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We present a combined experimental and theoretical study of the fragmentation of singly and doubly N-methylated glycine (sarcosine and N, N-dimethyl glycine, respectively) induced by low-energy (keV) O 6+ ions. Multicoincidence mass spectrometry techniques and quantum chemistry simulations (ab initio molecular dynamics and density functional theory) allow us to characterise different fragmentation pathways as well as the associated mechanisms. We focus on the fragmentation of doubly ionised species, for which coincidence measurements provide unambiguous information on the origin of the various charged fragments. We have found that single N-methylation leads to a larger variety of fragmentation channels than in no methylation of glycine, while double N-methylation effectively closes many of these fragmentation channels, including some of those appearing in pristine glycine. Importantly, the closure of fragmentation channels in the latter case does not imply a protective effect by the methyl group.

Introduction

Miller-Urey experiment on the synthesis of organic compounds under primordial-Earth conditions is considered one of the foremost experiments of the twentieth century. He sent an electrical charge through a flask containing a chemical solution composed of methane, ammonia, hydrogen and water. Starting from this mixture of primary gases, and using the electrical discharges as an energy source, he was able to synthetise several amino acids and amine-derivatives back in 1953 1 . The premise that those amino acids could be seen as the precursors of larger organic molecules was reinforced in 1969, when a type II carbonaceous chondrite fell in Murchinson. After chemical analysis, Kvenvolden et al. reported that a large amount of amino acids was present on it 2 , and that most of them were similar to those synthesised in Miller's experiment. Today, amino acids have been also detected in interplanetary dust particles 3 ; as they rain down on a planet surface, they import the possible building blocks for life formation. In such media, they are exposed to ionising radiation; it is therefore interesting to study their behaviour when they are ionised and excited. Even doubly-ionised species have been reported to be involved in the formation of new bio-molecules in the interstellar media or even in planet atmospheres 4 .

From a biological point of view, a deep understanding of the effect of ionising radiation in amino acids can be useful to identify the primary mechanisms leading to radiation damage in peptides, proteins, and ultimately to biological tissues 5,6 . In this respect, experiments on biologically relevant molecules interacting with ionising radiation in the gas-phase can provide quite useful insight [7][8][9][10][11][12][13][14][15][16][17][18] . Ionised amino acids have been shown to follow specific fragmentation pathways arising from a large variety of mechanisms. Being very relevant in gas phase ionic chemistry, the dynamics and mechanisms leading to their fragmentation after ionisation have been the subject of intense research in the last years, where the formation of radical species have been reported 4,16,[19][20][21][22][23] .

In this context, the development of biocompatible substances with a protective action against the damaging effects of ionising radiation [24][25][26] has emerged as a very prominent area of research 27 . In particular, amino acid derivatives 28 and peptides 29 have been proposed as possible radioprotective agents.

It is worth noting that some amino acids such as aromatic, hydrophobic, acidic, or basic amino acids can exert antioxidant activity (see e.g. [30][31][32][33][34][35] ), and the mechanisms in which amino acids and peptides act as radical scavengers are well known [36][37][38] . In this work, we have joined experimental and theoretical efforts, to study amino acid derivatives with the aim to analyse the possible protective effect that N-methylation could have against ionising radiation. N-methylation of peptides and proteins is a widely used chemical strategy to enhance its biological functions [39][40][START_REF] Lindberg | Encyclopedia of Cell Biology[END_REF][START_REF] Sharma | [END_REF][43] . For instance, it can be used to improve peptide drug properties, since peptides that contain N-methylamino acids show higher stability against proteolytic degradation, i.e. degradation by hydrolysis by the action of proteases 44,[START_REF] Ostresh | Proceedings of the National Academy of Sciences[END_REF] . Another interesting aspect of N-methylation is to investigate its potential protective action against ionizing radiation, as it is the case, e.g., of aminothiols [START_REF] Brown | [END_REF] and sulfhydryl-containing amino acids 28 , especially thiols such as cysteine 47,48 or glutathione 49,50 .In particular we study the fragmentation dynamics of two amino acid derivatives after interaction with highly-charged atomic ions in the gas phase: (i) N-methylglycine (sarcosine or SMG), an amino acid derivative that was identified in Miller's and Kvenvolden studies and is naturally found in body tissues, and (ii) N, N-dimethylglycine (DMG), also present in the human body as a by-product of the metabolic transformation of choline into glycine 51 . The combination of theoretical simulations and experimental measurements yields complementary and more detailed information on the fragmentation dynamics. Thus, theoretical modelling, through ab initio molecular dynamics and exploration of the potential energy surface, allows us to obtain information that would be inaccessible from the experiments, such as the molecular mechanisms taking place at the first femtoseconds after ionisation, or the fragmentation pathways leading to the measured fragments. On the other hand, experiments can be used as a reference to test the quality of the simulations and, if required, adapt them to improve their accuracy.

In this work we have found that single N-methylation of glycine leads to a much larger variety of fragmentation pathways than non-methylated glycine, while double N-methylation effectively closes many of these fragmentation channels, including some of those present in pristine glycine. Importantly, the closure of fragmentation channels in the latter case does not imply a protective effect by the methyl group. In the case of singly N-methylated glycine (sarcosine), we observe several channels: the expected Coulomb explosion channel leading to the breakup of the C α -C carboxyl bond; single and double hydrogen transfer; the release of neutral molecules such as CO, H 2 or H 2 O; hydroxylgroup migration, identified as one of the main factors responsible for radiation damage 52 ; and the release of radical moieties as methyl groups, also reported as a damaging agent to human health 53 . In the case of doubly N-methylated glycine (DMG), we mainly observe Coulomb explosion, typically followed by the loss of neutral stable molecules, and in a few cases molecular reorganisation before cleavage also occurs.

Methods

Experimental details

The experiments have been performed at the low-energy ion beam facility ARIBE 54 of GANIL in Caen, France. The experimental setup has been described in detail elsewhere 55 , only a brief description is given here. A low-energy ion beam (48 keV, O 6+ ) has been produced by an electron cyclotron resonance ion source, then mass selected, pulsed, collimated and transported through different optical elements to the interaction zone. Here, it is cross-collided with a beam of neutral amino acid molecules, produced by evaporation of a commercial powder in a heated oven device at 370 K for sarcosine and 329 K for DMG. The cationic products of the interaction between O 6+ ions and isolated sarcosine and DMG molecules in the gas phase have been studied by means of coincidence time-of-flight (TOF) mass spectrometry using a Wiley-McLaren linear time-of-flight mass spectrometer 21 .

At the end of the free-flight region of the spectrometer, all these products were accelerated towards a conversion plate, producing secondary electrons. These electrons were detected by a microchannel plate detector, after being deflected by a weak magnetic field produced by Helmholtz coils. This Daly-type detector allowed efficient and uniform detection of the interaction products over a large mass range. The arrival times were measured in an event-by-event mode. Each event has been characterised by the number of detected fragments and their associated time-offlights. This allowed us to consider the correlation between the charged fragments proceeding from a single ion-molecule interaction.

In the present experiment with a keV multiply charged ion beam, the dominant process is electron capture by the projectile where at least one electron of the target molecule is transferred to the incoming projectile. In order to get information about the initial charge state of the fragmented target molecule, we analyse the mass spectra associated with nSTOP events. The 1 STOP mass spectrum is created from events where only one charged fragment has been detected after the collision. This mass spectrum illustrates the fragmentation of singly-charged molecules. The 2 STOP mass spectrum is associated with events where two charged fragments were produced in the dissociation of doubly charged molecules and detected in coincidence.

Computational details

Quantum chemistry calculations have been carried out in the framework of the density functional theory (DFT), in particular using the B3LYP functional [56][57][58] , which combines the Becke's three parameter non-local hybrid exchange potential with the non-local correlation functional of Lee, Yang and Parr and the Pople basis set 6-311++G(d,p) 59,60 . Once all conformers were obtained, ab initio molecular dynamics were performed using the atom-centered Density Matrix Propagation (ADMP) method [61][62][63] . ADMP is an extended Lagrangian molecular dynamics method that employs atom-centered Gaussian basis functions and den- sity matrix propagation. In this method the Euler-Lagrange equations of motion for the nuclei and density matrix are integrated, using the velocity Verlet algorithm, thus obtaining the propagation of the nuclei. All trajectories have been carried out using the same functional with the 6-311+G(d,p) basis set. All simulations were performed using a time step of ∆t = 0.1 fs and a fictitious mass of µ = 0.1 amu, to ensure adiabaticity in the dynamics. We have considered a maximum simulation time of t max = 200 fs. To mimic the experimental conditions, we have introduced a certain amount of excitation energy: 5 values between E exc ≈ 0.03 -5.44 eV. This range of excitation energy corresponds to the typical transferred energy in ion-molecule collisions [64][65][66][67][68][69][70][71][72] . We extracted the two electrons from the highest occupied molecular orbital (HOMO) in a Franck-Condon type transition. For each conformer and each value of the excitation energy, 100 trajectory calculations have been carried out. We have selected the 10 most stables conformers of sarcosine, and 6 for DMG. Thus, a total of 5000 trajectories were run for sarcosine and 3000 for DMG. Later on, statistics were performed over these trajectories. On the other hand, sequential dissociation processes, beyond the few hundred fs considered in the ab initio molecular dynamics, may play an important role in the fragmentation of the produced molecular ions. Therefore, from the most populated channels observed in the dynamics, we have explored the potential energy surface (intermediate minima and transition states) leading to the fragmentation pathways. Once the transition states for the different reaction paths were obtained, intrinsic reaction coordinate (IRC) calculations were carried out to verify the minima they connect. The combination of ab initio molecular dynamics with potential energy surface explorations is very well described in the literature and, nowadays, it has proven to be an effective tool for the study of doubly-charged ions, finding accurate predictions for the experiments 4,22,52 . All calculations were performed by using the Gaussian09 program [START_REF] Frisch | Gaussian 09 Revision B.01[END_REF] .

Results and discussion

Stability and fragmentation of doubly ionised sarcosine

Charged fragments generated after interaction of 48 keV O 6+ ions with sarcosine molecules (CH 3 NHCH 2 COOH) are shown in the so-called inclusive spectrum in Figure 1a, which contains signals from all collision events. It shows an intense signal associated with the singly-charged precursor at m/z = 89. However, fragments with smaller m/z values dominate the spectrum. The most intense peak appears at m/z = 44, followed by the one at m/z = 28. Other interesting peaks appear at m/z = 45, and m/z = 42. All of them will be discussed further below. Also, a signal at m/z = 18 is detected, which might correspond to H 2 O + or NH + 4 . More details are obtained by analysing separately the 1-STOP and the 2-STOPS mass spectra (Figure 1b and Figure 1c). These spectra include processes where 1 or 2 charged fragments are produced in a sin- gle collision event, respectively. Notice that the 1-STOP spectrum is very similar to the inclusive ion spectrum shown in panel (a) indicating that the production of two charged fragments is much less likely than the production of one charged fragment.

In the 1-STOP spectrum we observe that after C α -C carboxylic bond cleavage of the singly-charged precursor, the positive charge is localised around the nitrogen atom, leading to a dominant peak at m/z = 44 assigned to the CH 3 NHCH + 2 fragment. A quite intense peak is also observed at m/z = 28. This can be assigned to NHCH + , resulting from further decay of CH 3 NHCH + 2 (m/z = 44) by the loss of a neutral CH 4 molecule. In the case of the 2-STOPS spectrum (Fig. 1c), which originates mainly from the decay of doubly-charged sarcosine ions forming two singly-charged fragments, the relative peak intensities change. Now the peak at m/z = 28 becomes dominant followed by the one at m/z = 45 which is more intense that the one at m/z = 44. As mentioned before, the ion with m/z = 28 may result from the emission of CH 4 from the fragment with m/z = 44. The removal of two electrons by successive electron captures requires a smaller distance of approach ans thus is associated with higher energy deposit. Therefore one can expect an increased dissociation of CH 3 NHCH + 2 towards NHCH + explaining the dominance of m/z = 28 fragments in 2-STOPS spectrum. In addition, OH-loss from the fragment COOH + , with m/z = 45 may also contribute to the signal at m/z = 28 with formation of CO + ion, although to a smaller extent as detailed below. Other peaks in the 2-STOPS spectrum include the one at m/z = 29, which can be attributed to either COH + or CH 2 NH + fragments, and that at m/z = 42, assigned to CH 3 NCH + . This last fragment can evolve and, after the loss of hydrogen (either atomic H or molecular H 2 ), leads to NC 2 H + n (n = 3 -0), with m/z = 41 -38. A weak signal at m/z = 35.5 can be also appreciated in the 2-STOPS events spectrum, Fig. 1c. This would suggest the evolution of a triply charged sarcosine ion leading to the release of the doubly charged 71 2+ fragment in coincidence with other charged fragment. The formation of triply charged ions has been previously observed in collisions of highly-charged ions with other amino acids 22 . Nevertheless, the formation probability of triply charged species is very small, compared to that of doubly and singly charged ions 21 .

From the 2 STOP mass spectrum we can plot a coincidence map which shows the correlation between the two detected charged fragments. It is given in Figure 2, where we show the coincidence map for fragmentation of dicationic sarcosine ions leading to the formation of two singly charged fragments. Each event with 2 stops is represented in the map by the time-of-flight of the second fragment ion (TOF2) versus the time-of-flight of the first one (TOF1), thus forming the so-called islands. The coincidence island 44+/45+ is one of the most intense ones and is assigned to Coulomb repulsion after the direct cleavage of the C α -C carboxylic bond. This rupture leads to two fragments, COOH + (m/z = 45) and CH 3 NHCH + 2 (m/z = 44). In addition, other intense coincidence islands are observed involving the fragment at m/z = 45 along with fragments of smaller m/z values (see Figures 2c and3). Therefore, we can infer that the COOH + fragment arrives intact at the detector while the other fragment CH 3 NHCH + 2 suffers further dissociation before the detection, as discussed above. However, direct bond cleavage of sarcosine cannot explain all islands observed in the correlation map. Hence, quantum mechanical calculations, in particular ADMP ab initio molecular dynamics simulations, have been performed in order to explain the underlying fragmentation mechanisms.

We first performed a conformational study of the neutral sarcosine molecule. Sarcosine is reported to have 13 different conformers [START_REF] Headley | [END_REF][75][76][77] . Due to the high geometrical similarity between some of them, and in order to optimise the available computational resources, we have selected the ten most stable structures (see ESI: molecules S1 -S10 in Figure S1). Using these geometries as starting points, ab initio molecular dynamics calculations have been performed on the doubly-ionised species. We have identified 12 different reaction paths in the simulations (channels a-l), which have been divided into two main groups: (i) Coulomb explosion and (ii) isomerisation. Among these paths we observed a competition among Coulomb repulsion, hydrogen migration (taking place in ∼ 0 -30 fs), hydroxyl group migration (∼ 120 fs) and release of diverse neutral molecules of interest, like carbon monoxide or water. Statistics of the simulations are given in the ESI (see Figure S2). Using the density-functional theory we were able to locate minima and transition states in the potential energy surface, and thus obtain the most favorable structure and fragmentation pathways. This allowed us to build a global picture that explains the most relevant events taking place after excitation and ionisation. The mechanisms and paths obtained in the simulations, explaining the measured fragments in the experiments, are detailed as follows. We have used the following nomenclature: Reaction channels identified in the ADMP simulations are labelled with letters. Since the further fragmentation from the Coulomb Explosion implies a big number of pathways, each one has been labelled with a number. molecular dynamics simulations, especially at lower excitation energies (∼ 0.03 -1.36 eV). In six of the ten conformers, namely S1, S2, S4, S7 and S8, this is the only observed path for all considered excitation energy values. In the correlation map (Figure 2) one can observe a very intense island at 44+/45+, corresponding to the C α -C carboxylic bond cleavage:

CH 3 NHCH 2 COOH 2+ → CH 3 NHCH + 2 + COOH + , (1) 
In the experiments this is one of the most intense islands.

On the other hand, we can see other islands where the peak m/z = 45 (COOH + ) is in correlation with other species (see also Figure 3). The origin of these islands is found in the subsequent dissociation of the CH 3 NHCH + 2 fragment, occurring most probably after the first 300 fs, and therefore not observed in the molecular dynamics calculations. These processes are able to explain 

CH 3 NHCH + 2 + COOH + → CH 2 NCH + 2 + H 2 + COOH + (2)
The neighbor coincidence signal 43+/45+, with also quite high intensity (see Fig. 3), corresponds to the loss atomic hydrogen from the fragment associated to peak 44+, most probably from the N atom. Other fragmentation paths can also lead to the loss of neutral CH 4 , explaining the highlighted signal at 28+/45+, assigned to HNCH + / COOH + :

COOH + + CH 3 NHCH + 2 → COOH + + NHCH + + CH 4 (3) 
A third possibility is the direct release of radical methyl •CH 3 , leading to a significant signal 29+/45+ in the correlation map:

COOH + + CH 3 NHCH + 2 → COOH + + NHCH + 2 + •CH 3 (4) 
The stationary points (minima and transition states) in the potential energy surface corresponding to these pathways have been located and are presented in Figure 5.

The methyl radical seems to be involved in carcinogenesis 53 , since the hypermethylation of promoter regions of certain genes has been observed in human cancer 78,79 . We have also noticed that, as sarcosine and β -alanine are structural conformers, resulting fragments of the C α -C carboxylic bond cleavage are equivalent 23 . Similar to the case of β -alanine, fragmentation of the doubly-ionised sarcosine can also lead to the formation of charged ethylenimide, a cationic 3-membered ring (CH 2 NH 2 CH + 2 ) also proposed as a cell damaging agent, since it has been reported to cause degradation of DNA 80 charged ethylenimide. The latter two have been proposed as detrimental for human health and all produced with a relatively strong intensity in the fragmentation of dication sarcosine. However, while the CH 3 NHCH + 2 fragment is exposed to further fragmentation, shown in Figure 5, other mechanisms corresponding to further fragmentation of the COOH + appear at much higher energy 19 , thus contributing in much lower percentage in the correlation map.

Direct release of neutral H 2 :

In this case, the two hydrogens from the methylene group are released as molecular H 2 in a concerted mechanism with a subsequent Coulomb repulsion leading to the C α -C carboxylic bond cleavage (see Figure 4b). This exit channel produces the cationic molecular fragments CH 3 NHC + and COOH + , corresponding to the coincidence signal 42+/45+, one of the most intense islands in this spectrum.

CH 3 NHCH 2 COOH 2+ → COOH + + CH 3 NCH + + H 2 (5) 
After the release of both methylene hydrogens, an ultrafast H transfer takes place from CH 3 NHC + to CH 3 NCH + ; Figure 7 shows the corresponding energy path.

At lower energies, the simulations show, in agreement with the experiment, that Coulomb explosion is the dominant process. At higher energies, other pathways like hydrogen migration show up. These reactions depend strongly on the molecular structure. Similar conformers are more likely to present similar isomerisations, as in the case of S3 and S9, where the first hydrogen migration occurs in a similar way. The simulations describe also mechanisms responsible for very low-intensity signals in the experimental spectra, as for example the fragmentation product of pathway j in Figure 7, which explains the peak in the 1-STOP spectrum at m/z = 35.5, formed after the release of neutral H 2 O.

Some alternative reaction paths are in competition with

Coulomb explosion. They involve ultrafast H migration (∼ 30 -40 fs) as a first step, followed by other possible paths. In addition, these isomerisations are also of high relevance for subsequent reaction and fragmentation paths, arriving in some cases to the emission of neutral molecules such as H 2 , CO or H 2 O. Ultrafast double hydrogen migration has been recently reported in ethanol 82 and in acetonitrile 83 .

H migration from the amine to the carbonyl oxygen: Among the pathways involving hydrogen migration as a first step, the one exhibiting H transfer from the amine to the carboxylic oxygen of the acid is statistically the most relevant one. For example, in the third most stable conformer, S3, ∼ 18% of the total number of trajectories involve this migration. This reaction path is observed as well for conformer S9. Both isomers (S3 and S9) share a linear structure and a similar relative position between the carbonyl and the amine groups, leading to a similar interaction between them. Five different reaction paths are found starting with H migration from the amine to the ketonic oxygen (see Fig. 6). Channel d corresponds to those trajectories in which a doubly-charged geminal diol is stabilized (within the limited propagation time considered in the calculations, it does not lead to further fragmentation):

CH 3 NHCH 2 COOH 2+ → CH 3 NCH 2 C(OH) 2+ 2 (6)
In channel e, together with the first H migration, a second one takes place from the terminal methyl to the amine in a concerted mechanism; i.e. a double H migration also stabilizes a geminal diol:

CH 3 NHCH 2 COOH 2+ → CH 2 NHCH 2 C(OH) 2+ 2 (7) 
A third group of trajectories also includes a second hydrogen migration between the methylene and the amine's nitrogen, which is slower than the first one (it takes place in ∼ 100 -120 fs):

CH 3 NHCH 2 COOH 2+ → CH 3 NHCHC(OH) 2+ 2 (8) 
The forth and the fifth exit channels present multi-step character showing combined processes in the same trajectory. Path g implies emission of neutral H 2 after the H migration leading to a doubly charged fragment (m/z = 43.5):

CH 3 NHCH 2 COOH 2+ → CHNCH 2 C(OH) 2+ 2 + H 2 (9) 
In h, after the ultrafast migration of the first hydrogen, a second hydrogen migration takes place between the methylene and the carboxylic carbon and immediately thereafter, the C α -C carboxylic bond breaks into two singly-charged fragments (m/z = 42/47):

CH 3 NHCH 2 COOH 2+ → CH 3 NCH + + CH(OH) + 2 . ( 10 
)
The statistical analysis (see Figure S2 in the ESI) shows that the reaction path g has a higher relevance. In fact, for conformer S3, ∼ 10% of the total trajectories follow this path and in the case of the S9 ∼ 2%. The energy barrier leading to g is very high and, accordingly, only relevant at the highest excitation energies in the dynamics, which explains the very small abundance extracted by the 1-STOP spectrum. The doubly-charged precursor molecule gives a signal at m/z = 44.5 in the mass spectrum, while the doubly-charged fragment after emission of neutral H 2 does at m/z = 43.5. This is an m/z range in the spectra with dominant peaks associated with Coulomb explosion and we can hardly infer the presence of these species. Indeed, the peak at 43.5 is somewhat masked by the high intensity of the surrounding peaks but it seems that a weak signal can be attributed to this fragment, and therefore to those channels with H 2 emission after H transfer, confirming the occurrence of such mechanism.

The highest stability of the exit channel of path h appears to be of particular interest. However it should be taken into consideration that the transition state connecting d with h lies at higher energy than the initial vertical ionisation potential. Therefore, even though very stable, this path is kinetically hindered by such a big energetic barrier; only excitation energies larger than ∼ 2eV would overcome the barrier. The low intensity of the 42+/47+ island (Fig. 2) confirms this theoretical prediction.

H migration from the methyl to the carbonyl oxygen: The structure of conformer S6 allows for a direct interaction between the carbonyl oxygen of the carboxylic acid and the methyl group. This favours an ultrafast hydrogen transfer from the latter to form a geminal diol. The reaction pathway takes place during the first ∼ 30 fs of the simulations. Afterwards, the molecule is stabilised (see channel i in Fig. 7): (11) or undergoes a second hydrogen migration from one hydroxyl of the diol to the other leading to the emission of neutral water (channel j):

CH 3 NHCH 2 COOH 2+ → CH 2 NHCH 2 C(OH) 2+ 2
CH 3 NHCH 2 COOH 2+ → CH 2 NHCH 2 CO 2+ + H 2 O ( 12 
)
The left part of (Fig. 7) shows the most relevant points of the potential energy surface implying such H migration. Minima corresponding to diol stabilisation and transition states of paths leading to neutral H neutral or singly-charged water (being the second one much less favourable energetically):

CH 3 NCH + + CH(OH) + 2 → CH 3 NCH + + COH + + H 2 O (13) → CH 3 NCH + + COH + H 2 O + (14)
The first channel, producing fragments CH 3 NCH + , COH + and H 2 O, is found in the coincidence map signal at 29+/42+. This island has been indeed observed with relatively high intensity and, at the same time, presents a long tail (see coincidence 29+/42+ associated with the tail of the 71 2+ fragmentation in Fig. 2c), which is the typical signature of a delayed fragmentation. The time-of-flight spectrometer employed in this work is able to detect the fragmentation of meta-stable ions on a microsecond time scale. In this case, the metastable decomposition reaction is assigned to the loss of neutral water: after ultrafast H migration leading to a stable diol (structure d in Fig. 8), a high energetic barrier should be reached towards production of CH 3 NCH + + CH(OH) + 2 (transition state at 27.05 eV -pathway h in Figure 8), with a further emission of neutral H 2 O. The ki- netically unfavourable reaction due to the high barrier leads to a metastable situation in which the emission of the recorded fragments takes place in a microsecond timescale, thus explaining the tail in the spectra. We observed a similar metastable decomposition of the N-acetylglycine cation, where a tautomerisation enabled by the peptide bond produced delayed fragmentation [START_REF] Kocisek | The journal of physical chemistry[END_REF] .

OH migration: In this group we found two exit channels, both observed in the molecular dynamics simulations. In the first one, an ultrafast H migration from the methyl to the amine nitrogen is followed by Coulomb explosion, breaking the C α -C N bond, and leading to CH 2 NH + 2 + CH 2 COOH + . In the second channel, the system further evolves through an OH migration from the C carboxylic to the CH 2 leading to the emission of neutral CO (see in Figure 4c snapshots of one example trajectory producing this path):

CH 3 NHCH 2 COOH 2+ → CH 2 NH + 2 + CH 2 COOH + →(15) → CH 2 NH + 2 + CH 2 OH + + CO (16) 
Interestingly, while (15) is almost negligible in the coincidence spectrum, the channel leading to the emission of neutral CO is more relevant. This fact indicates that for longer timescales, the exit channel (15) tends to evolve into (16). been measured and analysed (see the most relevant recorded spectra in Figures 9, 10 and 11).

Stability and fragmentation of doubly ionised N,Ndimethylglycine

The main peaks in the 1-STOP spectrum are assigned as follows. The most intense peak (m/z = 58) corresponds to CH 2 N(CH 3 ) + 2 as a result of the C α -C carboxylic bond cleavage. The high intensity of this peak shows the preference of the positive charge to be hosted by the amine fragment, as in the case of singly-charged sarcosine. The signal at m/z = 28, can be explained by fragmentation processes of the most intense peak, leading to HNCH + . The evolution of CH 2 N(CH 3 ) + 2 , obtained through exploration of the potential energy surface, can also explain the detection at m/z = 42, if one considers loss of neutral CH 4 producing CH 2 NCH + 2 . Among the most relevant peaks, we also observe that corresponding to the singly-charged precursor, DMG molecule at m/z = 103. On the other hand, in the 2-STOPS spectrum, we can also see a signal at m/z = 45, most probably corresponding to the COOH + fragment originated after C α -C carboxylic bond breaking in a Coulomb explosion processes of the doubly-charged DMG. In this case, the charge is shared by the two generated fragments. Fig. 10 shows the most important peaks recorded in coincidence. One of the coincidence peaks is, as expected, the one corresponding to the C α -C carboxylic bond cleavage at 45+/58+. This cleavage is also responsible for other intense peaks due to the following fragmentation of the amine fragment. The signal at 42+/45+ corresponds to the loss of neutral CH 4 from the fragment hosting the amino group, leading to COOH + /CH 3 NCH + or COOH + /CH 2 NCH + 2 . Coincidence detection at 28+/45+ can be associated to HNCH + /COOH + . The last highlighted island at 28+/42+ can be assigned to CH 2 NCH + 2 /CO + or CH 3 NCH + /CO + , considering the fragmentation of the COOH + fragment.

The experimental results for DMG show a smaller variety of processes leading to fragmentation. To identify all the possible dissociation paths and explain the underlying fragmentation mechanisms, we have also performed molecular dynamics calculations. A first step was a conformational study of the neu- tral DMG molecule. The addition of an extra methyl group to the amine leads to an effective reduction of degrees of freedom, so, as expected, a smaller number of conformers has been found compared to sarsosine. We have identified six different conformers for the neutral DMG molecule (see Figure S3 in the ESI). For each one, we carried out 100 trajectory calculations using the same 5 values of excitation energy (see ESI). Only two different types of processes are observed in the simulations. The first one corresponds to Coulomb explosion leading to the cleavage of the C α -C carboxylic bond (see Fig. 12a). The second one, involves an ultrafast H-migration (≈ 40 fs) from one of the N-methyl groups to the carbonyl oxygen (see Fig. 12b). We detail the corresponding pathways by exploring the potential energy surface of each process separately. We have used the same nomenclature as in the sarcosine case; i.e. letters for the exit channels as identified in the dynamics and numbers for those pathways coming from further fragmentation after Coulomb Explosion.

Coulomb Explosion: The excess of charge leads to an electric repulsion that triggers the break-up of the C α -C carboxylic bond producing two charged fragments, 45+/58+:

(CH 3 ) 2 NCH 2 COOH 2+ → COOH + + (CH 3 ) 2 NCH + 2 (17)
This fragmentation pathway absolutely dominates the statistics. All the trajectories in four conformers (DMG1, DMG4, DMG5 and DMG6) follow this pathway, and for the other two conformers (DMG2 and DMG3) it clearly represents the most probable event; For the whole picture of the statistics see Figure S4 in the ESI.

Following this exit channel, we have further explored the fragmentation scheme of the amine part, as it is shown experimentally that it might experience fragmentation after Coulomb explosion. Eleven possible evolution paths are considered: Minima and transition states corresponding to the evolution in these channels can be seen in Fig. 13.

1. The first point in the PES corresponds to the fragmentation products of Coulomb explosion after C α -C carboxylic bond break (see eq. ( 17)). After this, the amine fragment starts to fragment and can follow two different paths (2 and 3):

2. The first path does not involve any loss of mass, but an isomerisation: it consists of the torsion of the C methylic -N - C methylenic angle, leading to a 3-membered cycle (labeled as 2 in Fig. 13) with a hydrogen transfer from the methyl involved in the torsion to the nitrogen.

(CH 3 ) 2 NCH + 2 → CH 3 NH CH 2 CH 2 + ( 18 
)
3. In the second pathway, new fragments are formed involving the loss of neutral CH 4 from the amine fragment.

(CH 3 ) 2 NCH + 2 → CH 2 NCH + 2 + CH 4 (19) 
The release of neutral CH 4 entails the hydrogen transfer from one of the methyl groups to the other one, leading to the CH 2 NCH + 2 charged fragment recorded in coincidence with COOH + , corresponding to the island at 42+/45+. 4. The cyclic minimum (in path 2) can evolve in three different pathways (4, 7 and 9). In pathway 4 we observe the release of neutral CH 2 leading to a fragment with m/z = 44:

CH 3 CH 2 NHCH + 2 → CH 3 NHCH + 2 + CH 2 (20) 
This path can be followed by subsequent emission of neutral fragments (paths 5 and 6).

5. Release of CH 4 from path 4:

CH 3 NHCH + 2 → HNCH + + CH 4 (21) 
leading to the coincidence detection 28+/45+, i.e. corresponding to CHNH + /COOH + (Fig. 10e).

6. Release of H 2 from path 4:

CH 3 NHCH + 2 → CH 2 NCH + 2 + H 2 (22) 
corresponding to the signal at 42+/45+; fragments CH 2 NCH + 2 /COOH + (Fig. 10d).

7. Other possibility from path 2 consists in the isomerisation of the 3-membered cycle leading to the translocation of one of the N-methylenes of the cycle to the other methylene dragging its hydrogen with it (pathway 7):

CH 3 CH 2 NHCH + 2 → CH 3 NHCHCH + 3 (23) 
This path would also lead to a signal 45+/58+ (Fig. 10c).

8. Evolution from path 7 through the migration of the amine hydrogen to the methylene methyl, leads to the release of neutral CH 4 :

CH 3 NHCHCH + 3 → CH 3 NCH + + CH 4 (24) 
that would correspond to the 42+/45+ signal, fragments CH 3 NCH + /COOH + . 9. Interestingly, the third pathway from 2 matches with the pathway that follows 3, through different transition states (being the transition state from 2 at much higher energy than the one from 3). The transposition of the N-methyl group to one of the methylene groups forms the cycle labelled as 9 in the figure: corresponding to the coincidence 45+/58+. 10. Then, from 9 the system could evolve in two different ways, one via hydrogen migration from the methyl to the amine that triggers the dissociation of the molecule leading to the release of neutral ethylene CH 2 = CH 2 (pathway 10):

CH 3 NH CH 2 CH 2 + → CH 3 CH 2 NHCH + 2 (25)
CH 3 CH 2 NHCH + 2 → CH 2 NH + 2 + CH 2 CH 2 (26) 
Signal 30+/45+ in the spectrum (Fig. 10e) , corresponding to fragments CH 2 NH + 2 /COOH + 11. And the second path from 9 that consists of the direct release of neutral H 2 (pathway 11)

CH 3 CH 2 NHCH + 2 → CH 2 CHNHCH + 2 + H 2 (27) 
Signal 45+/56+ in the spectrum, corresponding to fragments CH 2 CHNHCH + 2 /COOH + Fragments in coincidence with the one at m/z = 45 are shown in Fig. 11. The different pathways described above explained the observed ion pairs. One of the most remarkable differences between the fragmentation of DMG in comparison with sarcosine, is the behaviour in the evolution of the fragment in coincidence with COOH + after Coulomb explosion. While in the case of sarcosine, loss of atomic and molecular hydrogen are shown as quite important, peaks at m/z= 43 and 42 present much higher intensity than that at 44 in Fig. 3, in DMG the equivalent detection signals m/z = 57 and 56 are much smaller than that at 58 in Fig. 11. This points out a clear evidence of the preferential loss of hydrogen from the N atom in sarcosine, obviously not possible in DMG due to the double methylation of the N atom. In stead, in DMG the dominant signal in coincidence with the peak at 45, is that at 42 after the loss of CH 4 , being by far the dominant coincidence in the experiment (Fig. 10).

Isomerisation -H migration:

The only fragmentation pathway that appears in competition with Coulomb explosion is isomerisation of the amino acid via ultrafast hydrogen migration from one of the N-methyl groups to the carboxylic oxygen:

(CH 3 ) 2 NCH 2 COOH 2+ → N H 3 C H 2 C CH 2 C OH OH 2+ (28 
) Figure 14 shows the minima and transition states corresponding to the pathways that follow hydrogen migration. Two possible evolution pathways may take place. The first one is slightly higher in energy and involves a second H migration between the hydroxyl groups leading to the formation of singly charged water followed by the release of neutral CO (a small signal 57+/18+ was detected). The second path has the same nature but before the second hydrogen migration took place the C α -C carboxylic bond breaks (57 + /46 + ). This allows the charge to be located either in the CO (57 + /28 + ), or the H 2 O (57 + /18 + ) after the second H migration takes place. Finally, hydrogen migration from one of the hydroxyl groups to the carbon leads to formation of singly charged HCO + and neutral OH, explaining the signal 57+/29+. Note that all these islands (18+/57+, 28+/57+ and 29+/57+) are observed in the coincidence map (Fig. 11).

Concluding remarks

In this work we have presented a joint experimental and theoretical study concerning the fragmentation dynamics of excited doubly ionised N-methylglycine (sarcosine) and N, N-dimethylglycine (DMG) in the gas phase. Experimental results, obtained through the detection of multicoincidence mass spectroscopic techniques, are interpreted with the help of ab initio molecular dynamics (AIMD) simulations and density-functional theory calculations. We have been able to achieve a better understanding of the effects of ionising radiation in these two amino acid derivatives.

The main exit channel when both amino acids are doublyionised is the Coulomb explosion, with the C α -C carboxylic bond cleavage leading to COOH + and a charged amino fragment. This behaviour is common to all amino acids previously studied 4,12,[19][20][21][22][23] . This result has been confirmed with the molecular dynamics simulations, being the most probable exit channel for both amino acids, and with the exploration of the potential energy surfaces, where the mechanisms leading to these channels show a barrier-less pathway and very stable low-energy minima, also for both amino acids. In the case of sarcosine, several other fragmentation paths have been observed in competition with Coulomb explosion; Among them, hydrogen migration, along with hydroxyl migration and the release of neutral molecules like H 2 O, H 2 and CO. Hydrogen transfer has been suggested to play a role in the dissociation of protonated oligonucleotides 85 . Furthermore, the presence of hydroxyl radicals in biological tissues has been identified as one of the main factors responsible for radiation damage [86][87][88][89] .

In the case of DMG, only one path has been found to be in competition with Coulomb explosion: an ultrafast hydrogen migration from one of the N-methyl groups to the carboxylic oxygen. Analysing these results, it is concluded that the fragments resulting from the evolution of the system after Coulomb explosion dominate the experimental spectra. Thus, the greater variety of mechanisms observed in sarcosine, comes from the richness of its fragmentation in the first femtoseconds after ionization, while for DMG only the degradation of two channels are obtained.

In comparison with sarcosine, the molecular dynamics results show that DMG exhibits less fragmentation pathways, which one could be tempted to explain by a possible protective effect exerted by the extra methyl group at the amine position, limiting the evolution of the system after interaction with the ion beam. To confirm or discard this hypothesis, we can compare these findings with those previously reported for glycine in similar experiments 19 . Our results for the doubly-methylated glycine (DMG) are rather similar to those obtained for doubly-charged glycine, where, in competition with Coulomb explosion, only one alternative path was present, namely an ultrafast hydrogen migration. However, in the case of DMG, H transfer to the amino group is blocked by the double methylation, while in glycine H transfer was observed to happen towards both the carboxylic and the amine groups. When the symmetry is broken by the substitution of just one methyl group, as in sarcosine, a much more colourful palette of fragmentation patters and different migrations appear, which are in fact very similar to those previously reported for the doubly-charged β -alanine 23 , its structural functional isomer. Hence, substitution with methyl groups does not seem to induce any protective effect but rather leads to a larger variety of fragmentation processes , as in the case of single N-methylation, or to less fragmentation, as in the case of double N-methylation. This result suggests that N-methylation might be used to selectively open or close fragmentation pathways that are, respectively, absent or natural in the pristine non methylated compound.

Fig. 1

 1 Fig. 1 Experimental mass spectra for sarcosine (SMG) (a) all events, (b) 1-STOP events, (c) 2-STOPS events.

Fig. 2

 2 Fig. 2 Experimental 2D coincidence mass spectra of sarcosine. Zooms: (a) coincidence island between fragments ranging from m 1 /z 1 = 42 to 44, and fragments from m 2 /z 2 = 45 to 47. Island 44/45 corresponds to path a, and island 42/25 to path b (see Fig. 4). (b) coincidence islands between fragments ranging from m 1 /z 1 = 27 to 29, and fragments from m 2 /z 2 = 41 to 45. (c) delayed fragmentation of the doubly charged fragment 71 2+ giving the fragment ion pair 29+/42+ with the visible tail ending at the expected TOF of the 71 2+ fragment.

Fig. 3

 3 Fig. 3 Experimental mass spectra of sarcosine corresponding to the fragments detected in coincidence with the peak at m/z = 45.

  C α -C carboxylic bond cleavage: Coulomb explosion leading to the C α -C carboxylic bond cleavage (Figure 4 a) distributing the charge between the two fragments CH 3 NHCH + 2 and COOH + (m/z = 44 and 45), is the dominant mechanism observed in the

Fig. 4

 4 Fig. 4 Snapshots of the molecular dynamics simulations of doublycharged sarcosine showing the three different fragmentation paths involving as the most relevant event a Coulomb explosion: (a) C α -C carboxylic bond cleavage (b) direct release of neutral H 2 followed by C α -C carboxylic bond cleavage (c) OH migration accompanied with molecular fragmentation.

Fig. 5

 5 Fig. 5 Stationary points of the potential energy surface (PES) corresponding to fragmentation pathways of the CH 3 NHCH + 2 fragment after Coulomb explosion of sarcosine. All energies were calculated at a DFT/B3LYP 6-311++G(d,p) level of theory and are given in eV referred to the most stable neutral sarcosine conformer. This gives the experimentally measured coincidence of one ion with the fragment with m/z = 45 a.u., as shown in Fig. 3.

Fig. 6

 6 Fig. 6 Snapshots of the molecular dynamics simulations of doublycharged sarcosine showing the five different fragmentation paths involving an ultrafast hydrogen migration from the amine to the ketonic oxygen as the most relevant event.

Fig. 7

 7 Fig. 7 Potential energy surface of all observed exit channels of doubly positively charged sarcosine. All energies were calculated at a DFT/B3LYP 6-311++G(d,p) level of theory and are given in eV referred to the most stable neutral sarcosine conformer. Labels correspond to the trajectories in the molecular dynamics simulations -see Figs. 4 and 6

Fig. 8

 8 Fig. 8 Potential Energy Surface exploration of the fragmentation pathways for doubly positively charged sarcosine. We include two different possible fragmentation pathways starting from the isomer created after the N → O hydrogen migration that leads to the formation of neutral or charged H 2 O, CO or COH. All energies were calculated at a DFT/B3LYP 6-311++G(d,p) level of theory and are given in eV referred to the most stable neutral conformer.

Fig. 9

 9 Fig. 9 Experimental mass spectra of N, N-dimethylglycine (a) all events, (b) 1-STOP events, (c) 2-STOPS events.

Fig. 10 Experimental

 10 Fig. 10 Experimental 2D coincidence mass spectra of N, N-dimethylglycine. Zooms: (a) Coincidence islands between fragments with m/z = 17, 18 and m/z = 58. (b) Coincidence islands between fragments with m/z = 28, 29 and m/z = 58. (c) Coincidence islands between fragments with m/z = 44, 45 and m/z = 57, 58. Island 45/58 corresponds to path a (see Fig. 12). (d) Coincidence island between fragment with m/z = 42 and m/z = 45. (e) Coincidence islands between fragments with m/z ranging from 27 to 30, and fragments from m/z = 40 to 45.

Fig. 11

 11 Fig. 11 Experimental mass spectra of N, N-dimethylglycine corresponding to the fragments detected in coincidence with the peak at m/z = 45.

Fig. 12

 12 Fig. 12 Snapshots of the molecular dynamics simulations of doublycharged dimethylglycine showing the two different fragmentation paths observed. (a) C α -C carboxylic bond cleavage. (b) Ultrafast hydrogen migration.

Fig. 13 Potential

 13 Fig. 13 Potential Energy Surface exploration for the fragmentation pathways of doubly-charged dimethylglycine after Coulomb explosion (channel a in the dynamics). All energies were calculated at a DFT/B3LYP 6-311++G(d,p) level of theory and are given in eV referred to the most stable neutral conformer.

Fig. 14 Fragmentation

 14 Fig.14Fragmentation pathways for the doubly-charged dimethylglycine after the ultrafast hydrogen migration takes place (pathway b). All energies were calculated at a DFT/B3LYP 6-311++G(d,p) level of theory and are given in eV referred to the most stable neutral conformer.
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