 Gb of memory. The code has been paralellized and we have checked that up to ∼ 32 proc scales linearly. = h y = h z = 0.169 a.u.h x = h y = h z = 0.169 a.u. n x = n y = n z = 512 n x = n y = 1024, n z = 512 -43 a.u. ≤ x, y ≤ 43 a.u.-86 a.u. ≤ x, y ≤ 86 a.u. -55 a.u. ≤ z ≤ 31 a.u.

	Time step	
	dt = 0.018 a.u.	
	Mesh	
	Regular box	Large box
	h x -55 a.u. ≤ z ≤ 31 a.u.
	Absorbing potential
	Regular box	

Table 2 :

 2 The energy, E π * , RCT decay rates (resonance widths), Γ, and lifetimes, τ , of the molecular anion resonances computed with WPP for acrylamide (ACA), acrylonitrile (ACN), and acrolein (ACO) molecules adsorbed on Cu(100) surface. The calculations are performed using the regular and large spatial extension of the 3D computational mesh.

			regular box			large box	
		ACA ACN ACO	ACA ACN ACO
	E π *	-0.580 -0.475 -0.655	-0.582 -0.466 -0.679
	Γ (eV) 0.41	0.63	0.59	0.42	0.65	0.59
	τ (fs)	1.61	1.04	1.12	1.53	1.01	1.12
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