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Abstract 

Specific fragmentation patterns are fingerprints that allow for unambiguous identification of 

molecules, for instance in analytical methods. To reveal and possibly control such specific 

fragmentation, it is essential to understand the physical processes involved during the activation step. 

We have performed “on-the-fly” (without trapping device) femtosecond (fs) laser activation / mass 

spectrometry experiments on gas phase protonated reserpine, a model molecular ion for analytical 

purpose, at different wavelengths and laser pulse intensities. In contrast to collision induced 

dissociation (CID) or 267 nm fs-laser activation, evidence of non-statistical fragmentation is observed 

when using 800 nm fs-laser activation. The associated mechanisms are discussed in terms of 

fragmentation induced by Coulomb repulsion after ultrafast ionization of the protonated molecule. 

Our results illustrate that the present “on-the-fly” experimental scheme can help in the understanding 

of the physics behind fs-laser activation.  
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1. Introduction 

Mass spectrometry techniques are widely used for analytical purpose of gas phase ions in the fields of 

proteomics [1], for peptide and protein characterization [2-4], DNA sequencing [5-7] and 

carbohydrates [8-12]. Based on molecular fragmentation, the analytical methods establish diagnostic 

fragmentation patterns to provide identification and structural characterization of biomolecules. 

Understanding the underlying excitation and fragmentation processes of these biomolecular ions is 

therefore of importance to manipulate, in a controlled manner, the fragmentation pathways and 

unambiguously identify biomolecular fingerprints. Based on this knowledge of molecular properties, 

new strategies or more sophisticated protocols may be elaborated to broaden the sequence coverage.  

Various activation methods [2] have been developed to diversify the accessible fragmentation 

patterns. Among them, collision induced dissociation (CID) [13] is still one of the most common and 

easiest implemented methods, often used as a reference. CID relies on collisions with a gas of inert 

atoms that gradually convert part of the kinetic energy of the molecular ions of interest into internal 

energy leading, in general, to statistical fragmentation. As a result, the observed fragments originate 

from the cleavage of the weakest bonds after intramolecular energy redistribution. Similar 

mechanisms occur also, for instance, in infrared multiple photon dissociation (IRMPD) [14] techniques 

where the vibrational internal energy increase of the ion is due to multiple photon absorption. The 

weakest bonds prominence in statistical fragmentation appears then as a limitation in the sequence 

coverage. As many building blocks may not be observed, the potential gain on the structural 

information is reduced. Moreover, with molecules of increasing size, dissociation thresholds may not 

be reached as the internal energy is shared among a larger number of degrees of freedom. To 

overcome these limitations, complementary activation methods have been developed to target 

processes that involve non-statistical fragmentation pathways. These methods include for example 

various electron based techniques such as electron capture dissociation (ECD) or electron transfer 

dissociation (ETD) [15, 16], as well as excitation based on light interaction processes such as ultraviolet 



photodissociation (UVPD) [17], high energy photon/VUV/XUV irradiation [18, 19], or intense 

femtosecond laser interaction (fs-LID) [20].  

With the advent of those activation methods, the question on the validity of the ergodic assumption 

for the observed fragmentation pathways has been raised. Non-ergodic processes frequently invoked 

to explain ECD/ETD of protonated peptide cations has been a matter of debates as various 

experimental results on peptide radical cations could be rationalized using statistical models or ab-

initio theory without invoking non-ergodic assumption [16, 21, 22]. Both statistical and non statistical 

fragmentation have been reported in UV photodissociation [23-25] and the concept of nonergodic 

molecules was probed in femtosecond laser activation experiment [26, 27].  

In the case of intense femtosecond laser interaction, a considerable amount of energy can be 

deposited in a molecule in a very short time. This especially leads to molecular ionization through the 

simultaneous absorption of more than one photons or tunnelling. The created radical may then 

fragment in a non-ergodic way, i.e., the timescale for the ultrafast bond cleavage does not allow for 

complete energy redistribution over the internal degrees of freedom of the ion. For instance, 

evidences for non-ergodic processes in mass-spectrometry experiments were observed using short 

laser pulse activation [20, 26-30]. The ultrashort activation time appears as a key parameter. It is 

suggested that the ultrafast creation of the radical cations plays a role and can induce selective 

reactions on a time scale faster that intramolecular energy redistribution. 

Experiments involving photoactivation such as in fs-LID require an efficient coupling of the 

femtosecond laser with the molecular ions source and the mass spectrometer. Electrospray ionization 

(ESI) sources represent the technique of predilection for producing and transferring a large variety of 

molecular ions in the gas phase. In the current instruments, which are mostly designed for analytical 

purpose, ion trapping devices are usually required to compensate for the low ion density, to provide 

long activation time and to perform MSn experiments. It is therefore not surprising that so far most 

photo-dissociation experiments have been conducted using ion trapping devices coupled to laser 



systems with high repetition rate, in the kHz range. The long irradiation time, typically over tens of 

milliseconds, implies that the trapped molecular ions cloud experiences interaction with more than 

one laser pulse. Thus, unless special care is undertaken, ions and subsequent fragments may be 

activated by several laser pulses. By using relatively tight laser focus, the contribution of multiple 

interactions can be held on a relatively low level and determined statistically, thanks to the mixing of 

the trap content. However, multiple interaction processes cannot be completely ruled out and difficult 

to exclude at very high repetition rate. This raises questions when it comes to elucidate the primary 

fragmentation mechanisms using for example pump-probe schemes. Therefore, investigating the 

intrinsic processes at play during the very first steps of the fragmentation necessitates to ensure that 

each ion interacts, at most, with a single laser pulse. To achieve this condition, a cross beam 

configuration between a beam of molecular ions and a laser beam, without trapping device, may be 

used. With ion velocity in the order of few tens of m/s, typical interaction region of about 100 µm and 

laser repetition rate in the kHz range this “on-the-fly” type of experiment ensures that ions interact 

only once with the laser field, disentangling this interaction from “multiple-pulses” interactions. It is 

noteworthy that the strength of on-the-fly configuration also offers the possibility to implement 

techniques that are hard to access when using a trap, such as pump-probe experiments to study, for 

instance, fragmentation dynamics, measurements in coincidence or of quantities such as electron 

emission or kinetic energy release. Nonetheless, such on-the-fly spectroscopy is still challenging with 

molecular ions as it involves the production of a selected m/z parent ions beam with sufficient density 

coupled to a sensitive detection system over a wide dynamical range even at the signal-to-noise limit. 

 



Scheme 1. Protonated reserpine [Res.H]+ (C33H40N2O9.H, m/z 609). The dash red bar indicates the O-R 

bond cleavage in the ester bridge leading to the specific fragments involved in non-ergodic 

fragmentation process: m/z 414 (coloured in purple) and m/z 195 (trimethoxybenzoyl group, 

coloured in blue). The dash black bar indicates the cleavage after the carboxyl moiety leading to 

fragment m/z 397 (see text). 

 

We have performed on-the-fly fs-laser interaction experiment by coupling a femtosecond laser with a 

triple quadrupole instrument, i.e., without trapping device, to explore fragmentation processes on 

protonated reserpine (scheme 1). Reserpine is a model molecule, extensively used as a chemical 

standard to calibrate and evaluate performances of mass spectrometers. Extracted from the root of 

Rauwolfia species, reserpine is a monoterpene indole alkaloid that has been used as drug treatment 

for hypertension with potential side effects such as depression [31, 32]. With a pentacyclic core 

structure, the total synthesis of reserpine remains challenging [33]. Yet, reserpine has been used in 

mass spectrometry mostly from an analytical point of view to assess the fragmentation patterns for 

fingerprints identification or diagnostics [34-38]. Surprisingly very little is known about the physical 

properties of this molecule related to, for example, its electronic structure or its relaxation pathways 

dynamics. 

In this work we propose to focus on the first steps of the interaction of a molecule with a single 

femtosecond laser pulse. We show that on-the-fly fs-laser interaction between protonated reserpine 

and 800 nm intense laser pulses leads to fragmentation processes triggered either by multiphoton 

ionization (MPI) or tunnel ionization (TI) depending on the considered laser intensities. The resulting 

fragmentation pathways are significantly different from the statistical ones observed in CID or by single 

photon resonant electronic excitation at 266 nm. Identification of some specific fragments sheds new 

light on the non-ergodic fragmentation occurring following fs-laser activation.  

 



2. Material and methods 

The experimental setup was based on a Xevo TQ-S micro triple-quadrupole instrument (Waters), 

modified to enable laser injection after the first quadrupole (Q1) [39] (SI Fig. S1). Reserpine 

(C33H40N2O9, m = 608 a.m.u.) purchased from Sigma-Aldrich was dissolved in MeOH:H2O 1:1, with 0.1 

% of acetic acid, at a concentration of 60 µM. The solution was injected into vacuum by ESI, generating 

molecular ions in the gas phase. The ions of interests, here protonated reserpine, were selected 

according to their mass-to-charge ratio at m/z 609 using Q1 (MS1) and mass spectra were measured 

by scanning the last quadruple (Q2, MS2). Collision induced experiments were performed with argon 

gas in the T-wave collision cell (CC) at P = 4 × 10-3 mbar, and collision energy voltage from 0 to 30 V. 

For fs-laser experiments, ion activation was performed using a femtosecond laser delivering 800 nm 

(hν = 1.55 eV), 25 fs pulses, with an energy of 2 mJ at 5 kHz. The laser beam was injected orthogonally 

to the molecular ion beam and focused at the exit of the first quadrupole using a f = 1 m focal lens 

resulting in a calculated beam diameter of 130 µm in the interaction region. At 800 nm mass spectra 

were recorded for laser intensities between 0 and 3.8 × 1014 W/cm2 (maximum energy per pulse = 640 

µJ). Additionally, pulses at 400 nm (hν = 3.1 eV) and 267 nm (hν = 4.65 eV) were produced by second- 

and third-harmonic generation (SHG and THG) from the 800 nm primary beam. Due to low conversion 

efficiency of the non-linear crystals used for SHG (about 15 %) and THG (about 2 %) mass spectra were 

recorded, after appropriate filtering, for a single energy per pulse at 400 nm (30 µJ/pulse, 1.5 × 1013 

W/cm2, 60 fs pulse duration) and at 267 nm (5 µJ/pulse, 2.8 × 1012 W/cm2, 80 fs pulse duration). The 

calculated beam diameter in the interaction region at 400 nm and 267 nm was 90 µm and 75 µm, 

respectively. Typical ion velocity was on the order of 100 m/s in the interaction region delimited by the 

laser beam diameter at the focal point. Therefore, the ions were traveling several millimetres between 

two laser pulses separated in time by 200 µs. This insures that an ion was interacting only once with 

the laser field. The overall background pressure inside the instrument was about 10-5 mbar, except 

inside the collision cell, where an argon pressure of 4 × 10-3 mbar is necessary to guide the ions with a 



good transmission efficiency toward MS2, and to perform CID. For fs-laser experiments, the collision 

energy voltage was kept to 0 V to avoid interplay between CID and fs-laser interaction signals. 

 

3. Results and discussion 

Typical CID mass spectra with collision energy voltage set to 25 V and to 0 V are presented in Fig. 1. 

They are compared to mass spectra obtained using fs-laser interaction at 267 nm (5 µJ/pulse, 

2.8 × 1012 W/cm2), 400 nm (30 µJ/pulse, 1.5 × 1013 W/cm2) and 800 nm (640 µJ/pulse, 

3.8 × 1014 W/cm2) (see also SI Fig. S3 to S6). Each spectrum is normalized to the total intensity. 

Fragmentation yields (Ifragment/Itotal) for major or specific fragments are presented in supplementary 

material (SI Table ST1).  

 

 



 

Fig. 1. Comparison of CID and fs-laser mass spectra of protonated reserpine (m/z 609). CID with 

collision energy voltage set to a) 25 V and b) 0 V, fs-laser interaction at c) 267 nm (5 µJ/pulse, 

2.8 × 1012 W/cm2), d) 400 nm (30 µJ/pulse, 1.5 × 1013 W/cm2) and e) 800 nm (640 µJ/pulse, 

3.8 × 1014 W/cm2). Insets show the fragments at m/z 413 - 414. At 800 nm intact doubly charged 

reserpine ([Res.H]●2+, m/z 304.5) is observed and marked by a double star (**). Peak of protonated 

reserpine parent ion at m/z 609 is marked by a star (*) and divided by a factor 1000 in b), c), d), e). 

 

Fragments observed in CID mass spectra as a function of collision energy (SI Fig. S7 to S9) correspond 

to those observed in the literature [37, 38]. Below 30 V collision energy voltage, the dominant 

fragments are observed at m/z 174, 195, 397 and 448 (Fig. 1a). In particular, the fragment at m/z 397 



corresponds to the bond cleavage after the carboxyl moiety (dash black bar in scheme 1), following 

nuclear rearrangements to give closed-shell products. The fragment at m/z 195, which corresponds to 

the trimethoxybenzoyl group (TMB), results from the fragmentation after the carbonyl moiety of the 

ester bridge (dash red bar in scheme 1). MSn spectra of protonated reserpine in trap have shown that 

fragments at m/z 174 and 448 are generated due to C-ring cleavage via retro Diels Alder mechanism 

[37]. Breakdown curves extracted from CID mass spectra are presented in Fig. 2, showing the branching 

ratio dependence of the different fragmentation pathways with the collision energy. As collision 

energy voltage increases, smaller fragments appear due to higher excitation energy distribution and 

possible re-excitation of precursor ions as shown by the bell shape of the breakdown curves.  

 

Fig. 2. CID breakdown curves as a function of collision energy voltage: a) for the major fragments at 

m/z 174 (light purple), 195 (TMB: light blue), 236 (red), 365 (grey), m/z 381 (orange), 397 (yellow), 

413 (green), 414 (purple), and 448 (black); b) zoom showing the fragments of interest m/z 381 

(orange), 413 (green) and 414 (purple). 



Comparison of fs-laser interaction mass spectra at 267 nm, 400 nm and 800 nm show drastic changes 

in the fragmentation pattern as a function of the laser wavelength (Fig. 1c-e). It should be recalled that 

due to conversion efficiency in the generation of the 400 nm and 267 nm radiations from the 800 nm 

primary beam, intensity cannot be keep constant while varying the wavelength. This results in intensity 

variation of up to two orders of magnitude between 267 nm and 800 nm. Electronic absorption spectra 

of reserpine in solution exhibit strong absorption between 260 and 380 nm, depending on the solvent 

[40-42]. Precisely, two absorption bands have been identified, one at λmax ≈ 295 nm (S1 state) and one 

at λmax ≈ 270 nm (S2 state) in methanol as well as in 5 N acetic acid [40, 41], while in aqueous solution 

the absorption peaks at λmax ≈ 292 and 326 nm [42]. Though absorption bands can shift significantly 

for liquid or gas phase molecules, it is nonetheless expected that single photon absorption probability 

of gas phase protonated reserpine is higher at 267nm than at 400 nm, and negligible at 800 nm. The 

fs-laser interaction mass spectrum at 267 nm presents clear fragmentation pattern with main 

fragments observed at m/z 397 and 448 (Fig. 1c). Overall, the fragmentation channels at 267 nm are 

similar to those observed in CID mass spectra, although the branching ratios are different. This suggests 

that fragmentation at this wavelength is mostly induced by statistical processes, due to resonant 

electronic excitation followed by internal conversion. Oppositely, absorption probability around 400 

nm is weak (Fig. 1d) and no significant fragmentation induced by fs-laser interaction could be observed 

at this wavelength and peak laser intensity (1.5 × 1013 W/cm2). The negligible fragment signal observed 

in the corresponding mass spectrum is attributed mostly to residual fragmentation induced by collision 

with the background gas as suggested by mass spectra recorded without laser injection and collision 

energy voltage set to 0 V (Fig. 1b). This supports the absence of a resonant state at 400 nm. Mass 

spectra at 800 nm unambiguously reveals ion signal induced by laser interaction (Fig. 1e). Due to much 

higher laser peak intensity (3.8 × 1014 W/cm2), this signal is attributed to processes involving a large 

number of photons. It is therefore noteworthy that while some fragments, as m/z 195, are observed 

as in CID or 267 nm excitation, the 800 nm fs-laser interaction mass spectra present a different pattern 

with very specific fragments (SI Fig. S3). First of all, the radical dication (m/z 304.5) obtained by 



photoionization of [Res.H]+ is observed. This indicates that ionization of protonated reserpine can 

occur, leaving the molecule intact on the observation time window (on the order of few tens of 

milliseconds). It is noticeable that peak at m/z 304.5 is not observed in CID mass spectra nor at 267 

nm. Secondly, the main fragment at m/z 414 observed in the 800 nm mass spectrum is observed with 

much lower probability in CID, which instead exhibits fragment at m/z 413 (see insets in Fig. 1 and SI 

Fig. S3). The fragment at m/z 414 corresponds exactly to the complement moiety of the TMB fragment 

(m/z 195), following cleavage of the O-R bond in the ester bridge (red bar in Scheme 1). As the 

complementary fragments at m/z 195 and 414 share the same bond cleavage, this strongly suggests 

that ionization of protonated reserpine can be followed by specific fragmentation of the radical 

dication [Res.H]●2+ (Fig. 3a). It is suggested that m/z 414 fragment results from Coulomb repulsion of 

excited reserpine dication formed by ionization. Following the ultrafast ionization of protonated 

reserpine, the created radical dication might either remain stable with a lifetime on the order of few 

tens of milliseconds or fragment via both statistical and non-statistical processes depending on the 

internal energy. The reserpine dication carries two positive charges, one at the protonation site and 

one hole. In the case of fragmentation, the two charges may be shared between the two fragments at 

m/z 195 and 414 and fragmentation could occur without nuclear rearrangement, the largest moiety 

being for instance the protonated fragment (m/z 414) while the complement moiety (m/z 195) bears 

the hole. These processes are likely to occur in dication molecules due to the strong Coulomb 

repulsion, and may occur on ultrafast timescales.  

The difference in fragmentation pathway of protonated reserpine leading to the different fragments 

at m/z 413 and 414 is proposed Fig. 3b. As fragment at m/z 414 corresponds to the O-R bond cleavage 

after the carbonyl group in the ester link, we suggest that dissociation leading to fragment at m/z 413 

results from the same bond cleavage but with an additional hydrogen migration to the carbonyl 

moiety. This process would produce two fragments with closed-shell configurations, which is 

statistically more favourable and is more likely to occur in CID because of statistical vibrational energy 

redistribution. Oppositely, fragmentation pathway leading to the fragment at m/z 414 would not imply 



closed-shell fragments and no nuclear rearrangement is necessary prior to dissociation. Therefore, 

using 800 nm intense short pulse fs-laser interaction on protonated reserpine can create radical 

species that result in different fragmentation patterns than statistically-activated protonated 

reserpine. 

 

 

Fig. 3. Proposed fragmentation pathway of protonated reserpine [Res.H]+: a) after 800 nm fs-laser 

interaction, protonated reserpine is ionized leading to reserpine dication [Res.H]●2+ . Specific 

fragments at m/z 414 and 195 induced by Coulomb repulsion originate from the cleavage of the O-R 

bond in the ester bridge. b) in CID, fragment at m/z 413 results from the same O-R bond cleavage of 

the ester bridge followed by hydrogen migration to the carbonyl moiety, represented by the green 

arrow. 

 



 

Fig. 4. Ion yield a function of peak intensity for 800 nm fs-laser pulse. Lines: power law fit Y ∝ In for 

reserpine dication (m/z 304.5, dark blue) and specific fragments at m/z 414 (purple) and 195 (light 

blue). The exponent n is related to the number of absorbed photons.  

 

In intense fs-laser field, the ionization mechanism depends on the laser wavelength and intensity as 

well as on the ionization potential of the molecule. In strong field ionization processes of atomic gas 

information on the ionization regime is provided by the value γ of the Keldysh parameter [43-45]. 

Briefly, in the weak field regime (intensity << 1014 W/cm2, γ >> 1), multiphoton ionization as well as 

above-threshold ionization are the dominant processes. The ionization yield Y increases with the laser 

intensity and typically follows a power law Y ∝ In, with the exponent n being related to the number of 

absorbed photons. In the strong field regime (intensity in the order or above 1014 W/cm2, γ << 1), the 

ionization is driven by tunneling effect and the ionization yield reaches a saturation value. In order to 

understand the underlying process involved in this current work, the evolution of the fragmentation 

yield has been recorded as a function of the laser pulse intensity for 800 nm excitation wavelength. 



The result is presented in Fig. 4 for the main fragments, for laser intensities between 3.5 × 1013 W/cm2 

and 3.8 × 1014 W/cm2. These intensities cover the range from resonant multiphoton ionization to 

tunnel ionization regime (1.4 > γ > 0.4, for IP = 8 eV). In the double-logarithmic representation of Fig. 4, 

a similar trend is observed for all the ion yields that increase with the increasing laser peak intensity. 

For intensities between 3.5 × 1013 W/cm2 and 1.2 × 1014 W/cm2, the increase of the ion yields follows 

a power law as shown for the dication (m/z 304.5, n = 3.1 ± 0.1), fragments at m/z 195 (n = 3.1 ± 0.8) 

and 414 (n = 3.2 ± 0.3). Above 1.2 × 1014 W/cm2, the ion yields deviate from the power law toward a 

saturation value which indicates that focal volume and tunnelling effects start to become non-

negligible [30, 43]. This laser intensity dependence suggests that a transition from MPI to TI processes 

is indeed observed in the intensity range considered in this work. It is noteworthy that in this laser 

intensity range, ionization of protonated reserpine occurs and could lead to non-ergodic 

fragmentation. This is in line with the idea that ultrafast ionization is one of the key parameters that 

could trigger specific fragmentation. 

To our knowledge, the ionization potential of protonated reserpine has neither been measured nor 

calculated. It is expected to lie above the IP = 7.88 eV of the neutral reserpine [46] due to Coulombic 

effect of the added proton and/or structure modification, this was for instance observed in the case of 

polypeptides [47, 48]. In 800 nm multiphoton ionization, at least 5 photons would be required to reach 

this ionization potential (5 × hν = 7.75 eV ~ 7.88 eV). However, the number of photons (3 to 4) 

extracted from the slope of the reserpine dication m/z 304.5 is lower. This is a characteristic signature 

of the existence of an intermediate electronic state lying below the IP, such excited electronic states 

being resonant with a multiple of the fundamental 800 nm photon energy. Consequently, the 

production of reserpine dication at 800 nm may be influenced by resonance-enhanced multiphoton 

ionization (REMPI). In that case, the number of photons deduced from the slope of the dication yield 

in Fig. 4 would reflect the probability to excite the intermediate state from the ground state (S0) 

followed by a transition to the continuum. This is consistent with the absorption band at λmax ≈ 270 

nm, which may be resonant with three photons absorption at 800 nm. This suggests that the 



intermediate state plays a role in both 267 nm and 800 nm excitation of protonated reserpine, 

involving one 267 nm photon (hν = 4.65 eV formed by third-harmonic generation) or three 800nm 

photons (hν = 1.55 eV). At 800 nm, due to higher intensity, this resonant intermediate electronic state 

would be populated by 3 photon absorption (3 × hν = 4.65 eV), immediately followed by the absorption 

of at least two or three photons (2 × hν = 3.1 eV) to reach the ionization potential of the protonated 

reserpine from the intermediate excited state (4.65 + 3.1 = 7.75 eV ~ IP) (see Fig. 5). Therefore, the 

power law exponents in the low intensity range strongly support the assumption of an intermediate 

excited electronic state involved in the ionization process.  

 

 

Fig. 5. Schematic interpretation of protonated reserpine [Res.H]+ excitation at 800 nm (MPI) and 

267 nm (single photon absorption). Interaction at 400 nm is off resonance leading to no 

fragmentation at the considered laser intensity. 

 



The major fragment at m/z 414 appears to be specific to 800 nm fs-laser activation method, while it is 

almost negligible with CID method. However, the fragment at m/z 413, which differs by only one 

a.m.u., is observed with substantial intensity in both mass spectra. It is therefore noticeable that the 

yield ratio R = Y414/Y413 ~3.3 is nearly independent of laser intensity in the 800 nm experiments while 

it is inverted and changes drastically with collision energy in CID (see green and purple curves in Fig. 2 

and 4). From the ion yield evolution of fragments at m/z 195 and 414 in Fig. 4, the same apparent 

number of photons (n≈3) is required to induce fragmentation as to ionize the protonated reserpine. 

This suggests that the fragmentation pathway of protonated reserpine that leads to fragment m/z 414 

cannot be explained by statistical excitation of the molecule, as it would be the case in CID, and 

supports the proposed fragmentation scheme of Fig. 3. In laser interaction at 266 nm and in the MPI 

regime at 800 nm, due to the excitation of the intermediate resonant state, the probability to ionize 

or to dissociate protonated reserpine is determined by the probability to absorb extra photons from 

this excited state. While the intermediate state is involved in both 266 nm and 800 nm excitations, the 

intensity-driven single- versus multiphoton process leads to different fragmentation pathways. At 266 

nm, no supplementary absorption from the excited state is observed and internal vibrational energy 

redistribution from the intermediate state induces statistical fragmentation. At 800 nm, ionization 

occurs because of additional photon absorption from the intermediate state, and is eventually 

followed by non-ergodic fragmentation. The implication of the intermediate state in the fragmentation 

of protonated reserpine mays also explain the absence of fragmentation observed at 400 nm (hν = 3.1 

eV) with laser intensity too low to reach the multiphoton regime.  

Regarding fragmentation at 800 nm, it is noteworthy that the mass spectrum does not show strong 

variations within the intensity range of this study. The low ion yield values in Fig. 4 and their evolution 

as a function of laser intensity support the interpretation that fragments are generated mostly from 

the dication and not from the monocation.  

 



4. Conclusions 

Mass spectra of protonated reserpine were obtained using on-the-fly fs-laser/MS experiment at 

267 nm, 400 nm and 800 nm and compared with CID activation method. In contrast to experiments 

based on ion trapping devices, the on-the-fly experimental configuration may favour elucidation of the 

primary molecular processes involved in the fragmentation mechanisms by allowing, for example, 

dynamics measurements in pump-probe experiments. Mass spectra at 800 nm fs-laser interaction 

exhibits very specific fragmentation patterns as well as ionization of the protonated reserpine over a 

wide range of laser intensities. Activation at 267 nm leads to fragments similar to CID while negligible 

fragmentation induced by 400 nm fs-laser interaction is observed at the considered laser intensity. The 

specific fragment m/z 414 observed at 800 nm fs-laser activation is interpreted as due to non-ergodic 

process triggered by the ultrafast ionization of the protonated reserpine. This ionization can be 

initiated either by multiphoton or tunnel ionization. Due to the ultrafast increase of the charge, the 

formed radical dication can fragment through different major channels that differ and may occur much 

more rapidly than those observed by statistical energy redistribution processes as in CID or 267 nm 

activation. Interpretation of the results involves the excitation of an intermediate resonant state of 

protonated reserpine for both 267 nm and 800 nm activation. At the considered laser intensity, single 

photon absorption at 267 nm preferentially leads to internal energy redistribution while at 800 nm the 

excited state acts as an intermediate state in the multiphoton ionization process. This single vs many 

photon aspect suggests that different fragmentation patterns may be laser-intensity-driven. These 

results could contribute to comprehend the mechanisms involved in analytical methods based on short 

intense laser interaction. The key point is related to the ultrafast ionization of the protonated molecule 

that unveils new fragmentation channels due to the Coulomb repulsion between the proton site and 

the extra-created charge. By understanding the underlying mechanisms involved in such activation 

methods, specific fragmentation channels may be controlled to help unravelling molecular fingerprints 

for analytical purpose. These results illustrate the use of ultrafast processes to control bond cleavages 

in the goal of unambiguously elucidate the molecular structures. Beside the analytical interest, the 



observation of such specific fragmentation also offers the possibility to study the dynamics of the 

involved excited states. This kind of studies could unequivocally provide conclusion on the non-ergodic 

nature of the involved processes and may be of help towards a better understanding of reserpine 

interactions such as oxidation [35] or in drug receptor mechanism via charge transfer [40]. 
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