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Abstract 

The dynamics of the electronically excited pyruvic acid (PA) and of its unimolecular 

decomposition upon single photon ionization are investigated by means of a table top fs laser and VUV 

synchrotron radiation. The latter is coupled with photo-ion/photo-electron coincidence acquisition 

devices that allow the identification of the ionic products coming from state-to-state fragmentation upon 

ionisation. The fs-based setup provides time-resolved mass spectra with 266 nm (= 4.661 eV) excitation 

and 800 nm multiphoton probe. For interpretation, we carried out theoretical computations using a 

composite scheme combining density functional theory full molecular geometry optimisation and post-

Hartree-Fock corrections inclusion. We therefore determined the neutral and ionic species formed 

during these experiments and the corresponding dissociation channels. Although several PA isomers are 

found, we show that solely the most stable isomer of PA (i.e. Tc) is present in the molecular beam prior 

to ionisation. We determined its adiabatic ionisation energy (AIE = 10.031 ± 0.005 eV). The 

fragmentation of the Tc+ ion occurs ~0.4 eV above threshold and it is dominated by the CC bond 

breaking channel forming HOCO fragment in conjunction with CH3CO+ ion. The CO2 decarboxylation 

of Tc+ channels have a minor contribution although they are more favourable thermodynamically. These 

findings are in contrast with the dominance of decarboxylation while fragmenting Tc populated in the 

S1-S3 states. For explanation, we invoke an indirect process populating first a short lived autoionising 

neutral state located in energy at the HOCO + CH3CO+ dissociation limit. Later on, fragmentation occurs 

followed by autoionisation. On the other hand, the fs-based experiment does not reveal any appreciable 

dynamics for Tc isomer of PA after a 266 nm excitation because of non-favourable Franck-Condon 

factors at this energy. In sum, our work highlights the importance of the couplings between the parent 

ion vibrational modes and the dissociative channels in the vicinity of the loss ionic fragmentation 

thresholds. 
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I. Introduction 

Pyruvic acid (CH3CO-COOH, PA) is important for life chemistry. For instance, it is an 

important molecule for metabolism as it is involved in the energy production from glucose, where its 

anion, formed by sugar glycolysis, is further used with nicotinamide adenine dinucleotide (NAD+) to 

generate Acetyl-CoEnzyme A and NADH through the loss of CO2. 1 Besides, PA is involved in 

atmospheric chemistry, where it is identified as part of atmospheric aerosols, rains and in the gas phase. 
2,3 It is emitted directly by animals and plants and produced by the oxidation of Volatile Organic 

Compounds. 4 It plays a key role as intermediate in keto-acid reactions, as product of oxidation of cresols 

and of isoprene and of secondary organic aerosols (SOA). 2,3,5,6 It is also formed after reactions between 

OH and hydrated methylgloxal and between O3 and methyl vinyl ketone. 7,8 Moreover, although PA has 

not yet been reported in the interstellar medium, its possible formation in cold molecular clouds and 

star-forming regions was recently raised by Kaiser and co-workers, who showed that PA can be 

efficiently produced through the cosmic rays driven barrier less reactions between HOCO and CH3CO 

radicals in ices of acetaldehyde and carbon dioxide miming interstellar conditions. 9 It should be noted 

that the search of PA in astrophysical media is a very active field. This is based on the numerous 

available accurate data for this species including its rotational and vibrational spectroscopic parameters, 

where several isomers, conformers and tautomers were investigated. Experimentally, these data are 

acquired through the analysis of the corresponding microwave (µw) and infrared (IR) spectra of these 

species either isolated or trapped in cold matrices. 10,11,12,13,14,15,16,17,18,19 These works are complemented 

by theoretical computations at density functional theory (DFT) and post Hartree-Fock configuration 

interactions levels. 16,19,20,21,22,23,24,25,26  

The electronic structure of PA is known through the analysis of its UV-VIS spectrum and 

theoretical computations. 27,28,29,30 These works located the adiabatic energy for the S0-S1 transition at 

3.31 eV and the vertical excitation energies of the S0-S2 and the S0-S3 transitions at 5.60 eV and 7.00 

eV, respectively. Also, previous studies showed that electronically excited PA undergoes a complex 

chemistry. Indeed, the photochemistry of isolated gas phase PA or in atmospheric conditions, has a 

peculiar reaction dynamics dominated by photo-dissociation forming CO2 and other fragments. 
24,27,29,31,32,33,34,35,36,37,38,39 In the troposphere, solar radiation photolysis of PA is, for instance, the dominant 

destruction process of this acid rather than its reactions with free radicals such as OH. 40 Experimentally, 

the photochemistry of PA has been studied either by photon excitation at λ~320-380 nm (= 3.26 - 3.87 

eV) or at λ~193 nm (= 6.42 eV). At λ~320-380 nm, the photon absorption populates predominantly the 

S1 state, which evolves mainly by the ejection of a CO2 molecule and the formation of 

methylhydroxycarbene radical, which isomerizes to give acetaldehyde. 24,27,30,35 Therefore, it was 

suggested that the primary process in the photolysis is a concerted hydrogen transfer and carbon-carbon 

bond cleavage to produce CO2 and the methylhydroxycarbene radical, with the latter then rearranging 

to give CH3CHO. This is confirmed theoretically. 31,34,37 For instance, Chang et al. 31 investigated the 

mechanistic photodecarboxylation of PA in the S0, T1, and S1 states. Through the analysis of the potential 
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energy surfaces of these electronic states generated at the complete active space self-consistent field and 

its multi-state second order perturbation methods, these authors showed that the triplet state is located 

slightly below S1 at the equilibrium geometry of S0 and that this molecular system is characterized by a 

three-state intersection, where a S0/S1 conical intersection and a S1/T1 and S0/T1 intersystem crossings 

are located at the same nuclear configuration. This potential energy region is crucial for the 

photodecarboxylation and it is reached after tautomerism on the S1 state, where the hydrogen transfer 

occurs at least partially by tunnelling, in competition with the S1-T1 spin-orbit conversion at their 

crossing. Moreover, it was shown that a comparable Norrish type I reaction takes place in the T1 state, 

which forms the ground-state products of CH3CO and HOCO. This channel is minor and accounts for < 

3% branching ratio (BR). Besides, experimental and theoretical PA conformer-specific photolysis 

results revealed that PA most stable conformer dominates the gas-phase PA photolysis. 24 At shorter 

wavelengths (λ~193 nm), the S3 state is populated and the dissociation on this electronic state is fast. 

The subsequent fragmentation leads to CO2, CO, H, OH, HCO, HOCO, CH2CO, CH3CO, and CH3 in 

addition to minor products such as acetaldehyde and vinyl alcohol photoproducts and HCO, H2CO, and 

CH4 products arising from their unimolecular dissociation. 41,42 At this excitation energy, the 

decarboxylation terminating in CO2 + other primary products remains a dominant channel, whereas its 

BR is reduced to ∼50% while the Norrish type I dissociation BR is increased to ∼30% and the O-H and 

C-H bond breaking reactions generating the H atom accounts for ∼10%. 42 The OH formation involves 

internal conversion and intersystem crossing from the initially populated S3 state to T1 state followed by 

the dissociation from T1. This is supported by ab initio calculations on PA excited electronic states as 

carried out at the configuration interaction with single electronic excitation level in conjunction with the 

6-311G(d,p) basis set. 41 Nevertheless, the other photoproducts are found to be formed by rapid three-

body fragmentation processes. 

Although the neutral PA molecule was largely treated in the literature, this is not the case for its 

cation despite its likely relevance in an astrophysical context, where cosmic radiations lead to ionisation 

and ionisation induced fragmentations that reduced the possibilities for space regions where the neutral 

molecules can be formed and detected. Back in 1975, McGlynn and Meeks 43 recorded the photoelectron 

spectrum (PES) of PA. They determined the adiabatic ionisation energy (AIE) of PA as 10.1 ± 0.1 eV 

as the transition populating the D0 cationic state from the neutral. The vertical ionization energies (VIEs) 

of D0, D1, D2, D3, D4, D5, D6 and D7 cationic states are located at 10.42, 12.31, 12.42, 13.79, 15.16, 

15.64, 16.63 and 17.59, all values in eV. Based on semi-empirical Complete Neglect of Differential 

Overlap (CNDO) computations, they tentatively assigned the population of the corresponding PES 

bands to the ejection of an electron from the n+, π-, n-, π+ and π+ outermost molecular orbitals (MOs). In 

1976, Lossing and Traeger 44 showed that PA cation decomposes to give an ionic fragment with m/z 44 

where an appearance energy (AE) > 10.4 eV was measured using energy-selected electrons. Instead, an 

AE of 10.7 ± 0.2 eV was determined by Terlouw et al., 45 in fair agreement with previous value. In 1991, 

Holmes et al. 46 determined an AE of 10.28 eV for the PA  CHO2
+ +C2H3O fragmentation. Besides, it 
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is worth citing the recent work by Grygoryeva et al. 47 who studied isolated (PA)n clusters and clusters 

deposited on large water clusters (ice nanoparticles) (PA)n(H2O)m, where they followed their 

photochemistry after either 70 eV electron impact ionization or 193 nm UV photoionization and showed 

that they exhibit a different chemistry when compared to isolated gas phase PA cations. 

 

 

Figure 1: left: Scheme of the experimental setup at Synchrotron SOLEIL, on beamline DESIRS, 

mounted with the i2PEPICO spectrometer DELICIOUS3; (Right) Scheme of the TR-MS experimental 

setup located at Université Paris-Saclay/ ISMO.  

 

Here, we present an experimental investigation of the dynamics of the photo-induced 

decarboxylation of neutral PA at short timescales and PA unimolecular fragmentation dynamics upon 

photoionization, with a special focus on the CO2 emission channels. These experiments are performed 

using the VUV DESIRS beamline at the synchrotron SOLEIL 48 and using a table top fs laser coupled 

with a NOPA (Figure 1). Time resolved relaxation dynamics of the first excited state will be shown. The 

identification of the products is done using Velocity Map Imaging (VMI) based coincidence detectors. 

For the PA cation, we aim at identifying all the fragmentation channels appearing from the AIE (= 10.1 

± 0.1 eV) up to 12.5 eV with respect to the neutral ground state. Ion recoil energies analyses allowed us 

to discriminate fragmentation pathways and disentangle the contribution of PA monomers from those 

issued from PA clusters decomposition. These experimental studies are complemented by advanced 

theoretical computations on the electronic structure of the monomer, either neutral or ionized and on the 

ionic fragmentation channels. For instance, we mapped the corresponding multidimensional potential 

energy surfaces in the Franck-Condon region accessed from PA ground state, close to the dissociation 

asymptotes and along the intramolecular isomerization and fragmentation pathways. Thus, we identify 

the main reaction pathways mandatory for the in-depth interpretation of the experimental data. 49,50,51,52  

 

II. Methodologies 

a. VUV single photon ionisation 

The VUV single photon ionisation of PA was performed at the DESIRS beamline of the French 

synchrotron SOLEIL. 53 Briefly, the light is produced by an electromagnetic undulator and the high 
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harmonics removed via a gas filter filled with Ar before being dispersed by a monochromator equipped 

with a 200 grooves/mm normal incidence grating, which was set to deliver a photon energy resolution 

of 0.72 Å. The energy scale was absolutely calibrated to a precision of 2 meV using the 5s and 5s’ Ar 

absorption lines from the gas filter. 

PA was purchased from Sigma-Aldrich with a purity > 98%. No further purification was done. 

This sample was placed into an in-vacuum oven and kept at room temperature (body/nozzle). A 

molecular jet-cooled PA is prepared using the PA vapour after expansion through a 100 µm pinhole 

using 0.5 bars of He as carrier gas and going through two consecutive skimmers (1 mm and 2 mm 

diameter) before being ionized by the VUV light. The emitted photoelectrons and photoions were 

recorded using the double imaging photoelectron-photoion coincidence (i2PEPICO) DELICIOUS3 

spectrometer, 54 which is composed of a VMI electron analyzer 55 and a photoion momentum imager 

operated in coincidence, so that the photoelectron images can be tagged by the ion mass and translational 

energy (see Figure 1-left). The latter allows the separation of direct and dissociative ionization processes 

for a given mass (critical to avoid cluster fragmentation), and a much better estimation of the appearance 

energy and barrier height of a given fragmentation channel. At each photon energy, the ion kinetic 

energy release distribution (KERD) is measured simultaneously. 

Ionization processes at play are also monitored by applying the slow photoelectron spectroscopy 

(SPES) approach 56 that allows to elucidate the ionization dynamics of autoionizing states. 57 Shortly, 

for each mass of interest, the corresponding VMI electron images are inverted by mean of the pBASEX 

method 58 with its improved version for low signal. 59 The method furnishes both the photoelectron 

energy distribution that generates the collected image, and anisotropy distribution provided that a single 

photon ionization by a linear polarized light, in the plane of the detector, is in action.  

The SPES approach consists in projecting the energy of a band to its expected apparition 

threshold, and averaging the result of each projection when tuning the photon energy. The main 

parameter for an SPES spectrum is the maximum kinetic energy of photoelectrons considered for the 

projection. In the following, we will focus on SPES limited to 50 meV or 800 meV kinetic energy 

photoelectrons. Hereafter, the resulting spectra will be called "P0" when applied to the total energy 

distribution. Besides and since non-zero energy photoelectrons are considered, it is also possible to 

provide information in the anisotropy of this emerging band, averaged on the energy range selected for 

the SPES spectrum. The previous procedure is applied to the anisotropy distribution matrix, which is 

the product of "P0" by β2 (known as the anisotropy parameter). In the following, the resulting spectrum 

is denoted "P2". 

 

b. fs-spectroscopy  

The femtosecond relaxation dynamics of PA at 266 nm (= 4.661 eV) was investigated using 

time resolved mass spectrometry (TR-MS) experiment. Briefly, a Coherent Legend Elite laser providing 

35 fs, 800 nm, 3 kHz pulses with a maximum energy of 4.5 mJ per pulse is used for the pump and probe 



7 

 

scheme. For the current experiment, a total of 2.5 mJ per pulse is used, with 1 mJ being used as the 800 

nm (=1.5498 eV) probe pulse. The remaining 1.5 mJ is frequency doubled and mixed to provide 160 µJ 

at 266 nm used as the pump pulse for the excitation of PA. The relative delay between the pump and the 

probe pulses is controlled by a delay-line. 

The experimental molecular beam and Time-Of-Flight (TOF) ion spectrometer setup were 

described previously. 60 Here, the source was adapted to 3 kHz repetition rate laser by using a continuous 

supersonic expansion with a 100 µm nozzle. The PA sample was introduced in a flask in which 1 bar of 

helium was bubbling before the expansion. The laser interaction region is separated from the source by 

a 1 mm skimmer (see Figure 1-right). Only TR-MS is reported here because of the presence of a 

significant amount of multimers in the molecular beam that prevents the measurement of photoelectron 

spectra without coincidence, as done with the synchrotron experiment. 

The UV pump and IR probe pulses are both focused into the interaction region of the TOF mass 

spectrometer where they excite and ionize a molecular beam of PA, their intensity being tuned by 

moving the lens toward the propagation axis. The multiphoton 800 nm probe ionizes the excited PA 

molecules in a [1 + ≥4’] scheme. Afterwards, the emitted ions are extracted in the TOF mass 

spectrometer, whose resolution is 465 at m/z 88. The signal issued from the anode placed behind the 

microchannel plates is collected with an oscilloscope and averaged for 5000 laser shots at each time 

delay. The experiments are reproduced at least 3 times. All data presented are corrected for the sum of 

the pump-alone and probe-alone signal.  

 

c. Theoretical computations 

We started our computations by determining the equilibrium structures of neutral and ionic PA 

isomers and the fragments of PA+ using the density functional PBE0 61 as implemented in GAUSSIAN 

16, 62 where the atoms are described using the aug-cc-pVDZ basis set. 63,64 These complete geometric 

optimizations were carried out in the point group C1. The minimal character of these stationary points 

is checked after calculations of harmonic frequencies (all frequencies are positive).  

For more accurate energetics, we adopted a PBE0/aug-cc-pVDZ (opt)//(R)CCSD(T)-F12(b)/cc-

pVTZ-F12 (+∆CV+∆SR+∆ZPVE) composite scheme. 49 These computations consist of a series of single 

point computations on the PBE0/aug-cc-pVDZ optimized structures using post Hartree-Fock 

methodologies as implemented in MOLPRO 2015. 65 We also consider the ∆CV (i.e. the core-valence), 

the ∆SR (i.e. the scalar relativistic) and the ∆ZPVE (i.e. the zero-point vibrational energy) corrections. 

For instance, we carried out single point calculations using the coupled cluster explicitly correlated with 

single, double and perturbative treatment of triple excitations ((R)CCSD(T)-F12) (approximation b), 
66,67,68,69 where the atoms are described with the cc-pVTZ-F12 basis set together with the corresponding 

resolutions of the identity and density fittings functions. 70,71 ∆CV is evaluated as the difference between 

(R)CCSD(T)/cc-pwCVTZ 72,73 energies with and without considering core electron correlation. The ∆SR 
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scalar relativistic correction is deduced as the difference between (R)CCSD(T)/cc-pVTZ-DK 74,75,76 and 

(R)CCSD(T)/cc-pVTZ energies. ∆ZPVE is obtained at the PBE0/aug-cc-pVDZ level. In a series of 

previous benchmarks and comparisons with experimental results, we have shown that the presently 

adopted composite scheme allows the accurate derivation of adiabatic ionization energies and of 

appearance energies of small and medium-sized molecular systems (within ± 0.005 eV). 50,51,52 

In addition to the electronic ground states investigations, we carried out electronic calculations 

of the electronic excited states in the Cs point group. We considered the lowest doublet states of the 

cation of the most stable form of PA. These calculations are done at the equilibrium geometry of the 

corresponding neutral species using the state-averaged Complete Active Space Self Consistent Field 

(SA-CASSCF) approach 77,78 followed by the explicitly correlated, internally contracted Multi Reference 

Configuration Interaction (MRCI-F12) technique 79,80,81 as implemented in MOLPRO 2015. At 

CASSCF, the active space was constructed by considering the 16 a′ - 22 a″, 2a″ and 7a″ MOs as active. 

The core orbitals and first valence orbitals (up to 15a′ and 1a″) were kept as closed orbitals. At MRCI-

F12, all configurations with coefficients greater than 0.05 in the CI expansion of the CASSCF wave 

functions were used as a reference. Per Cs symmetry, four doublet states were requested. Atoms have 

been described using the aug-cc-pVDZ basis set. The accuracy of the relative energies of the electronic 

states computed at this level of theory should be 0.05 eV. 49 

 

III. Results and discussion 
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Figure 2: Stable forms of pyruvic acid and of its cation found in the present work. We give their 

denomination used and their relative energies (Er in eV), as computed at the PBE0/aug-cc-pVDZ (opt) 

// (R)CCSD(T)-F12 /cc-pVTZ-F12 +∆CV+∆SR+∆ZPVE (SP) level, with respect to the Tc conformer 

for neutrals and with respect to the Tc+ isomer for cations. Cf. Tables S1-S3 of the supplementary 

material for more details. For Tc and Tc+, we give the numbering of the atoms as used in the present 

study. 

 

PA neutral species were investigated previously using DFT approaches or by CCSD(T) or 

CCSD(T)-F12 techniques in conjunction with large basis sets, some of them extrapolated to the 

complete basis set limit (CBS) targeting the determination of accurate rotational and vibrational data of 

PA conformers and tautomers to help their identification in atmospheric and astrophysical media. 
16,19,20,21,22,23,24,25,26,34 These works characterised 4 keto-acid forms (denoted Tc, Tt, Ct, Cc) and 4 enol-

acid tautomers (denoted enolPACc, enolPATc, enolPATt, enolPACt). Here, we carried out PBE0/aug-

cc-pVDZ optimisations which confirm the minimal structure of these isomers. They are displayed in 

Figure 2. Afterwards, we carried out CCSD(T)-F12 /cc-pVTZ-F12 +∆CV+∆SR+∆ZPVE (SP)) single 

point computations at the corresponding PBE0/aug-cc-pVDZ optimised structure to deduce accurately 

the relative energies of these isomers. As previously established, Tc is the most stable form followed up 

in energy by Tt and then Ct at 0.110 eV and 0.178 eV, respectively. The other forms are lying > 0.2 eV 
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with respect to Tc. These relative energies and ordering are consistent with those previously computed. 

In particular, they differ by less than 0.002 eV from the relative energies computed by Barone et al. 21 

for the keto-acid species using the B2PLYP/aug-cc-pVTZ//CCSD(T)/CBS+CV composite scheme.  

Using the neutral minimal structures as a starting point, we searched for PA cationic stable 

isomers. Upon full optimisations, we found only 5 stable forms in the ground potential energy surface 

of PA+. They are displayed in Figure 2, where they are denoted as Tc+, Tt+, enolPACc+, enolPATc+ and 

enolPACt+. The two former ones are keto-acid compounds similar to Tc and Tt neutrals and the three 

others are singly charged ions of enolPACc, enolPATc and enolPACt. At the PBE0/aug-cc-pVDZ (opt) 

// RCCSD(T)-F12 /cc-pVTZ-F12 +∆CV+∆SR+∆ZPVE (SP) level, the most stable cationic form is 

enolPACc+, followed in energy by enolPATc+, Tt+, Tc+ and enolPACt+ at 0.092, 0.324, 0.348 and 0.371 

eV respectively.  

Barone et al. 21 computed the following potential barriers: Tc  Tt : 0.602 eV and Tt  Ct : 

0.224 eV. For the methyl internal rotation, potential barriers of 0.042 eV, 0.049 eV, 0.067 eV and 0.106 

eV were determined for Tc, Tt, Ct and Cc, respectively. 10,22 These barriers are relatively high to allow 

these conversions given the actual experimental conditions. Indeed, at present, gas phase PA molecules 

are seeded in a cooled molecular beam, with translational temperatures of T ~ 110 K as extracted from 

the KERD of the parent molecule (see Figure S1 of the supplementary material), although internal 

energies are measured higher (see further down), close to 280K due to the imperfect cooling of vibrations 

in the molecular beam. Nevertheless, we expect the dominant formation of the Tc isomer in the gas 

phase prior to interaction with light either in the single photon VUV ionisation or in the fs pump-probe 

experiments, excluding thus the contribution of the less stable isomers and tautomers of Tc in the present 

experiments. From now on, we will only consider the contribution from Tc most stable species.  

 

  

(4a″) (18a′) 

  

(19a′) (5a″) 

Figure 3: Outermost molecular orbitals of the Tc conformer of PA as computed at the CASSCF/aug-

cc-pVDZ level. 
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Table 1: Vertical ionisation energies (VIE in eV) and dominant electronic configurations of the lowest-

lying electronic states of Tc+ cation at the Tc ground state equilibrium geometry. These energies are 

given with respect to Tc (X1A′) energy at equilibrium. 

State  Electronic configuration VIE 

  This work a) Ref. 43 b) 

D0 / X2A′ (0.89) (4a″)2(18a′)2(19a′)1 10.628 10.42 

D1 / 12A″ (0.94) (4a″)2(18a′)1(19a′)1(5a″)1 12.626 12.31 

D2 / 22A′ (0.86) (4a″)2(18a′)1(19a′)2 12.725 12.42 

D3 / 22A″ (0.91) (4a″)1(18a′)2(19a′)2 14.103 13.79 

a) CASSCF/MRCI-F12/aug-cc-pVDZ calculations. 

b) PES spectrum. 

 

In the 9-12.5 eV energy range, the PES spectrum is composed of 2 large bands. 43 McGlynn and 

Meeks tentatively assigned the first band to the PA+ +e-  PA + hν photoionisation transition, where 

both species are in their electronic ground states. In view of our calculations, we exclusively identify 

the contribution of the Tc isomer to the PES of McGlynn and Meeks in spite that it was measured using 

an effusive jet at room temperature. Table 1 shows that the ground state of Tc+ is obtained by removal 

of an electron from the HOMO, which corresponds to the 19a′ oxygen lone pair of the ketone (Figure 

3) as noticed by McGlynn and Meeks. Moreover, these authors assigned the second PES band to the 

population of the D1 and D2 states, whose vertical ionisation energies  are computed at 12.626 eV and 

12.725 eV (Table 1) at the CASSCF/MRCI-F12/aug-cc-pVDZ level, confirming thus such assignment. 

Nevertheless, our CASSCF/MRCI-F12 computations show that the electronic structure of D1 (12A″) and 

D2 (22A′) cannot be accounted by simple considerations as proposed by McGlynn and Meeks based on 

CNDO. Indeed, inspection of the electronic configurations of these two cationic states reveals that their 

wavefunctions are dominantly described by the (4a″)2(18a′)1(19a′)1(5a″)1 and (4a″)2(18a′)1(19a′)2 

configurations in the Franck-Condon region accessed from Tc (X1A′). Accordingly, the D1 state is 

obtained by the ejection of an electron from the 18a′ MO with simultaneous electron promotion from 

the 19a′ MO into the vacant 5a″ MO. Since both states are close in energy, they form a conical 

intersection at which they interact vibronically. This results in the congestion of the spectrum consistent 

with a large band as observed experimentally and may complicate the dynamics of Tc+ ions at these 

energies. 
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Figure 4: P0 (upper trace) and P2 (lower trace) spectra of Tc taking into account all photoelectrons with 

kinetic energies between 0 and 800 meV. The black vertical combs correspond to the adiabatic ionization 

energies of PA species as computed at the PBE0/aug-cc-pVDZ (opt) // (R)CCSD(T)-F12 /cc-pVTZ-F12 

+ ∆CV+∆SR+∆ZPVE (SP) level (Table 2). (I), (II) and (III) correspond to the three spectral regions 

discussed in the text. 

 

Table 2: Adiabatic ionization energies (AIE in eV) of pyruvic acid species. ΔZPE (in eV) is evaluated 

at the PBE0/aug-cc-pVDZ level using the corresponding anharmonic frequencies. ΔCV and ΔSR are for 

core valence and scalar relativistic effects. See Table S1-S3 for more details. 

Method Tc Tt enolPACc enolPATc enolPACt 

PBE0/aug-cc-pVDZ (opt) // 

(R)CCSD(T)-F12 / 

cc-pVTZ-F12) 

10.103 9.967 9.437 9.412 9.585 

∆CV -0.0035 -0.0095 -0.0142 -0.0136 -0.0147 

∆SR 0.0004 0.000 -0.001 -0.001 -0.001 

∆ZPVE -0.0729 -0.0635 -0.0324 -0.0234 -0.0300 

PBE0 / aug-cc-pVDZ (opt) // 

(R)CCSD(T)-F12 / 

10.027 9.894 9.389 9.374 9.539 
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 cc-pVTZ-F12+ 

 ∆CV+ ∆SR+∆ZPVE (SP) 

Exp.  10.031 ± 0.005 a) 

10.1 ± 0.1 b) 
    

a) This work. 

b) Ref. 43. 

 

Figure 4 shows the P0 and P2 SPES spectra of PA as a function of the photon energy. These 

spectra were obtained by considering the photoelectrons having a kinetic energy between 0 and 800 

meV in coincidence with the m/z 88, 44 and 43 mass peaks. On top of the PES spectrum, we reported 

the AIEs of PA species given in Table 2 as computed at a very high theoretical level (i.e. the PBE0/aug-

cc-pVDZ (opt) // (R)CCSD(T)-F12 /cc-pVTZ-F12 + ∆CV+∆SR+∆ZPVE (SP) level). For instance, 

Table 2 shows that the computed AIEs for Tc, Tt, enolPACc, enolPATc and enolPACt are 10.027 eV, 

9.894 eV, 9.389 eV, 9.374 eV and 9.539 eV, respectively. Nevertheless, these spectra reveal that no 

signal can be recorded for hν < 10 eV, where one may expect the population of the ground states of Tt+, 

enolPACc+, enolPATc+, enolPACt+ upon ionisation of the corresponding neutrals. In contrast, the SPES 

spectrum exhibits a large band starting at hν ~ 10 eV which is very close to the AIE computed for Tc. 

Therefore, this further confirms the unique contribution of Tc in the present experiments.  

In Figure 4, we identify three regions: Region (I) extends from ~10 to ~11 eV corresponding to 

the population of the ground state (D0) of Tc+; Region (II) is the Franck-Condon gap between the D0 and 

D1 states; and Region (III) for the D1 & D2 Tc+ states formation. When comparing the signals in each 

region in the P0 and P2 spectra, we noticed that solely Region (I) band is present in the P2 spectrum, 

while the two others vanish. This points out an evolution of the ionization process between Region (I) 

and (II). As Region (II) stands out of the Franck-Condon region, we consider this statement as a probe 

of autoionization processes dominating in Region (II). The same observation can be done in Region 

(III), although we cannot exclude the contribution of direct processes. For Region (I), direct processes 

are also dominating at threshold, but we cannot exclude autoionization processes. 
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Figure 5: Integrated mass spectrum over the scan energy range (9.4 — 12.5 eV). The red part is 

magnified by 100. The peak at m/z 88 is the monomer parent. The peaks above this mass are due to 

ionised PA clusters or their fragments. 

 

Figure 5 shows the TOF spectrum which presents two dominant peaks at m/z 88 and m/z 43 

corresponding to Tc+ parent and to its fragment. For m/z < 88, we observe two additional peaks at m/z 

87 and 44. The analysis of the KERD reveals that the m/z 87 signal is due to dissociative ionization. 

Furthermore, the center of mass KER of m/z 87 is not compatible with a parent at m/z 88, so that it must 

come from fragmentation of a larger mass, such as the PA dimer (cf. Figure S1 of the supplementary 

material). However, m/z 44 is coming from Tc dissociative photoionisation. Figure 4 shows that the Tc+ 

monomer (m/z 88) is stable for energies < 10.4 eV. For hν > 10.4 eV, it decomposes mainly to give a 

fragment of m/z 43 with contributions from m/z 44 signal. Although the decomposition of PA cations 

producing ionic fragment with m/z 44  was noticed in the early works by Lossing and Traeger 44 and by 

Terlouw et al. 45, the m/z 43 fragment is reported here for the first time, even though it dominates the 

mass spectrum above hν=10.4 eV. Interestingly, both ionic fragments appear at ~ 10.4 eV. 
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Figure 6: Equilibrium structures of neutral and ionic fragments considered in the present work. All 

species are taken in their electronic ground state. See Tables S4-S17 for more details. 
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Table 3: Appearance energies (AE in eV) of Tc+ fragments as computed at the PBE0/aug-cc-pVDZ 

(opt) // (R)CCSD(T)-F12 /cc-pVTZ-F12 +∆CV+∆SR+∆ZPVE (SP) level of theory. These energies are 

given with respect to Tc ground state energy. See Tables S4-S17 for more details and Figure 6 for the 

fragment structures.  

m/z Fragments AE 

87 CH2-CO-CO2H+ + H 12.484 

87 CH2-CO-CO2H-2+ + H 12.490 

87 CH2-COH-CO2
+ + H 13.107 

87 CH-COH-CO2H+ + H 14.153 

87 CH3-CO-CO2
+ + H 15.420 

73 CH3 + COCOOH+ 11.813 

72 CH3-CO-CHO+ + O 14.834 

72 CH3-CO-COH+ + O 15.986 

72 CH3-C-CO2H+ + O 15.995 

71 CH3-CO-CO+ + OH 11.249 

46 H2C2O + H2CO2
+ 12.395 

45 CH3CO + HOCO+ 11.550 

45 CH2COH + HOCO+ 11.838 

45 CH2C-OH + HOCO+ 12.870 

44 CH2-CH-OH+ + CO2 9.450 

44 CH3-CH-O+ + CO2 9.962 

44 CH3-C-O-H+ + CO2 10.234 

44 CH2-OCH2
+ + CO2 11.466 

44 CH- CH2-OH+ + CO2 11.506 

44 CH3-CH-O + CO2
+ 13.506 

44 CH2-CH-OH + CO2
+ 13.963 

44 H2C2O + CO2
+ + H2 14.663 

44 CH2-OCH2 + CO2
+ 14.701 

44 CH3-C-O-H + CO2
+ 15.802 

44 CH- CH2-OH + CO2
+ 17.540 

43 CH3CO+ + HOCO 10.411 

43 C2H3O+ + HOCO 12.809 

43 CH2C-OH+ + HOCO 17.540 

42 H2C2O+ + CO2 + H2 10.431 

42 H2C2O+ + H2CO2 10.660 



17 

 

17 CH3-CO-CO + OH+ 17.625 

16 CH3-CO-CHO + O+ 18.752 

16 CH3-CO-COH + O+ 20.885 

16 CH3-C-CO2H + O+ 21.342 

15 CH3
+ + COCOOH 14.701 

2 H2C2O + CO2 + H2
+ 16.285 

1 CH2-CO-CO2H + H+ 17.677 

1 CH2-CO-CO2H-2 + H+ 17.787 

1 CH2-CO-CO2H-1 + H+ 17.854 

1 CH2-COH-CO2 + H+ 18.847 

1 CH-COH-CO2H + H+ 18.847 

1 CH3-CO-CO2 + H+ 19.747 

 

The precise appearance energy of the fragments has been extracted from the breakdown diagram 

displayed in Figure S2 of the supplementary material. The branching ratios of m/z 88 and 43 as a 

function of the internal energy, i.e. the photon energy when only threshold electrons are taken into 

account, can be modelled using a statistical approach that takes the initial thermal energy into account, 

while we assume that the dissociation reaction is fast within the experimental window of a few µsec. 

The internal energy distribution used by the model is constructed with the density of states obtained by 

direct counting from the calculated vibrational frequencies at the PBE0/aug-cc-pVDZ level. The 

resulting fit yields the overall vibrational temperature, at Tvib = 270 ± 20 K, and the appearance energy 

at 0K, AE0K = 10.458 ± 0.005 eV. 

For identification of these fragments we performed a search of all possible ionic fragments and 

their neutral counterparts at the PBE0/aug-cc-pVDZ level. The optimized molecular structures are 

displayed in Figure 6. They correspond to stable forms and they are taken in their ground electronic 

states. Note that for some species, several isomers/tautomers were identified. Afterwards, we carried out 

single point computations at the optimized geometries to deduce the appearance energies of these 

fragments at the PBE0/aug-cc-pVDZ (optg) // (R)CCSD(T)-F12 /cc-pVTZ-F12 +∆CV+∆SR+∆ZPVE 

(SP) level. The corresponding data are listed in Table 3, where these energies are given with respect to 

vibrationless Tc ground state energy.  

For energies < 12.5 eV with respect to Tc (X1A′), we locate at least 15 dissociation channels. 

They can be gathered in 8 groups corresponding to the losses of H, CH3, OH, H2C2O, CH3O, CO2, 

HOCO, and H2+CO2/H2CO2 in conjunction with ionic fragments with m/z 87, 73, 71, 46, 45, 44, 43, 42. 

Figure 4 shows that the most favourable dissociation is for m/z 43. Computations reveal that this peak 

may be attributed to the formation of HOCO + CH3CO+ fragments that may be obtained via C2-C3 bond 

breaking (Figure 1). Indeed, we compute an AE of 10.411 eV for this channel, in very good agreement 
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with the measured AE0K = 10.458 ± 0.005 eV. In addition, a small contribution, around hν = 10.4 eV, is 

found for m/z 44. It is an ionic fragment associated with the decarboxylation upon dissociative 

photoionisation of Tc. The formation of CO2 is a minor channel here contrary to the electronically 

excited neutral Tc decomposition as detailed in the Introduction. For the ionic structures, several 

possibilities are found, namely, CH2-CH-OH+, CH3-CH-O+, CH3-C-O-H+ for which we compute AE of 

9.450 eV, 9.962 eV and 10.234 eV, respectively, making the CH3-C-O-H+ ion the most likely structure 

in view of the experimental AE measured at 10.458 ± 0.005 eV. It is worth noting that many calculated 

channels are not seen experimentally, such as m/z 87 (loss of H, AE ~12.5), m/z 44 and those of m/z 73 

(loss of CH3, AE = 11.813 eV), m/z 71 (loss of OH, AE = 11.249 eV), m/z 46 (loss of H2C2O, AE = 

12.395 eV), m /z = 45 (loss of CH3CO/CH2COH, AE = 11.550 eV) and m/z 42 (loss of H2CO2/ CO2 + 

H2, AE = 10.660/10.431 eV). In particular, we note the non-formation of the HOCO+ cation by 

dissociative photoionization of Tc. The preferential and dominant formation of the m/z 43 fragment may 

explain the close to zero BRs for the other channels, which most likely are associated with large 

dissociation barriers or not favoured by the Tc dissociative photoionization mechanism in action (vide 

infra). 

 

 

Figure 7: P0 (upper trace) and P2 (lower trace) spectra of PA taking into account all photoelectrons 

with kinetic energies between 0 and 50 meV. The green solid lines in the upper trace correspond to the 
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first (AS I) and second (AS II) autoionizing states discussed in the text. (I), (II) and (III) are the three 

spectral regions discussed in the text. 

 

For better experimental spectral resolution, we present in Figure 7 the SPES spectra as obtained 

after considering all photoelectrons having kinetic energy smaller than 50 meV. These spectra exhibit 

some differences with those displayed in Figure 4. Also, a noticeable difference can be seen while 

comparing the P0 and P2 spectra in Figure 7. For instance, the P2 spectrum consists of 2 bands in Region 

(I) and almost zero signal in Region (II) and Region (III) whereas non-zero signals are recorded in these 

regions in spectrum P0. Again, this signature of an autoionisation process in action while photoionising 

Tc. Indeed, we highlight in Figure 7 the presence of two large bands, denoted as AS I and AS II at 10.48 

eV and 11.60 eV, respectively. These states are also visible in the total ion yields (cf. Figure S3 of the 

supplementary material). We consider that these bands correspond to two short-lived autoionising states 

that contribute to the SPES signal. In Region (I), we first populate a highly excited neutral state (Tc*) 

at 10.48 eV, that later ejects an electron. The second step is coupled with fragmentation, where we have 

Tc*  Tc+ + e- for energies < AE0K and Tc*  HOCO + CH3CO+ + e- for energies > AE0K. In the 

Franck-Condon gap (Region (II)), the short-lived electronically excited state at 11.60 eV is involved. It 

leads exclusively to HOCO + CH3CO+ + e-. In Region (III), the D1 and D2 states of Tc+ are formed, 

which dissociate to give m/z 43 and m/z 44 ionic fragments mainly via indirect dissociative 

photoionisation. For m/z 44 formation (i.e. decarboxylation upon ionisation), Figure 7 shows that CO2 

is ejected for energies close to AE0K and in Region (III) range. Nevertheless, the comparison of the 

corresponding P0 and P2 spectra reveals that the signal at ~ AE0K is present in both spectra, whereas it 

vanishes in P2 one in Region (III). Therefore, the direct and the indirect mechanisms are in action for 

hν ~ AE0K. In Region (III), both D1 & D2 states are close in energy, they are coupled vibronically, leading 

to the congestion of the bands via vibronic couplings. Such couplings may also participate during the 

fragmentation, complicating even more the dynamics of electronically excited neutral Tc and Tc+ ionic 

states at these energies. Simulations of such processes are challenging and out of the scope of the present 

investigations. 
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Figure 8: P0 (upper trace) and P2 (lower trace) spectra of PA in the photon energy covered by Region 

(I). We took into account all photoelectrons with kinetic energies between 0 and 50 meV. We give also 

the Franck-Condon simulated spectrum for the Tc+(D0) + e-  Tc (X1A′) + hν photoionisation transition, 

where the first band is positioned in energy at the experimental AIE. We adopted a resolution of FWHM 

of 50 cm-1 (=0.0062 eV) for the simulated spectrum. * corresponds to the enhanced autoionization peaks 

(see text for more details). 

 

Table 4: Anharmonic frequencies (in cm-1) of Tc+ (D0) as computed at the PBE0/aug-cc-pVDZ level of 

theory. We give also their symmetry, tentative assignment and atomic displacements. ν, stretching; δ, 

bending; γ, rocking; τ, torsion. s: symmetric; and as: asymmetric. 

Mode Sym. Freq. Assign. Displ. Mode Sym. Freq. Assign. Displ. 

ν1
+ a′ 3457.6 ν(OH) 

 

ν13
+ a′ 481.4 δ(C2=C3) 

 

ν2
+ a′ 3043.8 ν(CH3) as 

 
ν14

+ a′ 360.3 δ(CCC) 
 

ν3
+ a′ 2927.3 ν(CH3) s 

 

ν15
+ a′ 276.0 ν(C2-C3) 
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ν4
+ a′ 1957.7 ν(C3=O) 

 
ν16

+ a′ 219.8 δ(CCO) 

 

ν5
+ a′ 1868.8 ν(C2=O) 

 
ν17

+ a″ 2982.3 ν(CH3) as 
 

ν6
+ a′ 1374.6 δ(CH3) as 

 
ν18

+ a″ 1353.2 δ(CH3) as 

 

ν7
+ a′ 1296.1 δ(CH3) s 

 
ν19

+ a″ 980.1 γ(C3=O) 

 

ν8
+ a′ 1248.0 δ(COH) 

 
ν20

+ a″ 647.9 γ(CH3) 

 

ν9
+ a′ 1194.8 ν(C-O) 

 

ν21
+ a″ 522.8 τ(OH) 

 

ν10
+ a′ 1009.1 ν(C-C) as 

 

ν22
+ a″ 373.8 γ(C2=O) 

 

ν11
+ a′ 914.5 γ(CH3) 

 

ν23
+ a″ 103.6 τ(CH3) 

 

ν12
+ a′ 583.8 ν(C-C) s 

 

ν24
+ a″ 50.2 τ(C-C) 

 
 

Table 5: PBE0/aug-cc-pVDZ structural parameters (distances in Å, angles in degree) of Tc and Tc+ in 

their electronic ground states. See Figure 1 of the numbering of the atoms. 

Parameter Tc Tc+ 

C2=O1 1.215 1.173 

C2−C3 1.543 1.784 

C2−C4 1.488 1.474 

C3=O5 1.203 1.181 

C3−O6 1.329 1.281 

O6−H7 0.977 0.977 

C4−H8 1.093 1.095 

C4−H9 1.099 1.101 

C4−H10 1.099 1.101 

C3−C2=O1 117.19 109.99 

C4−C2=O1 125.46 136.27 
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O5=C3−C2 123.11 113.74 

O6−C3=O5 124.54 132.93 

H7−O6−C3 105.84 112.81 

H8−C4−C2 110.26 108.99 

H9−C4−C2 109.32 108.03 

H10−C4−C2 109.32 108.03 

H10−C4−C2=O1 122.30 122.07 

H9−C4−C2=O1 -122.30 -122.07 

 

Figure 8 displays an enlargement of the P0 and P2 spectra of Figure 7 in Region (I), where one 

can see that both spectra exhibit a long vibrational progression in the signals associated with m/z 88 

(parent) and m/z 43 (CH3CO+ fragment). This progression is more pronounced in the P2 spectrum. For 

assignment, we estimated the anharmonic frequencies of Tc+ (D0) at the PBE0/aug-cc-pVDZ level (cf. 

Table 4). This ion has 24 vibrational modes: 16 a' and 8 a''. Since both the neutral and the cation are 

planar in their electronic ground states, only the a' vibrational levels are populated upon single photon 

ionization of Tc, which are the levels of all a' vibrational modes, of all those having even quanta of a'' 

modes and to any multiple and combination modes of these vibrational states. Moreover, we computed 

the Franck-Condon spectrum corresponding to the Tc+ (D0) + e-  Tc (X) + hν transition. This spectrum 

has a relatively simple shape. This may be related to the slight structural differences between Tc (X1A′) 

and Tc+ (D0). Indeed, Table 5 reveals that the geometries of the cation and the neutral species mainly 

differ by the C2−C3 distance, which is lengthened from 1.543 Å to 1.784 Å upon ionisation. This also 

accompanied by more than 5° changes in the in-plane angles involving C2 and C3 atoms. 

The simulated Franck-Condon spectrum is superposed to the experimental ones in Figure 8. 

Note that it corresponds solely to the direct ionisation process. The simulated spectrum consists of a 

long vibrational progression mostly due to the population of ν15
+ vibrational bands and to the even quanta 

of ν24
+ mode. Table 4 shows that both modes involve the CCC skeletal in Tc and they are thus strongly 

related to the C2−C3 bond breaking. Besides, the position of the first peak in the simulated spectrum 

corresponds to the AIE of Tc, which is determined AIE = 10.031 ± 0.005 eV (Table 2). 

The computed vibrational progression starts in the SPES relative to m/z 88 signal and continues 

in the m/z 43 one. Therefore, the vibrational levels of Tc+ (D0) located > AE0K are predissociated to lead 

to HOCO + CH3O+ products. Moreover, while the energy positions of the measured peaks and those of 

the simulated one are close, their relative intensities are quite different, in particular close and above 

AE0K (those marked by * in Figure 8). Since the Franck-Condon spectrum corresponds solely to direct 

processes, this highlights the contribution of resonant vibrational autoionization processes. The latter 

process enhances the production of HOCO + CH3O+ species. 
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Figure 9: (top) One-color mass spectra for the multiphoton ionization of PA with the fs 266 nm (black) 

and 800 nm (red) (bottom). One-photon ionization mass spectra from the synchrotron experiment for 

energies of 10.85 eV and 12.40 eV. 

 

Time-resolved relaxation dynamics of PA was investigated with a 266 nm pump and 800 nm 

acting as a multiphoton ionization probe. We first discuss the one-color mass spectra as reported on 

Figure 9. According to the AIE of Tc determined above, the minimal number of photons required to 

ionize Tc in the framework of a multiphoton ionization process is 3 and 7 for 266 nm and 800 nm 

respectively. In the first case, the total energy applied is about 13.95 eV whereas it is 10.85 eV in the 

last case. Mulitphotion ionization with 266 nm leads also to the deposition of 1.5 eV more energy than 

considered for the synchrotron study presented above, and opens the way to multiple fragmentations. 

The parent peak is negligible compared to the main fragment that is m/z 43. m/z 44 remains a minor 

fragment.  

Contrariwise, ionization with 800 nm leads to the presence of a strong parent signal, although 

the m/z 43 is dominating the mass spectrum. Indeed, as 800 nm is unable to ionize the molecule in a 

perturbative interaction, we observe here the result of the non-linear above threshold ionization process. 
82 Consequently, the energy absorbed by the molecule in the process is a multiple of the photon energy: 

10.85 eV, 12.40 eV, 13.95 eV… depending whether respectively 7, 8 or 9 photons are absorbed. Also, 
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we compare in Figure 9 the mass spectra collected with the one photon ionization process at 10.85 and 

12.4 eV (bottom) at the DESIRS beamline with the one issued from multiphoton ionization with 800 

nm. No additional fragmentation channels are observed in the multiphoton scheme. Relative intensities 

show a clear contribution from higher energy ionization than the first 10.85 eV ionization process. 

 

 

Figure 10: (Top) Mass spectrum collected at a pump-probe delay of 0 ps, that is at the temporal overlap 

of the two pulses. Mass peaks considered are highlighted in colour. (Bottom) Time-resolved evolution 

of the highlighted mass peaks with the corresponding colour. The blue line is the IRF of 117 fs. 

 

For the time-resolved relaxation dynamics, the pump-alone and probe-alone signal discussed 

previously are subtracted from all the set of data to highlight the sole time-dependant signal. Since the 

AIE is 10.031 eV, the ionization scheme is [1 + �4’]. The total energy introduced in the molecule prior 

to ionization is also about 10.85 eV, 12.40 eV, 13.95 eV… for respectively 4, 5 or 6 probe photons that 

lead to the fragmentation of the molecule. The time-dependent mass spectra show the same fragments 

as observed in the one-photon experiment and single-color experiments (see Figure 10 (top)). Besides, 

one can notice the presence of low masses as 18 and 16 for water and oxygen atoms issued from the 

dissociation of residual dioxygen. As water does not absorb the pump laser, its mass peak is a benchmark 

for the measurement of the Instrumental Response Function (IRF). The mass peaks are highlighted with 

various colours; the same ones being used for plotting their time dependence on Figure 10 (Bottom). 

For negative times, that is the 800 nm pulse interacting with PA before the 266 nm pulse, some deviation 

to the water signal is observed. This is probably due to an intermediate resonance in Tc that is difficult 

to assign. For positive times, the time evolution shows a behaviour that is apparently the same for all 
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masses including water, which precludes the observation of a time-resolved process in Tc, using 266 

nm (= 4.661 eV) as the pump laser. Such findings are consistent with the close to flat shape of the 

potential energy surfaces of the S1 and T1 states in the Franck-Condon region accessed from the ground 

state till reaching the region of S0-S1-T1 potential crossings, which lead to the decarboxylation. 31 Indeed, 

the wavepacket on the S1 state obtained by 266 nm photon absorption from S0 corresponds to the 

population to the highly excited vibrational states of S1 i.e. those located in the Franck-Condon gap 

between the S1 and S2 states. It retains the same shape although it spans over a large range of nuclear 

configurations since only small potential barriers are found along the decarboxylation pathway from S1. 

Therefore, the subsequent multi photons ionisation leads to same products whatever the time delay 

between the pump and the probe. Let us notice that the one-photon absorption cross-section of Tc shows 

a minimum in the 266-290 nm region, 83 making the excitation to the S2 state difficult. Future time-

resolved experiments will target the S0-S1 band at 320-370 nm.  

 

IV. Conclusion 

The present combined theoretical and experimental study treated the single photon VUV 

photoionisation and dissociative photoionisation of the most stable isomer of PA. We found that the 

electronic ground state lowest rovibrational levels of this isomer are stable, whereas the upper ones are 

predissociated leading mainly to the formation of the HOCO radical upon CC bond breaking. 

Interestingly, we show that the decarboxylation of the ground state of Tc+ is a minor channel in contrast 

that it is a dominant process during the photolysis of electronically excited states of Tc. We also 

performed fs-based time-resolved mass spectra with 266 nm excitation and 800 nm multiphoton probe 

of this isomer. No appreciable dynamics at short timescales is observed due to unfavourable population 

of the rovibrational levels located in the S1-S2 Franck-Condon gap. In summary, our combined 

theoretical and experimental approach allowed fully picturing the processes occurring after Tc – 

UV/VUV light interactions. In particular, we showed the couplings between the ion vibrational modes 

and the dissociative channels in the vicinity of the CO2 loss ionic fragmentation threshold, as recently 

observed in the benzophenone cation fragmentation dynamics. 84 
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