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A detailed understanding of radiative and nonradiative processes in peptides containing an aromatic chromophore requires the knowledge of the nature and energy level of low-lying excited states that could be coupled to the bright 1 * excited state. Isolated aromatic amino acids and short peptides provide benchmark cases to study, at the molecular level, the photoinduced processes that govern their excited state dynamics. Recent advances in gas phase laser spectroscopy of conformer-selected peptides have paved the way to a better, yet not fully complete, understanding of the influence of intramolecular interactions on the properties of aromatic chromophores. This review aims at providing an overview of the photophysics and photochemistry at play in neutral and charged aromatic chromophore containing peptides, with a particular emphasis on the charge (electron, proton) and energy transfer processes. A significant impact is exerted by the experimental progress in energy-and time-resolved spectroscopy of protonated species, which leads to a growing demand for theoretical supports to accurately describe their excited state properties. 6.4. Excitation energy transfer in naturally occurring peptides containing a methionine or a disulfide bond 6.5. Energy transfer between Phe and Tyr in conformer-selected peptides 7. Summary and outlook

Introduction

Photochemistry and photophysics are at the heart of the interaction between light and molecules, and reveal a particular importance for biological systems, as evidenced for instance in the photosynthesis of green plants or the photostability of DNA. Fascinating developments in this field is fueled by applications for biomedical imaging based on fluorescent proteins (FP).

The unique properties of green fluorescent protein (GFP) [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF][START_REF] Tsien | The Green Fluorescent Protein[END_REF][START_REF] Betzig | Imaging Intracellular Fluorescent Proteins at Nanometer Resolution[END_REF][START_REF] Giepmans | The Fluorescent Toolbox for Assessing Protein Location and Function[END_REF] have revolutionized many areas in the life sciences by enabling in vivo observations of proteins localization and interactions. The field of fluorescent proteins of GFP family is covered by excellent recent reviews and we shall refer the interested reader to them. [START_REF] Day | The Fluorescent Protein Palette: Tools for Cellular Imaging[END_REF][START_REF] Zimmer | From Jellyfish to the Nobel Prize and Beyond[END_REF][START_REF] Meech | Excited State Reactions in Fluorescent Proteins[END_REF][START_REF] Wachter | Mechanistic Diversity of Red Fluorescence Acquisition by GFP-like Proteins[END_REF][START_REF] Dedecker | Fluorescent Proteins: Shine on, You Crazy Diamond[END_REF][START_REF] Mishin | Novel Uses of Fluorescent Proteins[END_REF][START_REF] Acharya | Photoinduced Chemistry in Fluorescent Proteins: Curse or Blessing?[END_REF] The photoinduced process is initiated by the absorption of a single photon by a UV chromophore, allowing the promotion of the system from the ground, stable state to an electronic excited state. Regarding applications in biology, it is worth mentioning that the knowledge of the initial dynamics of the excited chromophore is crucial to the possible control of a chemical reaction. It has generally been accepted that the photolytic degradation of peptides and proteins proceeds by interaction involving residues of cysteine and the aromatic amino acids and support for this has been deduced from studies of ultraviolet spectra. It is indeed the aim of this review to provide the description of the photochemistry and photophysics involved in the nonradiative deactivation processes at play at the molecular level in amino acid building blocks and short peptides. In comparison to the ground state reactions, excited state processes are much more complex with many competitive deactivation pathways such as radiative and non-radiative transitions, intersystem crossing (ISC), charge (electron/proton) transfer, energy transfer and photofragmentation. One of the most fascinating aspect of the photochemistry of biomolecules is the high sensitivity of the chromophore subunit upon the local environment, where intra-and inter molecular interactions can drastically disturb its intrinsic properties. At the molecular level, a good description of the excited states Potential Energy Surfaces (PESs) is the starting key point for the understanding of the photoinduced processes. We won't specifically address in this review all the challenges of the computation photochemistry. Among them, the multi configurational character and non-adiabatic behavior of the excited state dynamics have very recently been reviewed in this journal. [START_REF] Curchod | Ab Initio Nonadiabatic Quantum Molecular Dynamics[END_REF][START_REF] Crespo-Otero | Recent Advances and Perspectives on Nonadiabatic Mixed Quantum-Classical Dynamics[END_REF][START_REF] Lischka | Multireference Approaches for Excited States of Molecules[END_REF] It should be stressed here that while many theoretical works have been devoted to the electronic properties and nonradiative deactivation processes in nucleic acids and DNA strands, 15-17 computational studies focusing on the excited state properties of amino acids and peptides containing aromatic residues have attracted less attention. We have restricted this review to gas phase spectroscopic studies of relatively small molecular species. A deep understanding of the photophysics of peptides indeed requires an optimal degree of control of the initial and final states of the reaction, which can be achieved in the gas phase through the combination of mass spectrometry with laser spectroscopy on conformer-selected molecular systems.

The study of biomolecular conformation in the gas phase has attracted great attention thanks to the advent of matrix-assisted laser desorption ionization (MALDI) [START_REF] Tanaka | The Origin of Macromolecule Ionization by Laser Irradiation (Nobel Lecture)[END_REF] and electrospray ionization (ESI) [START_REF] Fenn | Electrospray Wings for Molecular Elephants (Nobel Lecture)[END_REF] sources coupled to mass spectrometer. Mass spectrometry has indeed many attractive features for studying peptides, such as isolation of bare, unsolvated ions, mass-and charge-selection, and a set of methods available for obtaining conformational information. Some methods can be considered as passive: hydrogen-deuterium exchange, [START_REF] Zhang | Determination of Amide Hydrogen Exchange by Mass Spectrometry: A New Tool for Protein Structure Elucidation[END_REF][START_REF] Engen | Peer Reviewed: Investigating Protein Structure and Dynamics by Hydrogen Exchange MS[END_REF][START_REF] Konermann | Hydrogen Exchange Mass Spectrometry for Studying Protein Structure and Dynamics[END_REF] (non)covalent tagging of biomolecules based on surface accessibility of specific moieties, [START_REF] Sharp | Analysis of Protein Solvent Accessible Surfaces by Photochemical Oxidation and Mass Spectrometry[END_REF][START_REF] Mendoza | Probing Protein Structure by Amino Acid-Specific Covalent Labeling and Mass Spectrometry[END_REF] ion mobility mass spectrometry which indirectly measures the cross section that relies upon the global shape of the peptide. [START_REF] Jarrold | Peptides and Proteins in the Vapor Phase[END_REF][START_REF] Kanu | Ion Mobility-Mass Spectrometry[END_REF][START_REF] Bernstein | Amyloid-β Protein Oligomerization and the Importance of Tetramers and Dodecamers in the Aetiology of Alzheimer's Disease[END_REF] Other techniques are active, in which an external excitation such as collisions with rare buffer gas [START_REF] Wysocki | Mobile and Localized Protons: A Framework for Understanding Peptide Dissociation[END_REF][START_REF] Paizs | Fragmentation Pathways of Protonated Peptides[END_REF] or electron attachment [START_REF] Zubarev | Electron-Capture Dissociation Tandem Mass Spectrometry[END_REF][START_REF] Cooper | The Role of Electron Capture Dissociation in Biomolecular Analysis[END_REF][START_REF] Syrstad | Toward a General Mechanism of Electron Capture Dissociation[END_REF] lead to fragmentation.

More recently, optical spectroscopy has emerged both in the infrared [START_REF] Grégoire | Resonant Infrared Multiphoton Dissociation Spectroscopy of Gas-Phase Protonated Peptides. Experiments and Car-Parrinello Dynamics at 300 K[END_REF][START_REF] Polfer | Alkali Metal Complexes of the Dipeptides PheAla and AlaPhe: IRMPD Spectroscopy[END_REF][START_REF] Brodbelt | Infrared Multiphoton Dissociation in Quadrupole Ion Traps[END_REF] and ultraviolet [START_REF] Reilly | Ultraviolet Photofragmentation of Biomolecular Ions[END_REF][START_REF] Antoine | Visible and Ultraviolet Spectroscopy of Gas Phase Protein Ions[END_REF][START_REF] Dedonder | Excited-State Dynamics of Protonated Aromatic Amino Acids[END_REF][START_REF] Staniforth | Recent Advances in Experimental Techniques to Probe Fast Excited-State Dynamics in Biological Molecules in the Gas Phase: Dynamics in Nucleotides, Amino Acids and Beyond[END_REF] ranges. One of the great advantages of such optical methods is the control of the deposited energy and the localization of the initial excitation.

We will restrict our review on relatively small systems following a bottom-up approach, in which the parameters of the photochemistry are, preferably and ideally, controlled. As in any photoreaction, the entrance, exit channels and the energetic must be properly defined. Among these parameters, the charge state, the initial internal energy, the UV wavelength and the number of absorbed photons can be accurately determined. Ideally, the investigated molecules should adopt a well-defined 3-D structure in order to reveal the influence of the local interactions upon the photophysical properties. This is clearly one of the most challenging experimental conditions to fulfill, even in the gas phase. For these floppy biomolecules with low-frequency modes, cooling techniques as supersonic expansion for neutral and cryogenic ion traps for ionic species coupled with laser spectroscopy are required to record well-resolved spectroscopic data that can thus be directly compared to quantum chemistry calculations. In time domain, when several time constants are observed, it is crucial to know that only one well defined species is excited to differentiate between conformers having specific properties or if the different time constants are associated to separate relaxation pathways.

In this review, we will focus on fundamental concepts in excited state properties of aromatic chromophores at play in the photoinduced processes in peptides. Starting from the bare UV chromophores of the amino acid building blocks (section 2), we will underline the role of the coupling of different electronic excited states with the locally excited 1 * state on the deactivation mechanisms. We will show how the basic picture of the photodynamics could be transposed to neutral amino acids and short peptides (section 3). This will serve as ground for investigating chemical processes as photodissociation triggered by electron and proton transfer of protonated molecules (section 4) and protonated peptide chains (section 5). We finally focus on electronic energy transfer processes in bi-chromophore systems (section 6). We conclude with general remarks and an overview of future prospects.

2. The 1 * state: a paradigm for nonradiative decay in aromatic chromophores

The excited state dynamics of the aromatic amino acid chromophores (benzene, phenol and indole) has been investigated in great detail and the main outcomes are summed up in this chapter. As it will be seen, the excited state dynamics of the aromatic amino acids is governed both by its chromophore properties and by the interaction of the locally excited chromophore with the side chain amino acid. The overall description of the model (see Figure1) can be found in the paper of Sobolewski, Jouvet and coworkers. [START_REF] Sobolewski | Excited-State Hydrogen Detachment and Hydrogen Transfer Driven by Repulsive 1πσ* States: A New Paradigm for Nonradiative Decay in Aromatic Biomolecules[END_REF] The authors state that "The combined results of ab initio electronic-structure calculations and spectroscopic investigations of jetcooled molecules and clusters provide strong evidence of a surprisingly simple and general mechanistic picture of the nonradiative decay of biomolecules such as nucleic bases and aromatic amino acids. The key role in this picture is played by excited singlet states of * character, which have repulsive potential-energy functions with respect to the stretching of OH or NH bonds. The 1 * potential-energy functions intersect not only the bound potential-energy functions of the 1 * excited states, but also that of the electronic ground state". The S1 surface typically exhibits a local minimum of 1 * character in the vicinity of the equilibrium geometry of the ground state. The second excited state is a dissociative [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] *, which induces a barrier on the S1 surface, which separates the local 1 * minimum from the Conical Intersection (CI) with the 1 * state. The excited state lifetime is governed by the tunneling through the barrier from the * to * states. [START_REF] Pino | Excited State Hydrogen Transfer Dynamics in Substituted Phenols and Their Complexes with Ammonia: π * -σ * Energy Gap Propensity and Ortho -Substitution Effect[END_REF][START_REF] Roberts | Direct Observation of Hydrogen Tunneling Dynamics in Photoexcited Phenol[END_REF] This barrier is also responsible for pronounced isotope effects on the fluorescence lifetime and quantum yield. [START_REF] Sobolewski | Excited-State Hydrogen Detachment and Hydrogen Transfer Driven by Repulsive 1πσ* States: A New Paradigm for Nonradiative Decay in Aromatic Biomolecules[END_REF][START_REF] Sur | Radiationless Transitions in Gas Phase Phenol and the Effects of Hydrogen Bonding[END_REF][START_REF] Lipert | Deuterium Isotope Effects on S1 Radiationless Decay in Phenol and on Intermolecular Vibrations in the Phenol-Water Complex[END_REF] The * state crosses at longer distance the ground state leading to a second CI. Classically, at this point, the H atom can pursue on the * potential curve and will have quite high kinetic energy, or be trapped on the ground state surface leading to a hot molecule which undergoes statistical evaporation of the H atom. From the theoretical point of view, the potential energy surfaces calculated by different methods are quite similar and vary only on details. [START_REF] Sobolewski | Excited-State Hydrogen Detachment and Hydrogen Transfer Driven by Repulsive 1πσ* States: A New Paradigm for Nonradiative Decay in Aromatic Biomolecules[END_REF][START_REF] Lan | Time-Dependent Quantum Wave-Packet Description of the 1 σ* Photochemistry of Phenol[END_REF][START_REF] Vieuxmaire | Ab Initio Characterization of the Conical Intersections Involved in the Photochemistry of Phenol[END_REF][START_REF] King | High Resolution Photofragment Translational Spectroscopy Studies of the Ultraviolet Photolysis of Phenol-d 5[END_REF][START_REF] Yang | Full-Dimensional Potentials and State Couplings and Multidimensional Tunneling Calculations for the Photodissociation of Phenol[END_REF][START_REF] Xu | Photodissociation Dynamics of Phenol: Multistate Trajectory Simulations Including Tunneling[END_REF] Figure 1. Potential Energy (PE) profiles of the lowest 1 * states (squares and diamonds), the lowest 1 * state (triangles) and the electronic ground state (circles) as a function of the OH stretch (phenol) or NH stretch (indole, pyrrole) reaction coordinate. Geometries have been optimized in the excited electronic states at the CASSCF level; the PE profiles have been obtained with the CASPT2 method. Reproduced with permission from ref 40. Copyright 2002 The Royal Society of Chemistry.

Phenol chromophore

The H atom loss dissociation in photo excited phenol has been well characterized by the measurements of the kinetic energy of the H atom. A bimodal distribution is observed. For the fast H atoms, the kinetic energy reflects the vibrational progression in the remaining PhO • along the out of plane vibration (out of plane vibrations are necessary in order to couple the * and the * states which have a different symmetry). [START_REF] Nix | High Resolution Photofragment Translational Spectroscopy Studies of the near Ultraviolet Photolysis of Phenol[END_REF][START_REF] Ashfold | Exploring Nuclear Motion through Conical Intersections in the UV Photodissociation of Phenols and Thiophenol[END_REF][START_REF] Dixon | Tunnelling under a Conical Intersection: Application to the Product Vibrational State Distributions in the UV Photodissociation of Phenols[END_REF] Such a well-defined and structured kinetic energy distribution is characteristic of bond rupture on a dissociative potential. The detection of the PhO • radical by VUV ionization is also a demonstration of the H loss process. [START_REF] Tseng | H Atom Elimination from the σ* State in the Photodissociation of Phenol[END_REF] The second component of the distribution, the slow H atoms, is assigned to a statistical fragmentation which occurs after Internal Conversion (IC) following the crossing of the * and ground states. By measuring both the picosecond transients of parent and fragment and the total translational energy distribution of products as a function of the reaction time, it was evidenced that both the slow and fast components of the H fragment have the same tunneling origin and that the ground state is populated at the second *-S0 crossing and not through a direct *-S0 IC process. [START_REF] Woo | Multidimensional H Atom Tunneling Dynamics of Phenol: Interplay between Vibrations and Tunneling[END_REF] Using picosecond laser, a complete survey of the evolution of the excited lifetime of phenol as a function of the excess energy has shown that the lifetime changes from 2 ns at the band origin 00 0 to 600 ps at 3500 cm -1 above. [START_REF] Woo | Multidimensional H Atom Tunneling Dynamics of Phenol: Interplay between Vibrations and Tunneling[END_REF][START_REF] Lai | Communication: Mode-Dependent Excited-State Lifetime of Phenol under the S1/S2 Conical Intersection[END_REF] These surveys show that the excitation of A" symmetry vibrational levels in the S1 state shortens the lifetime, mainly through S1-S2 vibronic coupling. At high energy, the direct excitation of the * state leads to a very fast dynamics of about 150 fs at 207 nm (excess energy of 12 000 cm -1 ). [START_REF] Schick | Femtosecond Multiphoton Ionization Photoelectron Spectroscopy of the S 2 State of Phenol[END_REF][START_REF] Livingstone | Time-Resolved Photoelectron Imaging of Excited State Relaxation Dynamics in Phenol, Catechol, Resorcinol, and Hydroquinone[END_REF] Basically the whole concept developed in 2002 by Sobolewski and coworkers has been shown to be correct. An alternative model neglecting the tunneling mechanism, proposed by Ashfold and collaborators [START_REF] Ashfold | The Role of * Excited States in the Photodissociation of Heteroaromatic Molecules[END_REF] has been dismissed since. Experimentally, the H-atom transfer mechanism was somehow fortuitously evidenced by trying to characterize the excited state proton transfer in Phenol-(NH3)n clusters. [START_REF] Solgadi | Resonance-Enhanced Multiphoton Ionization Spectra and Ionization Thresholds of Phenol-(Ammonia)n Clusters[END_REF][START_REF] Syage | Picosecond Measurements of Phenol Excited-state Proton Transfer in Clusters. I. Solvent Basicity and Cluster Size Effects[END_REF][START_REF] Syage | Ultrafast Measurements of Chemistry in Clusters: Excited-State Proton Transfer[END_REF][START_REF] Schmitt | Structures and Vibrations of Phenol(NH3)2-4 Clusters[END_REF][START_REF] Grégoire | Has the Excited State Proton Transfer Ever Been Observed in Phenol-(NH3)n Molecular Clusters?[END_REF] It was found that the reaction was indeed an H transfer by detection of NH4 radical clusters [START_REF] Pino | Intracluster Hydrogen Transfer Followed by Dissociation in the Phenol-(NH3)3 Excited State: PhOH(S1)-(NH3)3→PhO •+ (NH4)(NH3)2[END_REF][START_REF] Ishiuchi | Hydrogen Ab Initio Molecular Orbital Calculations. I. Electronic Transitions[END_REF][START_REF] Ishiuchi | Hydrogen Transfer in Photo-Excited Phenol/Ammonia Clusters by UV-IR-UV Ion Dip Spectroscopy and Ab Initio Molecular Orbital Calculations. II. Vibrational Transitions[END_REF] and supported by ab-initio calculations. [START_REF] Sobolewski | Photoinduced Electron and Proton Transfer in Phenol and Its Clusters with Water and Ammonia[END_REF] It appears only very recently that the excited state proton transfer was in fact responsible for the lowering of the barrier height and for the acceleration of the H transfer as the size of the ammonia cluster increases. [START_REF] Miyazaki | Electron-Proton Decoupling in Excited-State Hydrogen Atom Transfer in the Gas Phase[END_REF][START_REF] Miyazaki | Electron-Proton Transfer Mechanism of Excited-State Hydrogen Transfer in Phenol-(NH3)n (n= 3 and 5)[END_REF] The role of the initial excitation of the OH vibration has been investigated by looking at the energy distribution of the fragments. [START_REF] Hause | Dynamics at Conical Intersections: The Influence of O-H Stretching Vibrations on the Photodissociation of Phenol[END_REF] Dissociation of phenol with an initially excited O-H stretching vibration produces significantly more fragments with low recoil energies than does one-photon dissociation at the same total energy, implying that one quantum in the OH stretch mode induces more fragmentation through the statistical fragmentation in the ground state.

This system has become a textbook example to test different theoretical methods for the excited state dynamics such as quantum wave packet propagation method [START_REF] Lan | Time-Dependent Quantum Wave-Packet Description of the 1 σ* Photochemistry of Phenol[END_REF][START_REF] An | Quantum Wave Packet Propagation Study of the Photochemistry of Phenol: Isotope Effects (Ph-OD) and the Direct Excitation to the 1 σ* State[END_REF] or multistate semi classical trajectory method. [START_REF] Xu | Photodissociation Dynamics of Phenol: Multistate Trajectory Simulations Including Tunneling[END_REF] Xu clearly confirms that hydrogen tunneling is the main reaction mechanism of phenol photodissociation at the 00 0 band origin and agrees with experiments for the bimodal nature of the kinetic energy spectra for the photodissociation of phenol. They also show that the low kinetic energy release is due to both statistical dissociation to ground state and direct dissociation to the first excited state of the phenoxyl radical. Experimentally, the translational energy distributions and branching ratio of the phenoxyl radicals produced in the different electronic states have been reported. [START_REF] Lin | Excited-State Dissociation Dynamics of Phenol Studied by a New Time-Resolved Technique[END_REF] It should be noticed that at very high energy (193 nm), the other channels such as OH, CO and H2O losses have been detected, which are issued from statistical fragmentation occurring in the ground state. [START_REF] Tseng | Photodissociation Dynamics of Phenol[END_REF] The excitation of phenol with a side chain reveals interesting side-chain size-dependent dissociation properties. [START_REF] Tseng | Photodissociation Dynamics of Phenol[END_REF][START_REF] Tseng | Photostability of Amino Acids: Photodissociation Dynamics of Phenylalanine Chromophores[END_REF] At 248 nm (5.17 eV), the photoexcitation of p-methylphenol, pethylphenol, and p-(2-aminoethyl) phenol shows that the decay of the excited phenyl ring is very different between these three molecules. For both p-methylphenol and p-ethylphenol, the major relaxation channel is through the coupling between the ππ* and πσ* states leading to H atom elimination from a repulsive state. As the side chain changes from H, CH3 or C2H5 to C2H4NH2, the dissociation properties change drastically implying a new channel, the C  -C  bond rupture (vide infra). The effect of the side chain is the increase of the S1-S0 IC rate and/or S1-T1 ISC rate which competes with the predissociation from the repulsive potential energy surface.

Benzene and phenyl chromophores

Radiationless processes from the 1 B2u state of benzene in the range 245-260 nm involves ISC. [START_REF] Duncan | Photoionization Measurement of the Triplet Lifetime of Benzene[END_REF][START_REF] Stephenson | Vibrational State Dependence of Radiationless Processes in 1 B2 u Benzene[END_REF][START_REF] Sekreta | Direct Observation of Intersystem Crossing in Benzene by Laser Photoelectron Spectroscopy[END_REF] Predissociation (CH dissociation) does not seem to play a role in the nonradiative decay of the excited state. At higher energy (< 244 nm), the so called "channel 3" opens. [START_REF] Callomon | Non-Radiative Relaxation of the Excited à 1B2u State of Benzene[END_REF] The fluorescence quantum yield is about 30% below the opening of "channel 3" and just below it, isomerization has been suggested. [START_REF] Féraud | Intramolecular Processes Revealed Using UV-Laser-Induced IR-Fluorescence: A New Perspective on the "Channel Three" of Benzene[END_REF] At the opening of "channel 3", the excited state lifetimes become very short, in the order of hundreds of fs. [START_REF] Radloff | Internal Conversion in Highly Excited Benzene and Benzene Dimer: Femtosecond Time-Resolved Photoelectron Spectroscopy[END_REF][START_REF] Minns | Competing Ultrafast Intersystem Crossing and Internal Conversion in the "Channel 3" Region of Benzene[END_REF] This is due to IC which occurs through a CI between the ground and first excited states in a geometry that lies along the reaction coordinate linking benzene and prefulvene biradical species with a non-planar geometry. [START_REF] Palmer | An MC-SCF Study of the S1 and S2 Photochemical Reactions of Benzene[END_REF][START_REF] Sobolewski | Ab Initio Investigation of Potential-Energy Surfaces Involved in the Photophysics of Benzene and Pyrazine[END_REF] More appropriate systems to the amino acids discussion is provided by substituted benzene such as toluene or alkyl benzene. Photoexcitation of alkylbenzenes at 248 nm (5 eV) leads to fragmentation, the main fragment coming from the C  -C  bond rupture leading to the benzyl radical C6H5CH2 and its counterpart. [START_REF] Tseng | Photostability of Amino Acids: Photodissociation Dynamics of Phenylalanine Chromophores[END_REF] The translational energy distribution of the fragments were measured. Two distinct components have been observed. A slow one is due to dissociation after IC to the ground state and a fast component. The later one implies a late barrier and dissociation from a triplet state with an exit channel barrier following a two-step mechanism S1→T1→S0. Ab initio calculations showed that the lowest triplet state is dissociative along the C  -C  bond through a barrier of 1.3 eV (∼30 kcal/mol). Then, dissociation from the triplet state was the reasonable explanation for the Cα-Cβ bond breaking with the fast kinetic energy component. In ethylbenzene and n-propylbenzene, the dissociation via the triplet channel characterized by the fast translational energy represents around 75% of the fragmentation processes. [START_REF] Huang | Photodissociation of Ethylbenzene and n -Propylbenzene in a Molecular Beam[END_REF] For larger molecules such as phenylethylamine, N-methyl-phenylethylamine, and N-acetyl phenylalanine methyl ester, the main fragmentation channel is still the Cα-Cβ bond cleavage. However, as the size of the molecule increases, the contribution of the fast component in the translational energy distribution decreases, indicating that IC begins to dominate, due probably to the increase of the state density in S0. [START_REF] Tseng | Photostability of Amino Acids: Photodissociation Dynamics of Phenylalanine Chromophores[END_REF] 

Indole chromophore

Excited state dynamics of the indole chromophore is probably one of the most studied systems due to the strong variation of its fluorescence lifetime and emission wavelength with the environment, which is used to get information on the protein structure. [START_REF] Chen | Toward Understanding Tryptophan Fluorescence in Proteins[END_REF][START_REF] Vivian | Mechanisms of Tryptophan Fluorescence Shifts in Proteins[END_REF][START_REF] Callis | Quantitative Prediction of Fluorescence Quantum Yields for Tryptophan in Proteins[END_REF][START_REF] Callis | Ab Initio Prediction of Tryptophan Fluorescence Quenching by Protein Electric Field Enabled Electron Transfer[END_REF] The electronic relaxation of the chromophore is governed by the interplay of at least three singlet electronic states along with the ground state: S1 (Lb ππ*), S2 (La ππ*), and S3 (πσ*) (La and Lb from the Platt notations). [START_REF] Platt | Classification of Spectra of Cata-Condensed Hydrocarbons[END_REF] The oscillator strength from the ground to the 1 Lb state is weak with the transition dipole moment parallel to the long-axis. For the 1 La state, the transition moment is large and along the short-axis of the molecule. The ( 1 Lb ππ*) state has a low dipole moment (1.55 D), similar to the ground state (1.81 D), while the ( 1 La ππ*) one is high (6.07 D), more than three times larger with respect to the former. [START_REF] Giussani | Essential on the Photophysics and Photochemistry of the Indole Chromophore by Using a Totally Unconstrained Theoretical Approach[END_REF] In the gas phase, the 1 Lb state is the adiabatic minimum but due to its high dipole moment, the 1 La state becomes the fluorescent state in condensed phase. [START_REF] Bersohn | Fluorescence Excitation Spectra of Indole, 3-methyl Indole, and 3-indole Acetic Acid in Supersonic Jets[END_REF][START_REF] Hager | Electronic Spectra of Jet-Cooled Indoles: Evidence for the 1 La State[END_REF][START_REF] Arnold | Spectroscopy of Solvent Complexes with Indoles: Induction of 1 La-1 Lb State Coupling[END_REF][START_REF] Zwier | The Spectroscopy of Solvation in Hydrogen-Bonded Aromatic Clusters[END_REF][START_REF] Dian | Hydride Stretch Infrared Spectra in the Excited Electronic States of Indole and Its Derivatives: Direct Evidence for the 1 * State[END_REF][START_REF] Küpper | Vibronic Coupling in Indole: II. Investigation of the 1 La-1 Lb Interaction Using Rotationally Resolved Electronic[END_REF][START_REF] Brand | Molecular Mechanisms of the Photostability of Life[END_REF][START_REF] Iqbal | Exploring the Time Scales of H-Atom Elimination from Photoexcited Indole[END_REF][START_REF] Livingstone | Following the Excited State Relaxation Dynamics of Indole and 5-Hydroxyindole Using Time-Resolved Photoelectron Spectroscopy[END_REF] and theoretical [START_REF] Giussani | Essential on the Photophysics and Photochemistry of the Indole Chromophore by Using a Totally Unconstrained Theoretical Approach[END_REF][100][101][102][103] papers have studied the coupling and the relaxation of the La/Lb states. The Lb state is the first electronic state, its band origin being at 35 231 cm -1 (283.8 nm) with many vibronic bands observed up to ∼271 nm (+1700 cm -1 ). At shorter excitation wavelengths, the spectrum becomes increasingly unstructured due to the onset of excitation to the La state, its origin seems to be located close to 273 nm (+1500cm-1) although it has not been observed directly. The lack of observable vibronic structure in the La state may be attributed to its short lifetime due to the La/Lb relaxation. [START_REF] Küpper | Vibronic Coupling in Indole: II. Investigation of the 1 La-1 Lb Interaction Using Rotationally Resolved Electronic[END_REF][START_REF] Brand | Molecular Mechanisms of the Photostability of Life[END_REF] A CI connecting the Lb and La states, which can be accessed via different Herzberg-Teller active modes, is found approximately 2000 cm -1 above the Lb minimum. [START_REF] Brand | Molecular Mechanisms of the Photostability of Life[END_REF] Using time resolved dynamics, [START_REF] Iqbal | Exploring the Time Scales of H-Atom Elimination from Photoexcited Indole[END_REF][START_REF] Livingstone | Following the Excited State Relaxation Dynamics of Indole and 5-Hydroxyindole Using Time-Resolved Photoelectron Spectroscopy[END_REF]104 the ultrafast IC of the La state toward the lower Lb minimum is detected at threshold energies, in the range of 1000/1500 cm -1 above the origin of the Lb. The 40 fs time constant measured points out the involvement of a CI, as predicted by calculations. At excitation wavelengths shorter than 263 nm (2800 cm -1 above the Lb minimum), the relaxation through the * state in the hundreds of fs time scale is observed.

Number of experimental

The role of the dissociation on the NH bond along the * state has been evidenced both theoretically [START_REF] Giussani | Essential on the Photophysics and Photochemistry of the Indole Chromophore by Using a Totally Unconstrained Theoretical Approach[END_REF]101 and experimentally. [START_REF] Dian | Hydride Stretch Infrared Spectra in the Excited Electronic States of Indole and Its Derivatives: Direct Evidence for the 1 * State[END_REF][START_REF] Iqbal | Exploring the Time Scales of H-Atom Elimination from Photoexcited Indole[END_REF][105][106][107][108] In stark contrast to phenol, the tunneling effect does not seem to be important in this molecule since the fast H atoms are not observed on the 00 0 band. The onset of a structured, high kinetic energy H atom elimination channel, attributed to direct dissociation on the πσ* state along the N-H coordinate, was observed at excitation wavelengths shorter than 263 nm (+2800 cm -1 ). 107 However, it will be seen later that these nonradiative pathways does not seem to be the dominant processes in tryptophan (Trp).

Neutral aromatic amino acids and conformer-selected peptides

Tryptophan fluorescence: the rotamer model

The knowledge of the photophysical properties of fluorophores has become crucial in biochemical research by virtue of the extensive use of fluorescence spectroscopy to monitor unfolding transitions in proteins. 109,110 Among the three fluorescent amino acid constituents of proteins, tryptophan (Trp), and in a less extent tyrosine (Tyr), is the most popular probe, the contribution of phenylalanine (Phe) being negligible due to its very low absorption yield. The analysis of fluorescence decay of protein has been long and difficult especially in proteins with more than one Trp. 111,112 The spectroscopic properties of Trp are indeed quite complex, in particular the high sensitivity of the indole chromophore to the local environment. It is currently admitted that in most of the proteins, Trp emission originates from the 1 La state of the indole chromophore. 113,114 Its large excited state dipole moment and ionic character result in large shifts due to electric field imposed by the protein and the solvent. Not only the magnitude but also the field direction determine the sign of the shifts relative to in vacuo experiments. [START_REF] Vivian | Mechanisms of Tryptophan Fluorescence Shifts in Proteins[END_REF] Fluorescence quenching by electron transfer to the backbone amide group has been invoked in Trp because it can easily donate an electron, which is directly related to its low ionization potential as compared to the other aromatic amino acids. 115 The coupling of the 1 La state with weakly emitting charge transfer (CT) states is highly sensitive to the electrostatic field imposed by the environment, which causes the large variability of fluorescence quantum yield, emission wavelength and lifetime. [116][117][118] In addition to fluorescence emission, the variation of the Trp fluorescence quantum yield (from nearly 0 to 0.35) [START_REF] Callis | Quantitative Prediction of Fluorescence Quantum Yields for Tryptophan in Proteins[END_REF]119,120 points out to the complex photophysics and nonradiative processes that compete with emission for deactivation of the excited state. These nonradiative processes include IC, ISC, 121 solvent quenching, 122 excited state proton transfer 123 and excited state electron transfer 121 with common quenchers of Trp fluorescence which are water molecules, peptide bonds and acid/basic amino acids. [START_REF] Chen | Toward Understanding Tryptophan Fluorescence in Proteins[END_REF] For zwitterionic Trp in water, the protonated amino group seems to be key side chain group for excited state deactivation involving intramolecular proton transfer from NH3 + to the indole chromophore. 124,125 Although these processes are responsible for the dramatic variation of the Trp lifetime, they do not explain the existence of multiple lifetimes for a single residue. The most often suggested origin of the multi-exponential decay relies on the rotamer model of Trp, which states that ground state heterogeneity leads to different conformations with specific properties that do not interconvert on the time scale of the fluorescence lifetime. 127 These rotamers correspond to 2/3 rotation around the C  -C  bond, leading to different configurations of the alanyl side chain in reference to the indole chromophore (see Figure 2). Because the local environment of Trp can be disordered and quite complex in proteins with multiple ground state populations, Barkley and coworkers 126,128 have used a series of cyclic hexapeptides with rigid backbone to assign the three fluorescence lifetimes to the corresponding rotamers of the Trp side chain. Since in these cyclic peptides, the peptide bond is the only efficient quenching group, 121 a straight correlation can thus be made between Trp rotamers, excited state electron transfer rates and fluorescence lifetimes.

3.2. Intrinsic properties of gas-phase neutral aromatic amino acids and short peptides 3.2.1. The locally excited 1 * state As stated above, the complex photochemistry of Trp has been the subject of extensive investigations in the condensed phase, pointing out the role of solvent and local interactions which are still difficult to properly model. Understanding the behavior of isolated species in the gas phase, from single amino acids to short peptide chains, should in fact highlight their intrinsic properties without the effects due to the solvent. Besides, by studying cold molecules streamed in a cold molecular beam through laser spectroscopy techniques, one should be able to decipher the electronic properties of each individual conformers. However, only a few studies have focused on the electronic spectroscopy of neutral species, mainly due to the difficulties to evaporate these fragile molecules without degradation. The combined use of laser-desorption techniques with a supersonic expansion [129][130][131] leads to an efficient cooling that nevertheless enables conformational relaxation towards the lowest energy structures of the system but remains limited in size to few hundreds Dalton (Da). 132,133 Levy and coworkers 134 first reported the dispersed fluorescence of cold, isolated Trp in the gas phase. Several conformers were observed that do not interconvert in the excited state during the fluorescence lifetime, in perfect agreement with the rotamer model. The different fluorescence patterns, in particular a broad, red-shifted emission observed only for a specific conformer, were qualitatively explained by relaxation of the locally excited state ( 1 Lb) towards a dark, low-lying state not accessible from the ground state. Besides, this particular conformer has the shortest fluorescence lifetime (10.4 ns) among all the conformers (12.9 ns). 135 The assignment of the broad, red-shifted emission has been subject to a long debate. Levy first suggested that this could be an indication of exciplex formation following charge transfer from the indole ring to the amino acid backbone. In the excited state, the zwitterionic form would result from proton transfer from the carboxylic to the amino groups through a small energy barrier. This model was tested by looking at the deuterated species, which indeed exhibits a less extensive exciplex formation by a factor of 1.8, consistent with a slower tunneling rate upon deuteration. Several Trp derivatives were further investigated showing that both the amine and acid groups are necessary for the observation of the red-shifted emission. 136,137 However, the existence of a zwitterionic form in the excited state of bare Trp, in absence of solvent environment, raised several issues, in particular the large amount of energy required to stabilize this state. It was proposed an alternative mechanism based on an excited state perturbation through a dipole-dipole interaction between the amino acid backbone and the indole ring, switching the ordering of the 1 La and 1 Lb states. 138 Such interaction depends on the amplitude, distance and relative orientation of the dipole moments that varies from one conformer to the others, leading to relative shifts of the dipolar S2 ( 1 La) state compared to the S1 ( 1 Lb) state. Ten years later, Snoek et al. 139 provided a qualitative evaluation of the dipole-dipole interactions between the glycine side chain and the indole ring that did not support the initial suggestion of the 1 La/ 1 Lb state switching. The authors finally proposed that the broad, red-shifted emission reflects the unresolved vibronic activity of one specific conformer.

Ab initio calculations 140,141 confirm that the locally excited [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] Lb state has the lowest vertical excitation energy. However, to the best of your knowledge, geometry optimization of the excited states ( 1 *, 1 *, 1 n*) of bare Trp has never been reported. More experimental and theoretical works have been devoted to tryptamine (Tryp), a close analogue of Trp by decarboxylation. High-resolution ultraviolet spectroscopy along with ab initio excited state geometry optimization have unequivocally demonstrated that the 1 Lb state is the adiabatic S1 state for all the conformers, the origin of the 1 La state being predicted few hundreds wavenumbers higher in energy. [142][143][144] However, the close vicinity of the two excited states causes an efficient mixing with a CI not far above the minima of the two states.

The 1 * state of the heteroaromatic chromophores

According to the seminal work of Sobolewski and Jouvet, [START_REF] Sobolewski | Excited-State Hydrogen Detachment and Hydrogen Transfer Driven by Repulsive 1πσ* States: A New Paradigm for Nonradiative Decay in Aromatic Biomolecules[END_REF] the photophysical properties of these heteroaromatic amino acids containing an O-H/N-H bond should be influenced by a third, dissociative 1 * excited state (see section 2.3). In tryptamine, 136,145 tryptophan 131 and tyrosine, 146 the electronic spectra of all conformers are sharp, extend at least one thousand wavenumbers above the band origin with no sign of efficient deactivation process in the vicinity of the minimum of the locally excited 1 * state. The first experimental evidence for the existence of the 1 * state was provided by the complete absence of indole NH stretch band in the IR spectrum of the S1 state in tryptamine. [START_REF] Dian | Hydride Stretch Infrared Spectra in the Excited Electronic States of Indole and Its Derivatives: Direct Evidence for the 1 * State[END_REF] Instead, a broad absorption appeared, ascribed to the strong coupling of the 1 Lb state NH stretch (v=1) level to the 1 * state, dissociative along the NH bond. H-atom elimination dynamics from tyrosine, p-ethylphenol and tyramine following excitation at 200 nm, almost 2 eV above the band origin, was investigated by Iqbal and Stavros. 147 The analysis of the total kinetic energy release (TKER) spectra of these three molecules derived from the time-resolved H + velocity map images confirms that H-atom elimination is mediated by the 1 * state of the phenolic O-H site rather than from the O-H/N-H groups of the amino acids backbone. At this excitation energy, the time constants associated to the H-atom release were found on the order of 100 fs or less. Ovejas et al. 148 reported the relaxation channels of Trp using fs pump-probe ionization at different excitation energies, from the band origin up to 220 nm (see Figure 3). The signal transients showed different time scales that depend on the excitation wavelength. At the band origin (287 nm), a nanosecond relaxation time is observed, ascribed to the 1 Lb lifetime. At 280 nm, an ultrafast time constant of about 50 fs was assigned to 1 La- [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] Lb IC while at wavelengths shorter than 272 nm, a third time constant of 200-300 fs was extracted and assigned to the dynamics on the 1 * potential energy surface along the indole N-H coordinate, as already observed in the bare indole chromophore. 104 Finally, excitation at wavelengths shorter than 250 nm revealed an ultrafast sub-50 fs lifetime not present in indole which was thus ascribed to relaxation via excited states localized on the amino acid backbone. 

The influence of locally excited states of the peptide backbone

Capped aromatic amino acids provide the simplest molecular systems to highlight the role of excited states localized on the peptide backbone on the photophysics of aromatic amino acids containing peptides. 149 N-acetyl tryptophan amide (NATA) and N-acetyl tryptophan methyl amide (NATMA) were studied by Zwier and coworkers through laser-induced fluorescence 150 and fluorescence-dip infrared spectroscopy. [START_REF] Dian | Hydride Stretch Infrared Spectra in the Excited Electronic States of Indole and Its Derivatives: Direct Evidence for the 1 * State[END_REF] These peptide mimics can adopt two kinds of conformation, an extended, -like peptide backbone structure (C5) or a folded, -turn type (C7 H-bond between the amide NH and CO carbonyl). 151 In such systems, the H-bonding interaction between the amide NH group of one residue and the carbonyl CO group of another residue not only dictates the conformational preferences but also influences the photophysical properties of the peptides. First, the excitation spectrum of the C5 structures show well-resolved vibronic transitions while the C7 conformers are characterized by a highly congested spectra involving a long progression of low frequency modes extending several hundred wavenumbers to the red of the band origin, suggesting that the locally excited 1 * state decays towards a second, lowlying state. Second, in all conformers are missing the indole NH stretch transition in the IR spectra of the locally excited 1 * state, as already observed for tryptamine. This finding points out to the coupling of the 1 * NHind (v=1) state with the predissociative 1 * state. Finally, for the C7 conformers, all the infrared transitions are washed out in the excited state, replaced by a broad, unresolved background absorption. The authors suggested that the broad congested spectra of the -turn conformers are indicative of a switch in the ordering of the 1 Lb with the 1 La/ 1 * states. Without theoretical support, it was rather difficult at that times to decipher the exact nature of the low-lying excited states.

In order to theoretically investigate the role of hydrogen bonds on the electronic properties of short peptides, the photochemistry of small polyglycines was first studied by Sobolewski and Domcke. 152 Small polyglycine peptides (trimer and pentamer) provide the smallest molecular models of -turn (C10 type HB) and -helix (C13 type HB), respectively. The authors showed that two electronically excited states are at play in the photophysics of these peptides. First, a locally excited ( 1 LE, 1 n*) state involves the excitation from the nonbonding (n) orbital of the hydrogen-bonded carbonyl group to an antibonding molecular orbital localized on the same branch of the backbone. Second, a charge transfer ( 1 CT) state, which corresponds to electronic excitation from the amide to the carbonyl involved in the H-bond. This 1 CT state is strongly stabilized by proton transfer from the amide to the carbonyl and crosses the 1 LE state and the S0 ground state in the course of the proton transfer reaction. Such photoinduced electron-driven proton transfer has also been invoked (CASSCF/PT2) in a model glycine dimer mimicking a -turn motif found in protein. 153 This nonradiative deactivation model has been proposed to explain the different excited state properties of the extended and folded conformers of NATMA. 154 The authors found that geometry optimizations (at the ADC2 level) of the lowest excited 1 * states reversed the ordering of the 1 Lb and 1 La state, and that the C7 conformer has the largest energy gap. The authors also locate the dissociative 1 * state along the indole NH stretch, which crosses the [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] Lb state not far above the indole NH stretching energy level, in agreement with the experimental findings. Besides, while the vertical excitation energies of the electronic states of the backbone are rather high in energy, they are strongly stabilized upon geometry optimization, becoming the adiabatic energy minimum of the S1 state. The locally excited state of the backbone ( 1 LE) corresponds to an excitation from the nonbonding orbital to the * orbital of the peptide backbone ( 1 n* transition) and lies only 1.7 eV or 1.2 eV above the ground state in the C5 and C7 conformers, respectively. In the -turn conformer, the barrier on the 1 */ 1 LE reaction path is smaller by 0.1 eV compared to the extended conformer, which might thus explain the conformer selectivity experimentally observed. Finally, an additional reaction channel is energetically open from the 1 LE state only for the folded conformer that involves a proton transfer along the N-H ... O=C C7 H-bond triggered by the electron transfer to the carbonyl. The proton transfer strongly stabilizes the charge transfer state ( 1 CT), in a structure with a small 1 CT/S0 energy gap allowing efficient IC.

Short peptides containing a Trp residue (TrpGly, GlyTrp, TrpGlyGly) 129,155 or a phenylalanine residue (PheGlyGly, GlyPheAla) 156,157 were investigated by laser spectroscopy.

As explained above, the photophysics of the indole chromophore by itself complicates the understanding of the nonradiative decays at play in peptides containing Trp. In phenylalanine, neither the 1 La/ 1 Lb state switching nor the 1 * state of the indole NH group are relevant to the photophysics, so the influence of the hydrogen bonds and secondary structure of the peptide backbone on the deactivation mechanism of the Phe residue can be investigated in an easier way. The vibronic spectra of these peptides can change drastically, showing either weak or dense vibrational progressions, as already observed in NATMA. Interestingly, all conformers which exhibit a strong hydrogen bond between the carboxylic acid group and the carbonyl of the peptide bond (-turn type) were not detected although being among the lowest energy structures. This raises the question of the potentially efficient radiationless decay processes which render the lifetime of the excited 1 * states too short (sub-ps) to be probed through ns multiphoton ionization scheme (REMPI). This pitfall has already been documented in case of DNA bases for instance, for the first three lowest energy tautomers of guanine 158,159 or for selected conformations of DNA base pairs such as the Watson-Crick guanine-cytosine structure. 160 It could be stressed here that in the latter case, an electron-driven proton transfer process was already thought to be at play as proposed for the polyglycines. 152 Shemesh et al. 161 suggested that the same electron/proton transfer process could explain the unobserved conformer L of GlyPheAla that exhibits a strong intramolecular H-bond. In the tripeptides PheGlyGly and GlyPheAla mentioned above, the conformational heterogeneity is already quite large and some conformers are suspected to have too short excited state lifetimes to be probed through ns laser spectroscopy. According to the previous study of Zwier et al. on NATA,150 Mons and Ljubic 162-164 chose an isolated peptide chain model containing a Phe residue, N-Acetyl Phenylalanine Amide (NAPA) to explore the dynamics of the deactivation processes through a joint experimental and theoretical collaboration (see Figure 4). [START_REF] Chalfie | Green Fluorescent Protein as a Marker for Gene Expression[END_REF] * excited state lifetimes were measured for the three lowest energy conformers through ns and ps REMPI spectroscopy. Interestingly, the folded L(g+) conformer with a strong C7 Hbond between the amide group and carbonyl group of the peptide bond has its lifetime (1.5 ns) reduced by a factor of 50 compared to the extended L(a) conformer ( 70 Two main deactivation mechanisms have been deduced from the nonadiabatic simulations performed at the TD-DFT level to account for this conformer selected shortening of the excited state lifetimes and efficient IC to the ground state. The first one implies an H-transfer from the Phe NH to the ring triggered by an electron transfer from the ring. A rather large barrier of 0.48 eV is estimated at the CC2 level for the H-transfer, which might be compensated by the large zero point energy of the NH stretch mode. However, the absence of significant deuteration effect (Phe NH vs ND) in the lifetime of all conformers, in stark contrast to the phenol case (see section 2.1), dismisses such process. In the second mechanism, a nonadiabatic transition occurs from the initial * state to the n* states of the first (localized on the N-acetyl group) or second (the CONH2 group) peptide bonds. It should be noted that the */n* CI is reminiscent of the first step of the seminal mechanism introduced by Soboleswki and Domcke for NATMA. 154 Geometry optimizations of the two n* states have been performed at the CC2 level. These n* states are found about 0.7 eV below the * minimum and are separated from the ground state through small energy barriers, providing an efficient way for nonradiative processes. The barrier for the 1 */n* transition was predicted slightly lower for the L conformers, in good agreement with the experimental findings. However, the question remained on which peptide bond is responsible for the efficient nonradiative deactivation of the initially excited *. This has been disclosed by the same group of authors 165,166 by comparing the excited state properties of the vibrationless level (adiabatic transition) of NAPA and NAPMA (methyl amide).

Experimentally, the excited state lifetime of L(g+) NAPMA, in which the second peptide bond is methylated, is much longer (48 ns) than in NAPA (1.5 ns), which clearly does not support the involvement of the first peptide bond in the rapid deactivation process. Besides, they demonstrated that the accessibility to the 1 */n* CI of the second peptide bond strongly depends on the molecules, pointing out the effect of the zero point energy and enhanced rigidity of the terminal amide group of the */n* transition. These experimental results and nonadiabatic dynamics simulations clearly emphasize the high sensitivity of the nonradiative deactivation processes to the backbone environment of the aromatic ring. Such rapid radiationless decay processes may be essential to rationalize the photostability of larger peptides and proteins under UV irradiation. 167 

Protonated aromatic amino acids: Charge does matter

While thermal or matrix assisted laser desorption (MALD) source cannot vaporize large neutral biomolecules without degradation, the advent of soft and efficient vaporization techniques such as electrospray ionization (ESI) has undeniably opened new opportunities for gas phase studies of fragile biomolecules. UV photofragmentation has become the most efficient method for studying the photochemistry of electronically excited biologically relevant molecules, according to the fact that fluorescence detection within an ion trap is much harder to set up (see section 6). The principle of the photofragment spectroscopy is rather simple: the (resonant) absorption of a UV photon by the aromatic chromophore is detected by the apparition of photofragments at lower masses. While, from a spectroscopic point of view, the only adjustable and important parameter would be the laser wavelength, the full description and understanding of the photofragmentation mechanism should provide insights into the underlying photophysics of the deactivation process. for the elimination of ammonia directly in the excited state have been calculated at the CC2 level. For both cases, a small energy barrier in the excited state of 0.05 eV and 0.25 eV for H loss and ammonia loss, respectively, is predicted. Although the ammonia loss has a larger exothermicity than the H loss reaction, the higher energy barrier and the larger mass of the ammonia compared to the hydrogen atom is in agreement with the experimental observation of the H loss reaction in the excited state following 266 nm excitation. In the course of the H loss reaction, the * energy surface crosses the electronic ground state, point where competition between direct dissociation in the excited state and hydrogen recombination and ammonia loss following IC occurs.

It should be stressed here that the H loss reaction channel, mediated by the dissociative 1   * state, was initially developed for substituted aromatic molecules such as phenol and indole (see sections 2.1 and 2.3). In protonated amino species, the dissociative 1 * state involves an electron transfer from the aromatic ring toward the protonation site (the NH3 + group of the amino acid) leading to an hypervalent (NH4 like) moiety dissociative along the NH coordinate. So the main difference between protonated and neutral species is the coordinate of the dissociation asymptote of the , * and * states. For the neutrals, the reaction leads to the M • (radical) + H and for the protonated species, it leads to M + +H, as depicted in Figure 5. For protonated phenylethylamine, the fragmentation channel changes abruptly within 500 cm -1 from the band origin, which clearly evidences that two competitive deactivation processes in the excited state exist. The C  -C  bond break channel is first open up to 500 cm -1 and then the fragmentation channel shifts to the NH3 loss to be the only one 700 cm -1 above the 00 0 transition. By substituting the benzyl by a phenol chromophore, the overall picture of the photochemistry of protonated tyramine remains the same. 171 In these cases, the C  -C  bond break is triggered by a proton transfer to the ring, which can only occur when the length of the alkyl chain is long enough to insure an efficient overlap of the molecular orbitals centered on the ammonium and  cloud. The proton transfer reaction is further confirmed by the mass of the ionic fragments associated to the C  -C  bond cleavage, which bears an extra hydrogen as compared to the simple bond cleavage. This proton transfer reaction happens through a small barrier and competes with the */* electronic coupling leading to the NH3 loss channel after IC.

Protonated aromatic amino acids 4.2.1. Protonated tryptophan

Among the three naturally occurring aromatic amino acids, tryptophan has been the most studied owing to its high fluorescence yield and extreme sensitivity to the environment. The first photofragmentation experiments on protonated aromatic amino acids have thus been performed on protonated tryptophan (TrpH + ) almost at the same time by five independent groups. In the special issue "bio-active molecules in the gas phase" of PCCP in 2004, 172 Andersen et al., 173 Kang et al. 174 and Nolting et al. 140 report the first UV photoinduced dissociation experiments on TrpH + , followed by Talbot et al. 175 in 2005 and Boyarkin et al. 176 in 2006. The outcomes of the photophysics of TrpH + were indeed much more complex than expected. IC to the ground state was initially supposed to be the main deactivation mechanism in competition with fluorescence. Indeed, the resonant photo fragmentation spectrum of TrpH + , cooled at liquid nitrogen temperature in a Paul ion trap, is very similar to the absorption spectrum of the neutral, with the band origin around 285 nm, but somehow broader than expected at this temperature. 140 Interestingly, the electronic spectroscopy of TrpH + cooled at much lower temperature (6K) still shows a broad band origin although a well-resolved vibronic spectrum could be recorded for protonated tyrosine (TyrH + ) in the same conditions. 176 Complementary photo fragmentation results were obtained at 266 nm with the observation of a new fragmentation channel not detected at the band origin, the H atom loss leading to the formation of radical cation Trp + . 174 The photo specific H loss channel, never detected in collision induced dissociation (CID) experiments where fragmentation occurs in the ground electronic state, points out the role of dissociative excited states in the deactivation mechanism of photo excited TrpH + . A comprehensive photodissociation spectroscopy study done by Talbot et al. 175 confirmed that the branching ratio between the different fragmentation channels changes with the excitation energy in the excited state. In particular, the H loss channel opens 10 nm to the blue of the band origin and has a maximum intensity at 250 nm. Detecting in coincidence the ionic and neutral fragments using position and time sensitive detectors is a powerful means for a comprehensive understanding of the fragmentation mechanisms. The multi coincidence analysis allows to differentiate between direct (two fragments) or sequential (more than two fragments) fragmentation processes. In the case of a two-step process, the sequential order can also be precisely determined. Contrary to conventional mass spectrometry techniques based on the sole identification of the mass-tocharge ratio of the ionic fragments, this technique allows an additional indirect identification of the neutral fragment mass.

In the past decade, the strength of the multi coincidence technique has been demonstrated in the study of the photostability of numerous biomolecules in the gas phase. [177][178][179][180][181][182][183][184] Here, we take the example of the photoexcitation of TrpH + which leads to C  -C  bond breakage and production of ionic fragments with m/z 130, among other fragmentation channels. The latter ionic fragment was long considered as resulting solely from a two-step mechanism following H loss. The discrimination of fragmentation events occurring on different fragmentation time scales allowed to evidence the existence of two distinct deactivation pathways (see Figure 6) leading to the same m/z 130 ionic fragments. This fragment is produced either in a sequential or binary fragmentation as indicated in the schemes below: In scheme (a), the coupling of the optically excited ππ* state and the π* state induces an electron transfer from the aromatic chromophore to the NH3 + group, as described earlier in the text. Rapid H atom loss leads to the formation of the m/z 204 radical cation, which produces m/z 130 with a decay time constant > 1 µs. In scheme (b), the coupling of the optically excited ππ* state and the ππCO* state induces a proton transfer to the CO group, which triggers a fast binary fragmentation (C  -C  bond rupture), as corroborated by the VV plot (correlation between the speeds of the neutral and ionic fragments) of rapid m/z 130 fragment ions. 177 The interpretation of the fast C  -C  bond breakage was supported by calculations as due to the dissociation in the excited state after a concerted electron-proton transfer toward the carbonyl group in a comparative study of protonated tryptophan with tryptamine and protonated tyrosine with tyramine, i.e. in the presence or absence of the -COOH group, respectively (see Figure 7). 178 Events in the bottom right side of the two-dimensional plots of Figure 7 (a-d) are related to binary fragmentation occurring in less than 150 ns and are denoted as fast fragmentation.

The striking point is that no fast fragmentation is observed for the decarboxylated amino acids. The fragment at m/z 132, which was initially assigned to a secondary fragment of the immonium ion according to CID studies, 185 is in fact related to the proton transfer reaction from the ammonium group to the indole ring followed by the C  -C  bond cleavage. This ionic fragment, which had been unambiguously demonstrated to originate from the emission of a single neutral fragment of 73 Da, 177 is still present in the absence of the -COOH group. Hence, regarding TrpH + , one can conclude that the ππCO* state is not involved in this fragmentation mechanism after photoexcitation. Regarding the mechanism, formation of m/z 132 fragments in TrpH + after C  -C  bond breakage in a binary fragmentation, has been rationalized as a hydrogen and proton transfer onto the indole chromophore moiety following UV excitation.

Studies of supramolecular complexes with 18-crown-6 ethers can provide essential clues on proton driven fragmentation. 179,186 In such complexes, the crown ether is anchored onto the protonated ammonium group and prevents interaction between the latter group and the aromatic chromophore, as discussed further in this review article. The immediate effect is the absence of CID-like fragmentation after IC to the ground state, while C  -C  bond breakage is still observed but not through production of m/z 132 ions.

The excited state dynamics of TrpH + has been studying through the same pump-probe photodissociation scheme as for tryptamine. 187,188 A fast decay with two time constants of 400 fs and 15 ps are observed following excitation at 266 nm. The sub-picosecond lifetime suggests that the unresolved vibronic spectrum of TrpH + at the band origin (284 nm) may be due to lifetime broadening. This was rather surprising since the lifetime of the first excited state of neutral Trp is in the nanosecond range. 135 Although the presence of an excess proton barely shifts the band origin of the 1 * excited state, it strongly affects the nonradiative deactivation process. Interestingly, the pump-probe photodissociation signals obviously change for each fragment (see Figure 8), i.e. the amplitude and sign of the pre exponential factors of the bi exponential decay function. In particular, the NH3 loss channel is first depleted within the first 400 fs and then, its fragmentation yield increases during the second time scale of 15 ps. 188 This clearly evidences that one can control the fragmentation channels and branching ratio using suitable laser pulses (here at the femtosecond time scale) with the right delay between the pump and probe lasers. Besides, the fragment ion m/z 132 associated to the proton transfer to the ring and C  -C  bond break is the only channel insensitive to the probe laser. The absence of pump-probe signal of one specific channel indicates that this latter fragmentation channel is not in competition with the other ones, neither in the excited state nor in the ground state. Optimization of the S1 * excited state leads for the four lowest energy conformers to an unexpected result in stark contrast to the other protonated aromatic molecules: a barrierless proton transfer reaction from the NH3 + group to the indole chromophore. The proton transfer reaction involves rather large nuclear displacements, an out-of-plane CH bend and a ring puckering at the proton accepting carbon atom, leading to a small S1/S0 energy gap and possible path for IC through a CI. It is thus believed that this deactivation process is responsible for the ultrafast excited state lifetime of TrpH + . Hydrogen transfer to the ring (coupled proton and electron transfer) was previously proposed 124 to rationalize the fluorescence quenching of zwitterionic tryptophan.

The H loss fragment is related to the dynamics on the * state that is dissociative along the N-H stretch coordinate. Experimentally, this channel opens with some excess energy in the S1 state. 175 The MEP of the H loss reaction exhibits a small barrier of 0.2 eV, in qualitative agreement with the experimental finding. 189 Geometry optimization of the higher excited states (* and CO*) leads to barrierless hydrogen transfer from the protonated ammonium to the carboxylic oxygen. The hydrogen transfer reaction can be viewed as an electron-driven proton transfer process triggered by an electron transfer from the indole ring to the carboxylic acid group and then a proton transfer from the ammonium to the negatively charged acidic group.

The H atom transfer leads to a biradical ion with a positive hole on the indole ring and an unpaired electron on the aliphatic carbon. Minimum Energy Path along the C  -C  bond in TrpH + suggests that the hydrogenated carboxylic form leads to a barrierless C  -C  dissociation. 178 Finally, excited state calculations suggest that the H atom transfer is conformer dependent since it depends on the overlap of the  orbitals of the indole and carboxyl groups. 190 However, the unresolved vibronic spectrum of TrpH + precludes more definitive statements about the conformer selectivity. The overall picture of the excited state dissociation pathways in TrpH + is presented in Figure 9.

Protonated tyrosine and phenylalanine: conformer selectivity in the photofragmentation process

TyrH + and PheH + are very similar in essence to TrpH + , with the same protonation site on the amino group and S0-S1 electronic transitions barely shifted from their neutral analogues. However, their excited state dynamics are drastically different from TrpH + . Cold TyrH + and PheH + show well-resolved vibronic photodissociation spectra at the band origin. [191][192][193][194] Besides, the excited state lifetime of TyrH + has been measured as a function of the excess energy in the * state, 195 from a few ns at the band origin (284 nm) down to 22 ps for room temperature ions with large excess energy in the S1 state (266 nm). 187 While in TrpH + the coupling between the * state and the locally excited state governs the excited state dynamics, the larger */* energy gap in TyrH + and PheH + precludes an ultrafast deactivation process (see Figure 10), as confirmed by ab initio calculations. 189 It is also interesting to note that simple thermodynamics considerations (Ionization Potential and Proton Affinity of amino acids) used to estimate the asymptotic limit of the H loss reaction from the ammonium group of protonated aromatic amino acids (see Figure 5) provide a very satisfying qualitative picture of the excited state properties of these compounds. 187 This model considers that the electron removed from the aromatic part (IP of the neutral molecule) and added onto the NH3 + group (electron affinity of the ammonium group) leads to constant electron-binding energy of the ammonium group attached to the aromatic moiety of 3.2 eV. 196 This crude model allows estimating the relative energy of the * and * states as a function of the ionization potential of the aromatic amino acids, the */* energy gap being smaller as the IP decreases. The excited state properties of these two protonated aromatic amino acids have extensively been studied. Two main experimental findings were particularly interesting. First, the fragmentation branching ratio strongly evolves with the excess energy in the S1 state, as already observed in protonated aromatic amines (see section 4.1). Second, a conformer-selectivity in the photodissociation spectroscopy has been observed, providing a direct link between gas phase structure and photo reactivity. In PheH + , the C  -C  bond break is the unique fragmentation channel from the band origin to about 700 cm -1 above. From this excess energy, this pathway closes and the immonium ion at m/z 120 becomes the unique fragmentation channel. In TyrH + , the situation is even more complicated, as reported in Figure 11. At the band origin, the main fragmentation channel (10fold more intense than the others) is related to the C  -C  bond break. From 800 cm -1 , this reaction becomes in competition with the other fragmentation channels associated to the ammonia and water loses (m/z 147) and the immonium ion (m/z 136) but only for the rot conformer (vide infra). Finally, from 6000 cm -1 above the band origin, the H-loss channel opens. Here again, as for the aromatic amines and tryptophan, the C  -C  bond break is related to the proton transfer from the ammonium to the aromatic ring. The corresponding ionic fragment bears an extra hydrogen (m/z 108) as compared to the mass of the aromatic chromophore cation. The MEP of the S1 * state along the N-H stretch pointing to the ring confirms that this proton transfer reaction is energetically allowed, with a barrier of less than 0.15 eV and 0.25 eV for all conformers of tyrosine and phenylalanine, respectively. The most striking result is the strong conformer selectivity in the fragmentation of TyrH + . Four low-lying conformers, which can be sorted in two main groups according to the backbone orientation (rotamer along the C  -C  bond), were assigned by Stearn et al. 191 through IR/UV hole burning photodissociation spectroscopy. In the first group, both ammonium and carboxylic acid lie above the  cloud (stack/gauche conformer) while in the rot/anti rotamer, only the ammonium is in direct interaction with the aromatic ring, the carboxylic acid group being in an anti-position to the ring. This latter one leads preferentially to the C  -C  bond breaking, as reported in Figure 12.

Geometry optimizations of the CO* state of the stack and rot conformers have revealed that the */CO* curve crossings occur at lower energy for the stack isomer (0.4 eV) than for the rot one (0.6 eV). The barrier for the charge transfer from the aromatic ring to the carboxylic group is thus conformer dependent, with an optimal */CO* orbital overlap in the stack conformer. For both conformers, the dynamics on the CO* state leads to a proton transfer from the ammonium to the negatively charged carboxylic group. 197 Along the proton transfer coordinate, a second crossing with the ground state occurs leading to the immonium ion (loss of H2O + CO). 198 Although two deactivation processes in the excited state are clearly in competition with different yields for the two rotamers, it should be reminded here that the excited state lifetimes of the two rotamers of TyrH + were almost identical and continuously decreased as a function of the excess energy in the S1 state, from 1.5 ns at the band origin to few hundreds ps at 2000 cm -1 above. 195 In conclusion, during the last ten years, a tremendous effort has been undertaken to decipher the excited state properties of single aromatic amino acids. Although being rather simple molecular systems, their photophysics and photochemistry are very rich and much more complicated than expected. In these model systems, following electronic excitation, several deactivation pathways can be in competition, some of them leading to specific photofragments, i.e. not related to statistical type fragmentation as observed in low energy collision induced dissociation experiments. Besides, conformer selectivity has been documented, which paves the way for a better understanding of the photochemistry of small peptides for which structures can be assigned through laser spectroscopy.

Protonated peptides containing an aromatic amino acids

As for single aromatic amino acids, the photochemistry of protonated peptides is largely influenced by the coupling of the locally excited * state with the  and CO* charge transfer states localized on the peptide backbone. In small peptides, both the primary and secondary structures should impact the strength of the interaction between the aromatic ring with the ammonium and carbonyl groups. In order to establish a relationship between peptide conformations and specific photo reactivity, a very useful bottom-up approach is to consider the effect of local interactions on the aromatic chromophore. As it will be presented hereafter, the understanding of the photophysics of small peptides remains quite challenging due to inherent complexity and the difficulty of getting accurate theoretical supports.

5.1. The / coupling in peptides: NH 3 + - cloud interaction 5.1.1. Excited state dynamics of di-and tri-peptide Excited state dynamics of small protonated peptides were studied on a very few systems. The short excited state lifetimes of isolated aromatics amino acids (TrpH + and TyrH + ) were attributed to the interaction of the protonated ammonium group with the aromatic ring, leading to the electronic / coupling larger in Trp than in Tyr. In dipeptides, depending on the primary sequence, one would expect that the position of the aromatic amino acid in N or C termini changes the interaction of the UV chromophore with the NH3 + moiety. Protonated TrpLeuH + indeed exhibits similar excited state lifetimes than TrpH + , with two time constants of 1 and 10 ps. 199 Interestingly, for the complementary peptide LeuTrpH + where the Trp is not directly linked to the protonated ammonium group, the excited state lifetimes were also very short, in the order of 0.5 and 10 ps, as for bare TrpH + . 200 In a last example, Gregoire et al. 201 have investigated two glycine tripeptides containing a Trp or Tyr residues in the middle of the sequence. Here again, the excited state lifetimes were similar to the bare aromatic amino acids, in the order of 500 fs and 5 ps for GlyTrpGlyH + and GlyTyrGlyH + , respectively. The excited state lifetime of GlyTyrGlyH + is ten times longer than for GlyTrpGlyH + , which matches the ratio measured for the bare amino acids. It turns out that the / model initially proposed to explain the excited state lifetimes of bare aromatic amino acids can be applied to small protonated peptides, independently of the primary sequence. All these experiments were performed on room temperature ions at fixed excitation energy (266 nm), well above the band origin of the peptides. So one should consider that the measured transients were an average of the excited state lifetimes at large excess energy of all the possible conformers populated at this temperature. No direct correlation could thus be made between excited state properties and specific conformation of the peptides.

Statistical vs non statistical fragmentation process

Although the excited state dynamics seems to be independent of the peptide sequence, differences in their photochemistry were identified. First, in Trp containing peptides, the H loss reaction leading to the formation of radical Trp + was not detected following excitation at 266 nm, in stark contrast to bare Trp. However, in GlyTrpGlyH + , one of the UV deactivation pathways leads to the formation of TrpGly •+ radical cation that further dissociates into specific secondary fragments. Such radicals are thought to be generated in the excited state since they are not observed in CID. More generally, the photofragmentation patterns can differ according to the localization of the aromatic amino acid. In C terminus, the photodissociation mass spectra resemble those obtained under CID conditions, suggesting that IC followed by statistical fragmentation occurs. No mechanism for IC was proposed, but the absence of specific photofragments reveals the lack of direct dissociation in the excited state. However, when Trp is at the N terminal part, specific photofragmentation channels were observed and assigned to a non-statistical fragmentation directly from the excited state. In TrpLeuH + , the m/z 130 fragment is the only one with a predominant short time component of 500 fs, which was interpreted as a direct dissociation in the excited state enhanced by the absorption of the probe photon. 199 It should be stressed here that in this case, the m/z 130 fragment is not issued from the Trp radical cation, because the H atom loss is not observed and the transient recorded on this specific channel does not exhibit a plateau as expected if a stable Trp + radical cation were formed and excited by the probe laser. 168 As previously explained in the case of bare aromatic amino acids, the m/z 130 fragment is also related to the coupling of the locally excited state with the CO* state leading to the C  -C  bond cleavage. This reaction indeed happens quite often in peptides and will be further described in section 5.3. The interaction between the ammonium group and the aromatic ring has also been studied through photodissociation spectroscopy of cold peptides ions for which structural assignments can be made. In Trp containing dipeptides, as for bare Trp, the electronic spectra of AlaTrpH + or TrpGlyH + are broad, whatever the position of the Trp residue. The main difference between the two species is the spectral shift of the absorption band towards longer wavelengths in AlaTrpH + . 202 A similar trend was observed in AlaTyrH + dipeptides by Stearn et al. 203 This red shift has been interpreted as a stronger proton- interaction due to higher flexibility of the peptide chain with a larger number of bonds between the chromophore and the ammonium group. However, for the two AlaX-H + (X=Trp, Tyr) dipeptides, there is no indication of excited state fragmentation which would be evidenced by photofragments different than those observed in CID. When the ammonium group gets closer to the aromatic ring, one has to suppose that the / coupling responsible for the non-statistical fragmentation is altered, with a higher rate for IC. However, it is quite difficult to establish a direct link between the cation- interaction and the increased flexibility of the ammonium group with the length of the peptide chain since in AlaAlaTyrH + tripeptide, the band origin is blue shifted by about 800 cm -1 as compared to bare tyrosine, but in AlaAlaTyrAlaAlaH + , the spectral shift is less than few tens of wavenumbers. 204 

Impeding the interaction between NH 3 + and the aromatic chromophore

In the small size peptides depicted so far, due to the strong proton- interaction, the distance between the aromatic chromophore and the NH3 + terminal group remains quite short, even though the aromatic amino acids is not at the N terminal position. In larger peptides, the protonated ammonium could be involved in H-bond with the carbonyl group of the peptide bonds, preventing interaction with the  cloud. 205 It is thus expected that the secondary structure of the peptide would have an influence on the relaxation processes following the electronic excitation. Antoine et al. 206 reported the photodissociation of singly and doubly protonated AlaGlyTrpLeuLys pentapeptide which contains a Trp in the middle of the sequence. At 266 nm, the photoinduced dissociation mass spectrum of the singly protonated species is composed of b-type ions, as observed under CID, plus an ionic fragment corresponding to the loss of the Trp side chain (loss of 130 Da). At 220 nm, two main fragments are detected corresponding to the H loss channel along with the 130 Da loss channel. Both fragments are issued from a nonstatistical dissociation occurring in the excited state. The most puzzling result has been obtained for the doubly charged peptide, which does not fragment following excitation at 260 nor 220 nm. The absorption is mainly due to a - transition on the indole chromophore, which is not so sensitive to the environment, since the absorption band is barely shifted from isolated Trp to Trp containing proteins in solution. 113 So the absence of photofragmentation is likely due to a predominant radiative deactivation process, emphasizing the weak electronic coupling of the locally excited  state with charge transfer states in the unfolded structures. Conformational searches were performed for the singly and doubly protonated peptide using Replica Exchange Method (REM) 207,208 using Amber96 force field. 209 For the singly protonated species, the most basic site is the amino group of the lysine side chain while for the doubly protonated peptides, the N terminal amino group bears the second proton. For the singly protonated peptide, the most stable structures are folded, in which the protonated ammonium group of the lysine residue stays in close interaction with the indole chromophore, with an average NLys-Nindole distance lower than 4 Å. In the doubly protonated species, due to coulombic repulsion between the two ammonium moieties, none of the charged groups are in contact with the Trp side chain, but are mostly solvated by the carbonyl groups of the peptide chain (see Figure 13). According to the seminal photofragmentation mechanism, the coupling of the  state with dissociative  state, where the active electron is localized on the ammonium group triggers the non-radiative process. This electronic coupling strongly depends on the distance between the indole ring and the protonated group, a direct link between fragmentation efficiency and secondary structure could thus be made. The influence of the    state on the photophysics of the indole chromophore has been further confirmed in the case of water cluster containing TrpH + . Mercier et al. 210 report the dramatic micro solvation effects on the photodissociation spectroscopy of TrpH + . As reported in Figure 14, the vibronic spectrum of TrpH + gets narrower by adding one water molecule and becomes well-resolved upon addition of the second. This dramatic effect has been interpreted as an unexpected lengthening of the excited state lifetime of TrpH + embedded in small water clusters. In the 1-2 complex, the solvent molecules make two H-bonds with the protonated ammonium group, leaving the third hydrogen in interaction with the carbonyl oxygen. In such a structure, the proton- interaction is strongly reduced and the * orbital centered on the ammonium is largely destabilized, shifting the  state by up to 1.3 eV.

Finally, the complexes of protonated amino acids and dipeptides with crown ether (CE) provide another examples in which the photophysics is strongly affected by the lack of interaction between the protonated ammonium group and the aromatic ring. 211 In such complexes, the NH3 + is fully solvated in the crown ring which prevents the proton- interaction normally occurring in bare protonated peptides. A series of photodissociation experiment has been conducted in the group of Steen B. Nielsen in Aarhus at the electrostatic ion storage ring ELISA. 186,212,213 Quite surprisingly, upon CE complexation, the CID-like fragments issued from IC to the ground state were mostly suppressed while the aromatic side chain loss following the C  -C  bond cleavage was still detected. This latter fragment cannot be assigned to the secondary fragmentation channel of the radical cation following H-loss because the  state is largely destabilized by more than 1 eV by the CE. 179 Therefore, one has to conclude that another excited state, probably the CO* charge transfer state, is involved in the non-statistical process leading to the specific C  -C  bond cleavage channel.

Specific photofragmentation channel: the C  -C  bond cleavage

Among the specific photofragmentation channels, the C  -C  bond cleavage is the one which is commonly detected in aromatic acids containing peptides. In isolated amino acids, several deactivation mechanisms account for this reaction which may also occur in peptides. First, the C  -C  bond break is the main secondary fragmentation channel of the radical cation formed after H loss. However, the H loss reaction is a very minor fragmentation channel of the peptides excited around the band origin, 214 so it is not thought to be relevant to the photophysics of peptides. The H loss channel is generally detected at much higher energy, typically under laser excitation at 220 nm 215,216 leading to direct excitation of the  state repulsive along the N-H stretch. The second most likely process giving rise to the C  -C  bond cleavage implies the electronic coupling of the  state with the charge transfer CO* state. Independently of the primary or secondary structure of the peptide, a carbonyl group will always be in the vicinity of the aromatic ring, making a through space or through bond electron transfer likely. However, Joly et al. 217 have shown that the rate of C  -C  tyrosyl side-chain cleavage is charge and sequence dependent. For the singly protonated peptides, it tends to decrease as the size of the peptide increases. In the doubly protonated species, the rate of aromatic side-chain loss generally vanishes.

In an attempt to clarify the role of the coupling between the locally excited ππ* state and charge transfer states, i.e. ππCO* and πNH3*, Dehon et al. 218 investigated, at 263 nm using multi-coincidence detection, the photofragmentation pathways in small peptides containing tyrosine as the UV chromophore: GlyTyrH + , TyrGlyH + , GlyTyrGlyH + , AlaTyrH + and TyrAlaH + . While the dominant fragmentation channels result from fragmentation of the vibrationally excited protonated species in the ground state, it has been shown that the UV photospecific channels, i.e. C  -C  bond breakage in TyrGlyH + and TyrAlaH + and direct z-type bond breakage in GlyTyrGlyH + , can be rationalized upon consideration of charge transfer states (CC2 calculations of vertical excitation energies) accessible after absorption of one UV photon.

In both photo specific bond ruptures, the mechanism involves a ππ*/ππCO* charge transfer to the CO group of the peptide bond adjacent to the tyrosyl chromophore, which is followed by a proton transfer from the NH3 + moiety. For TyrGlyH + and TyrAlaH + , C  -C  bond breakage leads to neutral loss of the tyrosyl side chain residue. In GlyTyrGlyH + , the photospecific z-type fragmentation mechanism leads to the formation of the same ionic fragment at m/z 222 as in CID experiments. The multi-coincidence detection approach allowed to disentangle the contributions of the two processes, because of the shorter fragmentation time of the binary (UV photospecific) mechanism compared with the multistep mechanism (CID). In all these studies, the secondary structure of the peptides was unknown and the excitation energy was set at 263 nm, which precludes a definitive understanding of the photophysics.

Several IR-UV double resonance spectroscopies of cold peptides ions were reported, which have pointed out conformation-specific photofragmentation. 219 TyrAlaH + dipeptide exhibits excited state fragmentation involving loss of the tyrosyl side chain radical, while the complementary AlaTyrH + does not. 203 This is a general trend observed in all tyrosine containing peptides, the C  -C  bond break occurs only when the aromatic residue is located at the N terminus. Two conformers were assigned, both having NH- and NH-CO interactions through a C5 type H-bond between the ammonium and, the  cloud and adjacent carbonyl, respectively.

The two conformers differ by the rotation along the C  -C  bond such that the peptide bond is anti or gauche relative to the ring. 220 These two conformers have different photofragmentation mass spectra, with a larger rate of tyrosyl side chain loss for the anti than for the gauche conformer. Such selectivity was already observed in protonated tyrosine where the C  -C  bond break is prominent in the anti conformer (also noted rot). It is worth mentioning that in the latter case, a proton transfer from the ammonium to the cycle leads to the m/z 108 photofragment, while for the peptides, the neutral tyrosyl side chain loss (107 Da) is observed. As explained above, the multi coincidence experiment has shown that in TyrX-H + dipeptides, the cleavage of the C  -C  bond is direct, leading to the tyrosyl side chain loss (107 Da) as unique neutral fragment. The neutral 107 Da loss is consistent with the higher ionization potential of the tyrosyl side chain residue than the peptide chain, thus promoting an electron transfer from the peptide chain back to the chromophore.

In larger tyrosine containing peptides, the loss of neutral tyrosyl side chain is also a usual photofragment. Kopysov et al. 221 investigated a series of tyrosine-phosphorylated peptides (Ac-TyrAla3SerLys) through cold ion UV spectroscopy and observed that the most abundant photofragment corresponds to the cleavage of the C  -C  bond. Conformer selectivity also occurs in tyrosine containing pentapeptides, as pointed out by DeBlase et al. 222 The UV photodissociation mass spectra of the diastereomer TyrAla D ProAlaAlaH + peptides is conformer-specific with respect to the extent of tyrosyl side chain loss. However, for the two assigned conformers, the NH3 + forms three hydrogen bonds with the phenyl ring, a carbonyl and the carboxylic acid group, so the reason why one conformer exclusively fragments through C  -C  bond cleavage remains unclear. Gramicidin S, a decapeptide with two phenylalanine residues, provides another dramatic example of fragmentation selectivity for peptide conformation. 220 The conformers which exhibit a strong proton- interaction between the NH3 + and the ring mostly fragment following IC. At contrary, when the aromatic ring is remote from the charged ammonium and free from the rest of the peptide, the main and unique fragmentation channel corresponds to the phenylalanine side chain loss.

The photodissociation mass spectrum of Leu Enkephalin (TyrGlyGlyPheLeu) in the spectral region of the tyrosine chromophore also comprises CID-type fragments along with 107 Da loss. 223 More fascinating is the increase in the rate of formation of this latter fragment at the expense of the CID-like fragments through the IR gain experiment. In such a scheme, the UV laser is tuned to the red of the S0-S1 band origin while the IR, shined before the UV laser, is scanned in the 3µm region to induce photofragmentation as soon as it falls into resonance with a vibrational mode of the parent ion. Two tentative explanations can account for such results.

First, the pre-heated ions through IR absorption undergo isomerization to high energy conformers more prone to dissociation through C  -C  bond cleavage. Because of the lack of UV selectivity in the IR gain spectroscopy, this hypothesis cannot be easily tested. One should nevertheless concede that in similar IR hole-filing experiments performed on neutral molecules streamed in a molecular beam, 224 in any case, the increase of the internal energy through IR excitation changes the relative population of the low-lying conformers already present at low temperature without isomerization to new, high-lying conformers. In a second hypothesis, the branching ratio between the tyrosyl side chain loss and the IC leading to CID-like fragments changes with the excess energy in the excited state. Such evolution of the fragmentation branching ratio with the excess energy has already been observed and explained in the photodissociation spectroscopy of single amino acids. To confirm this assumption, this would however require quantum chemistry calculations to localize the higher charge transfer states responsible for the curve crossing with the locally exited state of the peptides. 225 By investigating larger and larger peptides through photodissociation spectroscopy, one might argue that within the observable time window of an ion trap experiment, according to a statistical-type of fragmentation, the energy brought by one UV photon would not be enough to induce the dissociation. In order to prevent this bottleneck, Rizzo et al. 204,226,227 have developed a spectroscopic technique in which the protonated peptides, first excited by the UV laser, undergo infrared multiple photon excitation (IRMPE) provided by a CO2 laser. In such a scheme, a dramatic increase of the photofragmentation yield of two orders of magnitude was observed on several peptides that contain tyrosine, tryptophan and phenylalanine residues. In any case, the loss of the aromatic side chain through C  -C  bond cleavage is the main, if not unique, fragmentation channel enhanced by CO2 excitation. Since the C  -C  bond is not, by far, the weakest in the ground state of protonated peptides, the large increase of the rate associated with this reaction is incompatible with a dissociation in the ground state. In order to gain insight into the fragmentation mechanism of the IRMPE method, Zabuga et al. 228 performed time-and frequency-resolved excited state photofragmentation experiments (see Figure 15) on Phe and Tyr containing protonated peptides (AcXAla5LysH + )X=Phe,Tyr by replacing the CO2 laser with a tunable IR OPO laser. They proposed a model involving the deactivation of the  excited state toward a triplet state which has an exit barrier to C  -C  dissociation. By measuring the IR power dependency upon the photofragmentation rate, they deduced an upper limit of 6800 cm - 1 (2 photons excitation) for the C  -C  dissociation barrier in the triplet state. The triplet state lifetimes of 20 µs and 100 µs were reported for tyrosine and phenylalanine containing peptides, respectively. Besides, for AcPheAla5LysH + , a long time constant (more than 100 ms) is observed, which was attributed to collisional cooling of the vibrationally activated triplet state.

It should be mentioned here that in the ion/neutral coincidence experiment, the dynamics of fragmentation associated with the C  -C  bond cleavage reaction was investigated in smaller peptides. 183 Since the peptides were not cryogenically cooled and the UV excitation wavelength was set at 263 nm, a direct comparison of the time constants determined in the two experiments is not easy. The main outcome of the coincidence experiment is the evidence for ion-dipole interactions during the dissociation event between the incipient neutral and ionic fragments associated with the aromatic side chain loss, which results in the formation of a metastable ion- consistent with unfolding promoted by greater Coulombic repulsion in the higher charge state.

Interestingly, the Trp-Cage mutant in which salt bridge between Lys8 + , Asp9 -and Arg16 + is suppressed behaves essentially the same, 237 suggesting that the strong salt bridge interaction is not critical for the stability of the protein in the gas phase, at odds with the conclusion drawn from the condensed phase. 238 They also studied a set of polyproline peptides of different lengths 239 and found that the fluorescence quenching was increased by the presence of a strong electrostatic field (charged Arginine residues) which in turns lowers the charge transfer state between the dye and the Trp side chain. 240,241 These seminal studies have clearly demonstrated the ability of fluorescence methods to probe the structure of peptides in which a strong coupling between a fluorescent dye and a quencher occurs at short distances. However, the precise mechanism by which quenching occurs at short dye-Trp distances still needs to be tackled through high-level quantum chemistry, in particular which singlet or triplet excited states are involved in the photophysics of the dimer.

Förster Resonance Energy Transfer (FRET)

Fluorescence (or Förster) resonance energy transfer (FRET) is one of the standard optical method used in condensed phase to probe the energy transfer and conformation of peptides and proteins. Single molecule fluorescence studies of protein folding and unfolding have been successfully developed in molecular biology the last fifteen years. [242][243][244] Unfortunately, in the gas phase, a very few groups have successfully developed such technique, mostly because of the inherent difficulty to collect the fluorescence emission of ionic peptides confined at low density in the ion trap.

FRET involves nonradiative transfer of electronic excitation from an excited donor, D* to a ground-state acceptor molecule A. The efficiency of this dipole-dipole interaction depends on the distance between the fluorophores, the spectral overlap of the donor emission and the acceptor absorption (the so-called overlap integral), the refractive index of the media (unity in the gas phase), the donor quantum yield, and the relative orientation of the fluorophores. 245 The Förster radius R0, distance at which the energy transfer efficiency E is divided by two, is typically 20-60 Å. Note that the Förster theory relies on the point dipole approximation which requires that the inter chromophore distance be long compared to the size of the chromophores.

Experimentally, the FRET efficiency can be estimated by measuring the emission spectra or the fluorescence decays of the donor/acceptor pair. FRET is a strongly distance sensitive method, so-called "spectroscopic ruler", 246 used to obtain distance constraints of a molecule without a precise knowledge of its structure.

The Jockusch group in Toronto successfully developed gas phase FRET to explore the conformational changes of polyprolines as a function of the peptide length and charge state. 247 Such polyproline peptides were initially thought to form rigid helices in liquid, 248 while more recent works contradict this ideal picture. 249,250 The choice of the donor D and acceptor A fluorescent dyes, that are covalently bound to the N and C termini of the peptide, is crucial. A good spectral overlap between acceptor excitation and donor emission is required. FRET efficiency is monitored by recording the steady state emission spectra and lifetimes (of the donor) of the (A)-GlyGlyPronLys-(D)-NH2 peptides, n=8, 14, 20. As depicted in Figure 16, the FRET efficiency, which is close to unity for the shortest peptide, decreases as a function of the peptide length and for higher charge state, suggesting a more extended structure. Surprisingly, the longer peptide with 20 prolines showed almost complete RET, which is not compatible with an extended helical structure but more likely suggests a hairpin-like structure that brings the two chromophores in close proximity. Application of FRET to a gaseous protein GB1 (59 residues) has showed that the native structure of the protein, which is retained over a broad pH range (1.5-11), is disturbed in the gas phase as the charge state increases, revealing a Coulombic driven unfolding and expansion of its structure. 251 Finally, a proof of concept of hybrid experimental setups interfacing laserinduced fluorescence detection with ion mobility spectrometry has been established on rhodamine dye, which has the potential to address still open questions such as to which extent gas phase peptides ions retain their native structures. 252,253

Action-FRET

Despite the promising opportunity of gas-phase FRET to probe the conformation of massselected biomolecules, the inherent difficulty of collecting the fluorescence in an ion trap has hindered its dissemination in many research labs. To circumvent this drawback, Dugourd and coworkers have proposed an elegant variant of gas-phase FRET, the so-called action-FRET based on photofragmentation (see Figure 17) rather than fluorescence detection. 254 As for FRET, action-FRET requires a good overlap of the donor emission and acceptor absorption spectra and RET must happen on a time scale shorter than the relaxation of the donor chromophore. The choice of a suitable fluorescent donor chromophore and a dark-quenching acceptor chromophore has been crucial for the successful achievement of action-FRET. The donor is rhodamine 575 (rh575) and the acceptor chromophore is N-succinimidyl ester (QSY7), a rhodamine derivative, which both possess a single positive charge. An additional criterion is however mandatory, that is the specific photofragmentation of the acceptor molecule, reflecting the electronic excitation of the acceptor followed by a non-statistical fragmentation process prior to energy redistribution in the ground state. 255 By recording the action spectra monitored on the specific acceptor photofragments, RET is directly evidenced if the donor absorption band is observed. The FRET efficiency is thus defined as the ratio of the area of the peaks in the action spectrum due to absorption of the donor and acceptor chromophores. Action-FRET was first tested on polyalanine peptides of different sizes for which collision cross sections were also measured independently in order to provide a direct link between the secondary structure and the FRET efficiency 254 and since then successfully applied to the study of the structural transition with charge state of amyloid- peptide 256,257 A12-28 and its dimer 258 and finally recently combined with ion mobility spectrometry within the same experimental setup to investigate the unfolding of ubiquitin. 259 RET can also be revealed through the change in photophysics of the chromophores upon homodimer formation, in systems where the donor and acceptor are the same species. It turns out that rhodamine fluorescence quantum yield drastically decreases at high concentrations, 260,261 a self-quenching which has been rationalized by short excited state lifetime (below 1 ps) and IC and ISC processes of the dimer. 262,263 Because self-quenching is extremely sensitive to small inter chromophore distance changes and only occurs at shortdistance below 10 Å, it provides a complementary distance dependence to FRET experiments which are devoted to larger conformational changes. Daly et al. 264 used action-self quenching to probe the conformational heterogeneity of doubly-grafted A12-28 3+ peptide. Its action spectra is composed of two bands which are assigned to the formation of a dimer (495 nm) and the monomer at 435 nm. Here again, specific photofragmentation channels related to bond cleavages of the chromophore moiety which are not observed in CID are used to evidence selfquenching.

Excitation energy transfer in naturally occurring peptides containing a methionine or disulfide bond

Among the amino acids, cysteine and methionine are two sulfur-containing biomolecules which deserve special attention as it is well established that such residues can be easily oxidized by various forms of reactive oxygen species to form sulfoxides, i.e. one of the post-translational modifications, which leads to significant changes in the behavior of these systems. Such oxidative modified species accumulate during aging and are responsible for a number of agerelated diseases. 265 C  -C  bond breakage in selected methionine-containing dipeptides and their sulfoxide analogs with, tyrosine and tryptophan as UV chromophores, has been investigated by Kumar et al. 266 It is shown that methionine-containing dipeptides with tryptophan and tyrosine undergo photospecific C  -C  bond breakage. Neutral side chain production is enhanced with sulfoxidation when the UV chromophore is on the N-terminus. Based on the relative abundance of fragment ions produced by C  -C  bond breakage, it is suggested that the presence of oxygen on the methionyl-sulfur enhances proton transfer from the side chain to the sulfoxide, which facilitates the loss of the neutral side chain. Also, no ionic side chain loss is observed with tyrosine-containing dipeptides. While resonant energy transfer between designed, synthetic donor and acceptor chromophores grafted to peptides has been widely used to probe the peptide structures both in the condensed phase and the gas phase, excitation energy transfer (EET) is also expected to occur between naturally occurring amino acids with excitation bands in the near UV such as aromatic and disulfide chromophores. The smaller size of these chromophores, compared to the dye molecules commonly used in the FRET experiments, should not disrupt too much the secondary structure of the peptides if site-directed mutagenesis is employed to incorporate such residues in a peptide sequence. As for action-FRET, energy transfer would be identified by specific photofragment channels of the acceptor chromophore following donor excitation. Hendricks et al. 267 have developed an action-EET based on excitation of Trp/Tyr donors and direct dissociation of proximal disulfide bond. They tested this method on cysteine containing polyalanine and Trp-Cage peptides, in which the disulfide bond is formed with propyl mercaptan (PM). EET is clearly evidenced in the action spectra of the peptides showing the excitation bands of the aromatic chromophore while monitoring the homolytic fragmentation of the disulfide bond (see Figure 18). Without aromatic chromophore, the photodissociation yield of cysteine containing polyalanine is low and slightly increases at shorter excitation wavelength around 250 nm. In the presence of Tyr or Trp, the spectrum closely resembles those of bare protonated Tyr and Trp, consistent with fragmentation following EET.

The distance dependence of the excitation energy transfer between Trp and the disulfide bond has been qualitatively evaluated in a series of alanine containing peptides. The fact that the photodissociation yield drops significantly within 15 Å suggest that EET is likely due to a Dexter exchange transfer, 268 which depends exponentially on the inter chromophore distance, rather than a Förster mechanism. With tyrosine as donor chromophore, the distance dependence is even more pronounced with energy transfer occurring only at distances lower than 6 Å. The short distance range of EET with tyrosine provides severe structural constraints that are complementary to information gained through ion mobility measurements. 269 Finally, the Julian group demonstrated a sequential two-step energy transfer from phenylalanine to tyrosine and to a disulfide, leading to its homolytic cleavage. It is worth mentioning that EET is only observed in the presence of tyrosine and at distances shorter than 6 Å. 270 This two-step energy transfer of Phe has been tentatively explained by the poor overlap of Phe emission with the absorption band of the disulfide, thus requiring Tyr to bridge the gap. EET between Phe and Tyr has indeed been recently studied via cryogenic cold ion spectroscopy in the groups of Boyarkin and Rizzo in Lausanne. 6.5. Energy transfer between Phe and Tyr in conformer-selected peptides Kopysov et al. 271 employed UV fragmentation spectroscopy of cold ions to measure the conformer-specific resonant energy transfer efficiencies in Leu-Enk. These short peptides naturally contains Tyr and Phe while the high spectral resolution of the cryogenic spectroscopy provides conformer selectivity. The excitation spectra were generated by monitoring the Tyr side chain loss fragment, corresponding to the specific C  -C  bond cleavage, as already emphasized in section 5.3. The fact that UV excitation of Phe generates the specific photofragment of Tyr residues clearly suggests that RET has occurred. The RET efficiency can be evaluated by measuring the yield of the specific Tyr photofragment channel arising from excitation of Phe. According to the Förster formalism, the authors conclude that the distance between the Phe and Tyr chromophore is significantly shorter in the (DD) TyrAla D GlyPheLeu D H + stereoisomer than in the (LL) TyrAla L GlyPheLeu L H + and Leu-EnkH + .

However, although the averaged inter chromophore distances in Enk and (LL) stereoisomer pentapeptide fit within the lower limit of the dipole-point approximation of the Förster theory (about 10 Å), the Phe-Tyr distance in DD stereoisomer of less than 6 Å indicates that the Dexter formalism is more appropriate for estimate the RET efficiency, as suggested in the previous studies of Hendricks et al. 270 It should also be stressed here that the Förster approximation assumes that the donor and acceptor chromophores sample orientation space isotropically, such that 〈 〉 2/3,  being the orientation factor. In conformer selected peptides, the donor and acceptor are obviously limited in their orientation freedom, so the orientation factor should be explicitly calculated. 272 Finally, Scutelnic et al. 273 have investigated EET in conformer-selected peptides containing a Phe and Tyr residues through double-resonance UV-IR spectroscopy of cryogenically cooled Ac-PheAlaTyrLysH + peptides. In such a scheme, an IR laser probes the electronic excited peptides, giving the spectral fingerprint of the electronic state. The evolution of the IR spectra as the function of the delay time between the pump (UV) and the probe (IR) pulses then provides a direct measurement of the excited state lifetime that can be related to the EET rate. At short delays (5 ns), the IR spectrum of the excited state of each conformer mostly differs from the corresponding ground state spectrum by a single transition. Excitation of phenylalanine shifts the Phe NH stretch by -39 cm -1 and excitation of the tyrosine chromophore induces a red-shift of -71 cm -1 of the hydroxyl OH stretch along with a -32 cm -1 red-shift of the vicinal Lys NH stretch. This indicates that within 5 ns, the electronic energy stays localized on the initially excited chromophore, independently of the probed conformer. Resonant energy transfer is monitored by looking at the emergence of transitions assigned to the excited state of tyrosine upon excitation of the Phe chromophore as the function of the delay between the pump UV and the probe IR. Interestingly, while the two conformers only differ by the relative orientation of the two chromophores which are virtually at the same distances (about 11 Å), their EET rate changes by a factor of two. Besides, the EET is nearly complete between Phe to Tyr, since the photo specific C  -C  bond cleavage of the Phe residues is not observed.

Summary and outlook

Gas phase UV spectroscopy is a powerful tool to study the dynamics of nonradiative processes in conformer-selected aromatic amino acids and peptides. During the last decade, thanks to the fruitful combination of mass spectrometry with laser spectroscopy, a wealth of data that shed light on the nonradiative deactivation processes of protonated species has been collected. With the advent of cryogenic ion spectroscopy, all the spectroscopic tools developed for neutrals have been transferred to protonated, mass-and conformer-selected peptides. UV photofragmentation has clearly emerged as a new spectroscopic technique, providing complementary, nonradiative information as compared to fluorescence which remains particularly difficult to setup in ionic trap. Excited state dynamics of single protonated aromatic amino acids are indeed quite rich and complex, with conformer selectivity in the photofragment channels in case of tyrosine or a large range of dynamical processes ranging from fs (for the excited state lifetime of the locally excited state) to seconds for secondary fragmentation channels in tryptophan. Competition between statistical fragmentation following IC to the ground state, versus direct dissociation triggered by a charge or energy transfer in the excited state reveals a particular importance. Charge transfer and triplet states have been invoked to play a fundamental role in these nonradiative deactivation mechanisms. It is noteworthy that through photofragmentation, these optically dark states, which cannot be directly accessed through one-color excitation from the ground state, can be spectroscopically characterized through IR, visible or UV excitation thanks to their specific photofragmentation channels, for instance the C  -C  bond cleavage. Moreover, the unique ability to store ions in the ion trap for a long time, compared to the radiative fluorescence (ns) and phosphorescence (ms) lifetimes, allows deciphering the entire deactivation dynamics over ten decades or more until final IC to the ground state and fragmentation. This is clearly a major improvement as compared to gas phase laser spectroscopy of neutral molecules cooled and streamed in molecular beam. First, due to the higher ionization potential from these dark states, much shorter probe wavelengths that may fall outside the spectral range of commercial tabletop lasers are required to perform pump-probe photo ionization spectroscopy on neutrals. 274 Second, excited state dynamics of neutral molecules cannot be probed for more than 1 µs or so due to the velocity of the incoming molecules streamed in the jet. Such multiscale time dynamics have indeed been recently demonstrated in which long-lived charge transfer and triplet states have been probed up to tens of millisecond in the case protonated DNA bases 275 and related compounds, 276,277 in small peptides containing a tyrosine and phenylalanine residues 228,273 and in metal containing peptides 278 where a sequential proton coupled electron transfer dynamics has been deciphered over 8 orders of magnitude.

The ability to control the entrance and exit channels of the photoreaction through mass spectrometry, the deposited excess energy through laser excitation and the structure of the molecules through cryogenic ion spectroscopy offer unique opportunities to precisely investigate photophysical and photochemical processes of conformer-selected peptides. At the moment, most of the reported studies have been conducted on small molecular systems, from single aromatic amino acids to short peptide chains. These experimental data on rather small molecular sizes indeed provide a natural testing ground for future benchmarking of advanced theoretical calculations on the excited state properties of these ions. The analysis of wellresolved vibronic spectra recorded on the different photofragmentation channels that may be in competition as a function of a small amount of excess energy, typically few hundreds of wavenumbers, definitively requires high accuracy calculations of excited state PESs, which still represents a major theoretical challenge. As always, one has to find the good compromise between the accuracy of the quantum chemistry methods and its efficiency to treat the photochemical or photophysical process. It should be stressed here again that the electronic structure of the protonated species is exactly the same as the neutrals, i.e. closed shell electronic configuration. Therefore, all the recent advances in nonadiabatic quantum molecular dynamics [START_REF] Curchod | Ab Initio Nonadiabatic Quantum Molecular Dynamics[END_REF][START_REF] Crespo-Otero | Recent Advances and Perspectives on Nonadiabatic Mixed Quantum-Classical Dynamics[END_REF][START_REF] Lischka | Multireference Approaches for Excited States of Molecules[END_REF]279,280 could be used to disentangle their excited state properties. Obviously, the description of the whole deactivation process, starting for the initial excitation of the 1 * state until the final fragmentation events requires multiscale dynamics that are still most challenging.

Machine learning algorithms could offer great opportunities to predict excited state energies, forces and couplings at virtually no computational cost, [281][282][283][284][285] as already demonstrated for simulations of infrared spectra of peptides. 286 While the photophysics of neutral and protonated aromatic amino acids and peptides have been investigated both experimentally and theoretically, studies on deprotonated aromatic species remain rather scarce and so mostly to be explored. Such studies are generally based on photoelectron spectroscopy using time-of-flight or velocity map imaging methods that cannot be directly performed with anions stored in an ion trap. Besides, the cross sections for photodetachment of electrons near threshold are usually low, 287 which requires high efficiency detection. Deprotonated species readily lose an electron following electronic excitation, [START_REF] Antoine | Visible and Ultraviolet Spectroscopy of Gas Phase Protein Ions[END_REF] with photoelectron spectra specific of the deprotonation site, as evidenced in case of [Tyr -H] -which consists of a mixture of phenoxide and carboxylate anion 288 while the latter is the only tautomer for [Trp -H] -. 289 In the GFP model chromophore, p-hydroxybenzylidene-2-3dimethylimidazolone anion (HBDI -), competition between photodetachment and photofragmentation occurs at the band origin, 290 emphasizing that the S1 1 * is a bound state in the Franck-Condon region of the anion 291 with a sub-picosecond dynamics followed by IC. 292,293 Neutral reaction dynamics studied through photoelectron spectroscopy and photoelectron-photoion coincidence experiments of small anionic molecules and clusters have been well documented. 294,295 Nevertheless, fundamental questions regarding the neutral radical issued from photodetachment of deprotonated aromatic amino acids and related compounds remain mostly unanswered to date, 296 although a few studies have been devoted to the formation and fragmentation of radical peptides anions. [297][298][299] Finally, radical peptide cations, which are of prime importance in catalysis in biological systems, show a rich fragmentation chemistry through collision activation, involving radical migration and electron transfer, sharing similarity with the specific photofragmentation channel observed for the protonated species, such as C  -N and C  -C  bond cleavages. [300][301][302][303] Pump-probe photodissociation experiments would certainly reveal the excited state dynamics of these radical aromatic peptides. 

Figure 2 .

 2 Figure 2. χ1 rotamers of the indole chain of Trp. The projections indicates the rotation of the indole group about the C  -C  bond. The χ1=-60° (g-) is assigned to a lifetime component  ranging from 2.7 to 5.5 ns, the χ1=180° (a) rotamer with =0.5 ns. 126
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 3 Figure 3. a) and b) Trp photoionization transients recorded at two different excitation wavelengths with individual exponential components of the fitting. c) Schematic representation of the pump-probe wavelengths used by Ovejas et al. 148 together with the electronic structure of Trp. Adapted with permission from ref 148. Copyright 2013 American Chemical Society.

Figure 4 .

 4 Figure 4. (a) Most stable conformer of NAPA. The label a/g-/g+ refer to the Phe χ1 rotamer of the benzyl chromophore. (b) R2PI spectrum of NAPA in the region of the band origin of the first * transition of the three observed conformers. (c) Time dependence of the potential

  ns). The third conformer L(g-), with the same C7 H-bond but with another orientation of the benzyl residue (no NH- bond between the amide peptide and the  cloud of the aromatic ring), has an intermediate lifetime of 35 ns.

4. 1 .

 1 Protonated aromatic amines: the H loss, specific photofragmentation channel Protonated tryptamine, an intermediate derived by decarboxylation of Trp, has provided a benchmark system for the understanding of the photoinduced process at play in this protonated aromatic molecules. Following 266 nm excitation, protonated tryptamine (TrypH + m/z 161) fragments by loss of H atom (m/z 160) along with its two secondary fragments at m/z 130 and 131 (C  -C  bond break) and ammonia loss (m/z 144). The excited state dynamics of TrypH + was recorded through a fs pump-probe photodissociation scheme. 168 The striking result was the ultrafast transient recorded only on the H loss channels (m/z 160, 130 and 131) with a time constant of 250 ± 50 fs, within the experimental time resolution of the fs lasers. The excited state potential energy surfaces (PESs) of protonated tryptamine were calculated at the coupledcluster level CC2. 169 The excited state calculations have pointed out the role of the * state dissociative along the NH stretch of the protonated ammonium group. This * notation is somewhat not strictly exact since TrypH + doesn't have a Cs symmetry. If the  orbital refer to the plane of the chromophore, the * orbital is located on the NH3 + group and has a  symmetry in the amino acid part. The coupling between the optically excited * state and the * state induces an electron transfer from the aromatic ring to the NH3 + group, resulting in the formation of a hypervalent, neutral radical species C  -NH3 • , dissociative along the C  -N and the N-H coordinates. The Minimum Energy Path (MEP) for the detachment of the hydrogen atom and

Figure 5 .

 5 Figure 5. Comparison between the dissociation driven by the * state in neutral molecule

  photofragments are secondary or tertiary fragmentation channels: m/z 130 from the radical cation Trp + , m/z 170, m/z 146, m/z 144 and m/z 118 from m/z 188. A comprehensive understanding of the photochemistry of TrpH + has indeed been quite challenging, in part because these different primary fragmentation channels in competition are related to several deactivation pathways involving excited states of different electronic characters. Besides, the

75 Figure 6 .

 756 Scheme (a): Step 1: m/z 205 → m/z 204 + H; Step 2: m/z 204 → m/z 130 + 74 Scheme (b): m/z 205 → m/z 130 + 75

  Thus, UV photofragmentation studies with multi-coincidence detection of fragments resulting from C  -C  bond breakage unraveled the role of the -COOH group in the fast fragmentation process.

Figure 7 .

 7 Figure 7. Two dimensional plots N(ti-tn,yi) for the four protonated molecules: (a) tryptophan, (b) tryptamine, (c) tyrosine, and (d) tyramine. The open squares indicate the calculated positions of the fragment ions issued from a fast fragmentation process. Only the m/z 130 are produced by a slow fragmentation (open circle) following secondary fragmentation of the tryptophan (a) and tryptamine (b) radical cations. Reproduced with permission from ref 178. Copyright 2008 American Institute of Physics.

Figure 8 .

 8 Figure 8. Time-resolved pump-probe photodissociation signals recorded on m/z 130 (C  -C  bond cleavage) and m/z 188 (NH3 loss) fragment channels of TrpH + following 266 nm excitation. Both transients share the same time constant of 1 = 400 fs (green line) and 2 = 15 ps (blue line) assigned to different nonradiative deactivation process in TrpH + but with different pre exponential factors (sign and amplitude), reflecting the effect of the probe photon upon the fragmentation yield of each channel. Adapted with permission from ref 188. Copyright 2005 American Chemical Society.

Figure 9 .

 9 Figure 9. General scheme showing the connection between the electron localization (excited state) and the fragmentation channels in TrpH + . Adapted with permission from ref 190. Copyright 2009 EDP Sciences.

Figure 10 .

 10 Figure 10. Comparison between protonated tyrosine (TyH + ) and protonated tryptophan (TrpH + ). CC2 vertical excited state energies along with the molecular orbital representation and pump-probe photodissociation transients at 266 nm recorded on the same fragment channel, the C  -C  bond break. The larger */* energy gap in TyrH + explains the longer excited state lifetime (22 ps) than in TrpH + (400 fs). The constant signal at long delay in TrpH + reveals the formation of the radical cation following H-loss which further absorbs the probe photons
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Figure 11 .

 11 Figure 11. UV Photodissociation spectra of cold TyrH + recorded on different fragmentation channels depending on the excitation energy along with the nonradiative deactivation processes predicted from ab initio calculations.

Figure 12 .

 12 Figure 12. Conformation-selected photofragmentation spectra of TyrH + . The stack conformer preferentially fragments through m/z 136 ionic fragment (CO + H2O loss) following proton

Figure 13 .

 13 Figure 13. Statistical ensemble of the structures obtained for the singly (a) and doubly (b) protonated AlaGlyTrpLeuLys peptide obtained from the REM simulation at 300 K. Results are plotted as a function of the distance between the protonated ammonium group with the nitrogen of the indole chromophore. (c) and (d): representation structures and the mono and di protonated peptide. Reproduced with permission from ref 206. Copyright 2006 John Wiley & Sons.

Figure 14 .

 14 Figure 14. (Left) Electronic photofragmentation spectra of TrpH + -(H2O)n=0-2. (Right) Time evolution of photoexcited TrpH + (a-b) and TrpH + -(H2O)2 (c-d) during TDDFT dynamics. (b/d) Ground (black) and excited state energies (magenta). (a/c) dominant Kohn-Sham orbital contributions to excited state. Adapted with permission from ref 210. Copyright 2006 American Chemical Society.

  photofragmentation, the exact nature of the latter remains either the relaxation to the triplet state

Figure 15 .

 15 Figure 15. (a) Mass spectra of AcPheAla5LysH + without laser, with UV fixed at the band origin and with additional CO2 laser at time delay of 1.2 µs. (b) Schematic model explaining the nonstatistical photofragmentation in phenylalanine containing peptides. After ISC, the barrier to

Figure 16 .

 16 Figure 16. (Left) Fluorescence spectra of Pro14 based peptides excited at 470 nm containing (a) both donor (D) and acceptor (A), (b) only the donor and (c) only the acceptor. (Right) Influence of the charge state and peptide length on the emission of (A)-GlyGlyPronLys-(D) peptides. Adapted with permission from ref 247. Copyright 2010 American Chemical Society.

Figure 17 .

 17 Figure 17. Principle of Action-FRET developed in the group of Ph. Dugourd. The specific photofragmentation yield of the acceptor chromophore is followed as a function of the donor distance for different alanine-based peptides which conformations are probed through ion mobility spectrometry. Reproduced with permission from ref 254. Copyright 2014 American Chemical Society.
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 18 Figure 18. (a) Photodissociation mass spectrum of protonated AcAla5TrpAla3CysLys-PM, * precursor ion, with its main photofragment associated to the loss of propyl mercaptan (PM). (b) Action spectra of the peptide (green line), Trp (red line) and the peptide without Trp residue (blue). Adapted from ref 267. Copyright 2014 American Chemical Society.

  University of Chicago with Prof. S. A. Rice. He completed his "thèse d'état" (reactivity and electronic relaxation in mercury van der Waals complexes) in 1985. He got a permanent position as CNRS Researcher in the Photophysics Lab in Orsay. He became Research Director in 1994 and move to Aix Marseille University in 2012. He is director of the International French-Argentina Laboratory LEMIR. His first researches were focused on the reactivity of small molecular clusters. Since 20 years, his research is devoted to unravel the excited state properties of protonated molecules. Gilles Grégoire got his PhD in Physics in 1999 at the University Pierre and Marie Curie in Paris. He spent a first post doc at the University of Paris Sud, Orsay, with Pr. Christophe Jouvet and a second one at the University of Georgia, USA, in the group of Mike Duncan. In 2001, he got a permanent research position at the French National Scientific Research Center (CNRS) at the Laser Physics Lab. in University Paris North. In 2013, he became a senior scientist and moved in 2015 to the Institute of Molecular Science of Orsay at University Paris Sud. His research focusses on spectroscopy, photophysics and photochemistry of molecules of biological interest in the gas phase and in particular on fundamental properties and dynamical processes in molecular excited states.

Photoinduced processes in bi-chromophore systems

Electronic energy transfer (EET) is another type of photoinduced process that can be used to probe the local interaction in peptides. EET requires two interacting subunits which are not generally chemically bonded in naturally occurring peptides. Instead, many applications of EET use semi-rigid linkers between the donor and acceptor chromophores to keep a well-defined structure and to maintain some properties of the isolated chromophores but are out of the scope of this review. Resonance Energy Transfer (RET) has been the subject of many review articles [229][230][231][232] and we only present few studies performed on gaseous peptides ions for which structural information is available.

Fluorescence quenching

Fluorescence-based method are widely developed in molecular biology, not only for imaging but also for going beyond pure photon detection, e.g. providing structural information of the proteins. The general principle is to follow the fluorescence emission of a probe in the presence of a quencher located somewhere in the peptide sequence. Trp-Cage protein is one of the simplest systems in which such fluorescence quenching has been extensively studied. Trp-cage is a small protein containing 20 residues with a single Trp close to the N terminal part. 233 A covalently attached dye at the C terminus is responsible for the fluorescence emission that is quenched when the Trp residue is in strong interaction through photoinduced electron transfer, leading to nonradiative decay of the excited dye. 234,235 In the native protein structure, the Trp residue is buried by three proline and as the protein is heated, unfolding occurs which releases Trp from its cage and becomes more exposed to intramolecular interactions with the dye. 

Parks and co-workers