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KEYWORDS: Propylene oxide, N-methylformamide, double photoionization, synchrotron 

radiation, molecular dication, Coulomb explosion, electron-ion-ion coincidence, astrochemistry.  

 

ABSTRACT: An experimental investigation on the fragmentation dynamics following the double 

photoionization of simple organic molecules of astrochemical interest, propylene oxide and N-

methylformamide molecules, induced by VUV photons has been reported. Experiments used 

linearly polarized light in the 18-37 eV (propylene oxide) and 26-45 eV (N-methylformamide) 

photon energy range at the ELETTRA Synchrotron Facility of Trieste (Italy), coupling ion imaging 

and electron-ion-ion coincidence techniques with time-of-flight mass spectrometry. In the case of 

propylene oxide, six different two-body fragmentation processes have been recorded with the 

formation of CH2
+/C2H4O+, CH3

+/C2H3O+, O+/C3H6
+, OH+/C3H5

+, C2H3
+/CH3O+, C2H4

+/CH2O+ 

ion pairs. On the other hand, the double photoionization of N-methylformamide occurs producing 

two main fragmentation reactions, forming CH3
++CH2NO+ and H++C2H4NO+. The relative cross 

sections and the threshold energies for all fragmentation channels are recorded as a function of the 

photon energy. Furthermore, in the case of the double photoionization of propylene oxide, the 

measure of the kinetic energy released distribution for the CH3
+/C2H3O+ final ions with their 

angular distributions allowed the identification of a bimodal behavior indicating the possible 

formation of two different stable isomers of C2H3O+: acetyl and oxiranyl cations. The obtained 

results are important to clarify the physical chemistry of the elementary processes induced by the 

interaction of ionizing radiations with simple organic molecules of astrochemical interest: 

propylene oxide and N-methylformamide. 
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 3 

I. INTRODUCTION 

After the first detection in space of CH and CN as well as of CH+ ions1, more than a hundred 

molecules and dozens of ions (both cationic and anionic species) have been discovered in 

interstellar and circumstellar environments whose list is constantly updated.2,3 Nowadays it is 

believed that ion-molecule reactions are very important in the evolution process of interstellar 

clouds, where chemical reactions between neutral species are hindered by the critical physical 

conditions characterizing these environments: very low density (0.1-104 particles/cm3, at least a 

factor 1015 lower than the terrestrial atmosphere) and temperature (10-100 K).3 In fact, unlike 

neutral-neutral chemical reactions, in general characterized by the presence of an activation 

energy, ion-molecules reactions are barrierless processes and this is consistent with proposed 

chemical models of interstellar cloud evolution where dissociative recombination induced by 

free electrons appears to be the final process responsible for the neutralization of ions into 

neutral species.1 Since the solar systems come from interstellar clouds, the chemistry of the latter 

is of particular relevance for understanding the chemical composition developed in planets and 

comets. Consequently, the chemical species in the interstellar clouds can be considered as the 

basic building blocks for the synthesis of increasingly complex molecules that were responsible 

for the emergence of life on our planet.4-6 

It is well known that ionic species can be produced in space by cosmic rays (protons, α particles, 

electrons, γ-rays, and heavier nuclei such as C6+ with a large energy content up to 100 GeV), UV 

and extreme-UV photons, X-rays, shock waves, whose relative importance in ionization processes 

depends on the peculiarity of the involved extraterrestrial environment.7 Among the sources of 

ionizing radiations active in space, it is interesting to note the presence of synchrotron radiation. It 

is naturally produced at low frequency in the magnetic fields, for example enveloping Earth and 
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 4 

Jupiter, whereas some of the most spectacular ultra-relativistic sources of this type of radiation are 

outside the Solar System. Among these, the best known is the Crab Nebula, where the synchrotron 

emission ranges from blue to ultraviolet.8 The presence of ionizing radiation in space is responsible 

also for the formation of doubly charged species, commonly called atomic or molecular dications. 

These species have been detected in comet tails and in the upper planetary atmospheres9,10 where 

they can play an important role, as well as in the envelope of young stellar objects.11 In particular, 

recent studies indicate the possible important role of CO2
2+ molecular dications in the continuous 

erosion of the Mars atmosphere. They proposed an explanation of the anomalous O+ density profile 

recorded by Viking lander and Mariner 6 spacecraft.12-14 In fact, the atmosphere of Mars is very 

rich in CO2 that can be double ionized with the formation of CO2
2+ dications. This species is 

metastable and dissociates by Coulomb explosion with subsequent formation of CO+ and O+ ions 

having a very high kinetic energy content. In particular, O+ ions are formed with a translational 

energy content of about 3.8 eV, large enough to allow their escape from the upper atmosphere of 

Mars into space.13,14  

In this paper, we present recent results obtained in the study of fragmentation processes induced 

by the interaction of ionizing vacuum ultraviolet VUV photons with organic molecules of 

relevance in astrochemistry: i) propylene oxide being the first chiral molecule detected by 

astronomers using highly sensitive radio telescopes in interstellar space;15 ii) N-methylformamide, 

which is one of the simplest organic molecules containing the peptide bond, recently discovered 

in interstellar medium16 and of particular interest in order to investigate its selective fragmentation 

induced by UV photons.  

To investigate the interaction between such molecular systems and ionizing VUV radiation we 

performed preliminary experiments using linearly polarized synchrotron radiation at the 
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 5 

“Circular Polarization (CiPo)” Beamline of ELETTRA Synchrotron Facility (Trieste, Italy): 

double photoionization studies have been carried out employing the ARPES (Angle Resolved 

Photo-Emission Spectroscopy) apparatus successfully used in previous experiments by our 

research group, since almost twenty years.17-19 More recently, preliminary double 

photoionization of propylene oxide in a racemic mixture, has been carried out in the photon-

energy range of 18-37 eV, measuring threshold energies for different two-body fragmentation 

processes with their relative cross sections, and the kinetic energy released (KER) distribution of 

fragment ions at different photon energies.20,21 In particular, the measure of the KER distribution 

for the CH3
+/C2H3O+ final ions with the their angular distributions allowed the identification of a 

bimodal behavior. In the present paper, we discuss the KER data together with new results 

concerning the recorded CH3
+/C2H3O+ angular distributions, invoking the presence of two 

different microscopic mechanisms in the dissociation dynamics following the Coulomb 

explosion of the (C3H6O)2+ propylene oxide dication, which is able to form two different stable 

isomers of C2H3O+: acetyl and oxiranyl cations (see Section III). 

On the other hand, N-methylformamide is a relevant simple organic species of great 

astrochemical interest, since it was recently discovered in the interstellar medium, as we have 

already mentioned, and because it is a prototype molecule containing the peptide bond, which is 

so important for life. The data reported here could be of interest in order to clarify if a selective 

cleavage of the peptide bond can be induced by UV photons. This work aims to bring together an 

experimental and theoretical effort, with complementary skills encompassing several fields of 

gas-phase chemistry, like-mass spectrometry, spectroscopy, reaction dynamics, and theoretical 

chemistry.22-24  
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 6 

II. EXPERIMENTAL SECTION 

Experiments whose data are presented in this paper have been done at the ELETTRA 

Synchrotron Facility of Basovizza, Trieste (Italy) employing the ARPES end station: the double 

photoionization of propylene oxide was performed at the “Circular Polarization (CiPo)” 

beamline, whereas the analogous experiment involving N-methylformamide was done at the 

“GasPhase” beamline. The 3D-ion-imaging TOF spectrometer (see the schematic and picture 

presented in Fig. 1a and b, respectively), already used in previous experiments concerning the 

double dissociative photoionization of N2O,17,25 CO2,26,27 C6H6,28,29 and C2H2,30,31 was utilized.  
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 7 

Figure 1. (a) A schematic of the photoelectron-photoion-photoion coincidence (PEPIPICO) 

device employed in the 3D-ion-imaging time of flight mass spectrometry measurements: the 

detectors used are micro-channel-plates (MCP) detectors; (b) A picture of the PEPIPICO 

prototype apparatus; (c) The coincidence spectrum with the relative mass spectrum recorded in 

the double photoionization experiment of propylene oxide at a photon energy of 37 eV. In this 

kind of plot, any point corresponds to two time-of-flight values of a pair of ions produced in the 

same photoionization event and detected in coincidence with ejected photoelectrons from the 

ionized molecule. 

 

Such a tool is a photoelectron-photoion-photoion coincidence (PEPIPICO) instrument, composed 

of a time-of-flight (TOF) mass spectrometer coupled with an ion-position sensitive detector. This 

charged-particles detector is a stack of three micro-channel-plates with a multi-anode array 

arranged in 32 rows and 32 columns and was properly conceived by M. Lavollèe32 to allow the 

measurement of the spatial momentum components of the fragment ion products (see Fig. 1). 

The signal of a pair of fragment ions, produced by the same double photoionization event and 

detected in temporal coincidence with the ejected photoelectrons from the neutral molecular 

precursor, was recorded using the method already employed, where the data analysis has been 

performed using a properly tested computational procedure,24-31 whose only main features are 

given below. Fig. 1c shows a standard coincidence spectrum obtained by the PEPIPICO device 

described above (see Fig. 1a and b) in the double photoionization of propylene oxide at a photon 

energy of 37 eV, where the mass spectrum of ions produced by the Coulomb explosion of 

C3H6O2+ dication is also reported. In this coincidence plot, any point in the diagonal black traces 

correlates with two t1 and t2 delay TOF values of a pair of ions produced in the same 
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 8 

photoionization event, and measured with respect to the same ejected photoelectron. Product ions 

recorded both in single and double ionization of the neutral molecular precursor are evident in 

the mass spectrum of Fig. 1c together with some background peaks. A careful analysis of 

coincidence spectra recorded at each investigated photon energy (as the one reported in Fig. 1c) 

is able to provide: (i) the relative cross section for all investigated dissociation channels, 

evaluating the density of coincidences in the recorded experimental plots as the one of Fig. 1c; 

(ii) the KER of ionic fragments by a simple analysis based on the methodology proposed by 

Lundqvist et al.;33 (iii) the lifetime of the intermediate molecular dication (produced by double 

ionization of the neutral molecular precursor) by the procedure developed by  Field and Eland,34 

analyzing coincidence dot distributions as a function of the arrival time differences (t2−t1) of the 

fragment ions to the ion-position-sensitive detector of the PEPICO device. By a Monte Carlo 

trajectory simulation whose details can be found in previous papers,35,36 we improved a specific 

computational procedure based on the computation of experimental distribution of the 

coincidences dot density, adjusting the KER and determining the standard deviation as a 

reliability level of the simulation.36  

In our apparatus of Fig. 1, the tunable synchrotron light beam crosses at a right angle to an 

effusive molecular beam of the neutral precursor molecule generated by a stainless-steel needle 

nozzle having a 1.0 mm of diameter. The product ions are collected in coincidence with 

photoelectrons ejected from the same single double photoionization event under study. 

Molecular beams of either propylene oxide or N-methylformamide were generated by effusion 

from glass bottles containing commercial samples (with a 99% nominal purity), being provided 

by the needle effusive beam source exploiting their considerable vapor pressure at room 

temperature. In order to satisfy security health standard procedures, a closed system with a 

Page 8 of 43

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 9 

forced ventilation hood was used. At the “CiPo” beamline, during the double photoionization 

experiment of propylene oxide, a Normal Incidence Monochromator (NIM) was used, equipped 

with two different holographic gratings: the 18–37 eV energy range was covered by means of a 

Gold (2400 l/mm) and an Aluminum (1200 l/mm) coated grating. The use of the NIM geometry 

allowed the reduction of spurious effects due to ionization by photons from higher orders of 

diffraction. On the other hand, in the double photoionization of N-methylformamide performed 

at the “GasPhase” beamline (26–45 eV photon energy range), a monochromator using a 400 

l/mm spherical grating in first diffraction order was employed. Furthermore, a magnesium film 

filter was placed in the synchrotron radiation beam path avoiding spurious effects due to 

ionization events generated by photons from higher orders of diffraction. In the two performed 

experiments the photon energy resolution was of about 1.5–2.0 meV.  

 

III. RESULTS AND DISCUSSION 

The VUV (vacuum ultraviolet) ionizing radiation of simple organic molecules is of relevance for 

astrochemistry studies since its presence in space, together with extreme ultraviolet (EUV) 

photons and cosmic rays, appears to be responsible for the limited growth of organic molecules. 

In this section we report on data obtained by VUV and EUV double photoionization of two 

important organic molecules recently discovered in space: propylene oxide, being the first chiral 

molecule detected in interstellar cloud Sagittarius B2,15 and N-methylformamide, an important 

simple prototype molecule containing the peptide bond recently identified in interstellar 

medium.16 Experimental data are presented and discussed in the next two subsections below and 

concern relative cross sections for each recorded dissociation channel with the relative appearing 

Page 9 of 43

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 10 

threshold energy, the KER distributions for any pairs of product ions, and their final angular 

distribution. Such data are of relevance in order to clarify the microscopic dynamics of the 

fragmentation reactions following the Coulomb explosion of the intermediate C3H6O2+ and 

C2H5NO2+ dications formed in the double photoionization of the neutral molecular precursors.  

A full characterization of ionic species (either single- or multiple-charged) generated by ionizing 

radiations in space should consider the role of anisotropy, strength of intermolecular 

interactions37,38 as well as stereo-dynamical effects.39 These issues are among the most important 

open queries that need to be clarified in order to entirely outline elementary chemical and 

physical phenomena and evaluate their role in extraterrestrial environments. 

It should be noted that the analysis of collected coincidence spectra, applying the methodology 

discussed in section II, allowed us to exclude the formation of stable C3H6O2+ and C2H5NO2+ 

molecular dications in the double photoionization of either propylene oxide or N-

methylformamide in the 18-37 and 26-45 eV photon energy ranges, respectively. In fact, all 

experimental coincidence spectra indicated a lifetime shorter than ~ 50 ns for both C3H6O2+ and 

C2H5NO2+, due to the time limit of the characteristic time window of our electron-ion-ion 

coincidence apparatus.36 

III.1 The fragmentation dynamics of propylene oxide by VUV ionizing radiation. 

The double photoionization of propylene oxide using VUV photons in the range of 18-37 eV 

induces the formation of an intermediate molecular dication with a very short lifetime, less than 

50 ns, with an energy threshold formation of 28.3±0.1 eV, according to the reaction (1) below: 

C3H6O + hν → C3H6O2+ + 2e-     (1) 
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 11 

Once formed, the short lived C3H6O2+ dication evolves by means of Coulomb explosion towards 

six possible two-body fragmentation reactions giving rise to the production of the following ion 

pair products with the respective relative abundances and threshold energies: C2H4
+/CH2O+ 

(66.70%; hν ≥ 28.3 eV), CH2
+/C2H4O+ (7.84%; hν ≥ 28.5 eV), CH3

+/C2H3O+ (5.00%; hν ≥ 29.0 

eV), O+/C3H6
+ (1.59%; hν ≥ 29.0 eV), C2H3

+/CH3O+ (18.70%; hν ≥ 29.2 eV), OH+/C3H5
+ 

(0.17%; hν ≥ 32.1 eV). For all recorded two-body fragmentation channels, the relative cross 

sections have been measured and already published in a previous paper.20  

Looking at the microscopic mechanism according to which the previously mentioned two-body 

fragmentation reactions occur, we can note that the two channels leading to C2H3
+/CH3O+ and 

OH+/C3H5
+ ion pairs involved a hydrogen migration inside the intermediate C3H6O2+ dication, 

which appears to be more arduous in the latter case where the H-shift towards the O atom is 

needed. Furthermore, the fragmentation channel forming the CH3
+/C2H3O+ ion pair products 

could involve two different carbon atoms of the precursor molecular C3H6O2+ dication: in one 

case the carbon atom of the methyl end of the propylene oxide molecule, while in a second case 

there is the possibility of a hydrogen migration from this methyl group to the end carbon atom 

bound to oxygen. The possibility of distinguishing between different microscopic pathways for 

this fragmentation channel led us towards a deeper understanding of this particular dissociation 

process. For this reason, KER distributions for both CH3
+/C2H3O+ ion products were measured as 

a function of the photon energy. The results are shown in Fig. 2, where it is clear that a bimodal 

behavior characterizes the total KER, as it is well evident in the panel of Fig. 2b reporting the 

two total KER distributions recorded at a photon energy of 35 and 37 eV.  
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 12 

 

Figure 2. (a) The kinetic energy released (KER) distributions for the CH3
+/C2H3O+ ion pair 

products generated in the two-body fragmentation process following the double photoionization 

experiment of propylene oxide as a function of the photon energy: the left panel shows KERs for 

each single product ion, while in the right panel, total ion KER distributions are reported; (b) 

Total KER distributions of CH3
+/C2H3O+ ion pairs at a photon energy of 35.0 and 37.0 eV: 

experimental data (open circles) are the best fitted (full line) using the sum of two different 

Gaussian functions (dashed lines) pointing out a bimodality behavior due to the existence of two 

different microscopic reaction mechanisms. 
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 13 

In Fig. 2b, the KER data are best fitted (full line) by a double Gaussian function (dashed line) 

clearly indicating a bimodal behavior, which is related, as already mentioned above, to the 

presence of two possible microscopic mechanisms for the two-body fragmentation of (C3H6O)2+ 

dication producing CH3
+ + C2H3O+. Adopting the methodology described in Section II, the 

analysis of recorded coincidence spectra at various photon energies allowed us to extract the 

angular distributions of both CH3
+ + C2H3O+ product ions. Such angular distributions are 

reported in Fig. 3 at eight different investigated photon energies: two energy values below the 

threshold energy for such a fragmentation channel (26.98 and 29.0 eV), and six energy values 

above the threshold (29.7, 30.6, 31.8, 33.5, 35.0, and 37.0 eV). The angular distributions of Fig. 

3 are 2D images displaying the projection of 3D diffused ion products on the plane of the ion 

position sensitive micro-channel-plates (MCP) detector (see Fig. 1). The best fit of such 2D maps 

using the equation (2) below permitted the evaluation of the anisotropy parameter β.40-42 

I(θ) =
σtot4π �1 +

β2  (3cos2θ − 1)�    (2) 

In equation (2), I(θ) and σtot stand for the differential and total cross sections of the two-body 

fragmentation process under study, respectively; θ is the angle between the direction of the light 

polarization vector and the velocity vector of the recorded fragment ion. The β anisotropy 

parameter can change in the -1 ≤ β ≤ 2 range, depending on the collected distribution of the 

product ions. The value of β = 0 is related to an isotropic distribution of ions, while a β value 

ranging from -1 up to 2 accounts for the emission of product ions that changes slowly from a 

perpendicular direction with respect to the polarization vector of the light (when is β = -1), to a 

parallel direction (with β = 2).  
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Figure 3. Recorded angular distributions of CH3
+/C2H3O+ fragment ion pair products formed by 

Coulomb explosion of the C3H6O2+ dication at different photon energies. In the ordinate axis, dot 

intensity is in arbitrary units. For clarity, the error bars are omitted since they are of the same 

order of magnitude as the dot dimensions. On the left side are reported the calculated anisotropy 

parameters β using equation (2) for each collected angular distribution (see text).  
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The angular distributions of Fig. 3 appear to be isotropic (with a β value near zero) up to a 

photon energy of 33.5 eV, where β becomes about 0.49 indicating that an anisotropic component 

(β > 0.0), which increases as the photon energy increases, should be considered for a best fitting 

of the experimental data. This trend could be a confirmation of the possibility that two different 

microscopic mechanisms are operative for the two-body fragmentation process producing CH3
+ 

+ C2H3O+ ions where the bimodal behavior in the KERs distributions of Fig. 2 was found. 

Looking at previous ab initio molecular orbital calculations by Nobes et al.43, we can propose 

that by the double photoionization of propylene oxide in the photon energy range of 18-37 eV, 

different electronic states of the intermediate C3H6O2+ dication can be formed. Then, by 

Coulomb explosion, different stable isomers of C2H3O+ fragment ions can be produced. In fact, 

Nobes et al. found that two different isomers of C2H3O+ can be formed in gas-phase experiments 

since they are stable.43 They are the most stable acetyl cation [CH3-C=O]+ (having a linear 

structure) and the less stable oxiranyl cation [CH2-CH-O]+ with a cyclic structure characterized 

by a triangular [C···O···C] ring. It should be noted that later Burgers et al.44 showed the 

unequivocal identification of both acetyl and oxiranyl C2H3O+ isomers in the gas-phase.  

Recently, we carried out CCSD(T)/aug-cc-pVTZ calculations as we have done in previous 

systems6,28,29 with a higher level of accuracy than the data published in 1983 by Nobes et al.43 

confirming that the difference in the energetic stability between the most stable acetyl cation and 

the two other isomers (oxiranyl and hydroxyvinyl) is not very great. From our calculations, the 

acetyl cation is about 1.82 eV more stable with respect to the hydroxyvinyl cation. This is in 

good agreement with previous calculations by Nobes et al.,43 who found a value of ≈ 1.87 eV.  

Furthermore, in our case the oxiranyl cation has been found at about 2.39 eV above the acetyl 
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one, which is in fairly good agreement with the previous ab initio calculations by Nobes et al.,43 

that fixed the difference in stability between oxiranyl and acetyl cations at ≈ 2.53 eV.   

In addition, the B3LYP method45,46 has been used to define the optimized geometry for the three 

stable C2H3O+ isomers. Fig. 4 shows the optimized structures of acetyl, hydroxyvinyl, and 

oxiranyl cations. In the figure, the relative energies, with respect to the most stable isomer, 

computed both at B3LYP and CCSD(T) level are also reported, and zero-point energy 

corrections are included. All optimized geometrical structures of Fig. 4, with their relative bond 

angles and distances, are in good agreement with previous calculations.43 

 

Figure 4. B3LYP optimized geometries (Å, and °) of the three stable C2H3O+ isomers; relative 

energies (eV) computed at B3LYP (CCSD(T)) level have been reported (see text).  
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In Fig. 5 are reported the KER and the angular distributions recorded as a function of the photon 

energy for the main important two-body dissociation channel producing the C2H4
+/CH2O+ ion 

pair, having a relative abundance of about 67%. It should be noted that the KER distributions of 

Fig. 5a are almost the same at each investigated photon energy (29.0, 29.7, 30.6, 31.8, 33.5, 35.0, 

and 37.0 eV), being rather symmetric. They can be fitted using a simple Gaussian function with 

peak positions and shapes almost constant with the photon energy. This behavior has been 

recorded also for the other less abundant two-body fragmentation channels (producing 

CH2
+/C2H4O+, O+/C3H6

+, C2H3
+/CH6O+)21 with the only exception of the channel giving rise to 

the formation of CH3
+/C2H3O+ ion pair whose bimodality has already been discussed above.  
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Figure 5. a) The kinetic energy released (KER) distributions for the C2H4
+/CH2O+ ion pair 

products generated in the two-body fragmentation process following the double photoionization 

experiment of propylene oxide as a function of the photon energy: the left panel shows KERs for 

each single product ion, while in the right panel total ion KER distributions are reported; (b) 

Angular distributions of C2H4
+/CH2O+ fragment ion pair products formed by Coulomb explosion 

of the C3H6O2+ dication at different photon energies. In the ordinate axis, dot intensity is in 

arbitrary units. For clarity, the error bars are omitted since they are of the same order of 

magnitude as the dot dimensions. On the right side are reported the calculated anisotropy 

parameters β using equation (2) for each collected angular distribution (see text).  
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The similarity of behavior in almost all the recorded KERs could be an evidence that for each 

dissociation channel just one specific region of the multidimensional potential energy surface 

(related to the effective intramolecular interaction within the (C3H6O)2+ intermediate molecular 

dication frame and responsible of the formation of the various two-body fragmentation channels) 

should be involved. This means that the excess of the employed photon energy with respect to 

the threshold of the double ionization energy should be released as electron recoil energy for all 

investigated fragmentation channels with the exception of the one forming CH3
++C2H3O+ 

products. The peculiarity of this fragmentation channel with respect to all the others appears to 

be confirmed by a comparative analysis of the angular distributions reported in Fig. 3 and Fig. 

5b. The angular distributions of Fig. 5b, related to the main two-body fragmentation channel 

producing the C2H4
+/CH2O+ ion pair, are characterized by a gradual increase of the anisotropy 

parameter β indicating that C2H4
+/CH2O+ ions are emitted by the Coulomb explosion of the 

(C3H6O)2+ dication in a preferential direction that is parallel with respect to the polarization 

vector of the ionizing used light. On the other hand, as we have already discussed above, the 

angular distributions of Fig. 3 show a quite sudden change in the β value, passing from an 

isotropic distribution of the produced CH3
+/C2H3O+ ion pair (β ≈ 0-0.1), which is maintained up 

to about 32 eV, to an evident anisotropy (with β ≥ 0.5), which still remains up to 37.0 eV. 

III.2 The fragmentation dynamics of N-methylformamide by VUV/EUV ionizing radiation. 

Preliminary data from a dissociative double photoionization study of N-methylformamide are 

reported in this section. They concern the relative cross sections for the observed two-body 
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fragmentation processes coming out of the Coulomb explosion of the intermediate C2H5NO2+ 

dication, with their threshold energies.  

Previous studies concerning the ionization of N-methylformamide were performed by: i) Lin et 

al.47 with their highly selective dissociation study of the peptide bonds in the N-

methylformamide and N-methylacetamide, using tunable X-ray photons and investigating the K-

edge absorption of the atoms connected to the peptide bond; ii) Li et al.48 who carried out the 

determination of all cation fragments produced by a 70 eV electron ionization with subsequent 

fragmentation of methylated formamides. Later on, Salén et al.23 performed near-edge X-ray 

absorption fine-structure studies for N-methylformamide, N,N-dimethylformamide, and N,N-

dimethylacetamide, being simple prototypical molecules containing the amide moiety. 

The experiment reported here is the first attempt to study the ejection of a pair of valence-shell 

electrons from a simple molecule containing the peptide bond. It was recently performed at the 

“GasPhase” beamline of ELETTRA Synchrotron Facility (Trieste, Italy) using a tunable 

synchrotron radiation in the 26-45 eV photon energy range. The preliminary collected 

coincidence spectra as a function of the photon energy indicate that the following two-body 

dissociation reactions (see equations (3) and (4) below) are operative: 

   C2H5NO + hν → HC=ONH(CH3)2+ + 2e- → CH3
+ + HC=ONH+      hν ≥ 29.0 eV               (3) 

         → H+ + C2H4NO+                 hν ≥ 30.0 eV            (4) 

As already mentioned above, no indication for the formation of a stable C2H5NO2+ molecular 

dication has been found in any recorded mass spectra. In fact, all collected coincidence plots 
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showed the formation of a short-lived intermediate (C2H5NO2+)* dication having a lifetime less 

than 50 ns. 

Applying the procedure discussed in Section II, we were able to determine the relative cross 

sections for the two observed fragmentation channels (see equations (3) and (4) above) by 

analyzing the recorded coincidence spectra for each investigated photon energy. Such cross 

sections are given in Fig. 6 over the probed 26-45 eV photon energy range.  

 

Figure 6. The relative cross sections as function of the investigated photon energy as obtained in 

the double photoionization experiment of N-methylformamide in the 26-45 eV photon energy 

range. 
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From Fig. 6 it can be seen that the main important two-body fragmentation channel is the one 

forming H+ + C2H4NO+ product ions, with about 60% of the relative abundance in the whole 

investigated photon energy range. Such a channel is characterized by a threshold energy of 

30.0±0.3 eV, whereas the other fragmentation channel producing CH3
+ + CH2NO+ products is 

about 40% of the total double photoionization events having a lower threshold energy of 

29.0±0.3 eV. 

In Figures 7 and 8 are reported the KER distributions (for either total or single fragment ion 

formation) recorded at two different photon energies (35.0 and 45.0 eV) above the threshold for 

the two dissociation channels revealed in our experiment.  
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Figure 7. The kinetic energy released (KER) distributions for the H+/C2H4NO+ ion pair products 

generated in the two-body fragmentation process following the double photoionization 

experiment of N-methylformamide at two different photon energies (35.0 eV - lower panel and 

45.0 eV – upper panel): the pictures on the left side show KERs for each single product ion, 

while on the right side, total ion KER distributions are reported. 

 

 

Figure 8. The kinetic energy released (KER) distributions for the CH3
+/CH2NO+ ion pair 

products generated in the two-body fragmentation process following the double photoionization 

experiment of N-methylformamide at two different photon energies (35.0 eV - lower panel and 
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45.0 eV – upper panel): the pictures on the left side show KERs for each single product ion, 

while on the right side, total ion KER distributions are reported. 

 

In the case of the two-body fragmentation channel leading to H+/ C2H4NO+ ion pair (see equation 

(4)), Fig. 7 (right panel) shows a total KER distribution with a maximum at about 4.0 eV, which 

is found almost completely in the broad distribution of the proton (see left panel of Fig. 7) 

coming out from the Coulomb explosion of the intermediate (C2H5NO2+)* molecular dication. 

The second ionic fragment C2H4NO+, being much heavier than the other, is characterized by a 

very narrow KER distribution of about 0.2 eV. No differences have been found in the KER 

distributions passing from a photon energy of 35.0 eV up to 45.0 eV. On the other hand, in the 

case of the reaction forming the CH3
+/CH2NO+ ion pair (see equation (3)) the total KER 

distributions reported in the right panel of Fig. 8 are almost symmetric and have a maximum at 

about 5.0 eV with a FWHM (Full Width at Half Maximum) of about 1.7 eV. 

Furthermore, the KER distributions for single fragment ions reported in the left panel of Fig. 8 

appear to be quite symmetric with a maximum at about 1.3 eV for CH2NO+ and ~3.6 eV for 

CH3
+, with a broader KER in the latter case because the lighter mass of the methyl fragment (the 

KER of CH3
+ is characterized by a FWHM of ~1.2 eV compared with a FWHM of ~0.5 eV in 

the case of CH2NO+). Moreover, in the case of reaction (3) all recorded KERs shown in Fig. 8 do 

not change as the photon energy changes from 35.0 to 45.0 eV. 

Finally, looking at the typical escape energy of various simple ions,13,14 we can argue that the 

measured KER of Figures 7 and 8 for H+ and CH3
+ ions (being in the range of 2.2-5.7 eV and 

2.7-4.8 eV, respectively) are compatible with their possible escape from the atmosphere of Mars 
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and Titan in the event that N-methylformamide is found to be in these environments in the 

future.  

 

IV. CONCLUSIONS 

This paper reports on an experimental study concerning the dissociative double photoionization 

of two simple organic molecules of astrochemical and basic interest, in order to investigate their 

interaction with UV and EUV ionizing radiations with subsequent direct ejection of two valence 

electrons. The studied molecules are: i) propylene oxide, being the first chiral molecule recently 

detected in space;15 ii) N-methylformamide, being one of the simplest organic molecules 

containing the peptide bond, discovered in 2017 in interstellar medium16 and of great interest in 

order to obtain a deeper understanding of the degradation mechanism of proteins by ionizing 

radiations. 

Such a study has been performed by using linearly polarized synchrotron radiation in order to 

identify in each case the leading two-body dissociation channels and to measure: i) the threshold 

energy for the different ionic products formation; ii) the related branching ratios, and iii) the 

kinetic energy released distribution of fragment ions at different photon energies. This 

preliminary study is important in providing new data on C3H6O2+ and C2H5NO2+ dication 

energetics, and nuclear dissociation dynamics, being mandatory information for further 

experimental and theoretical investigations of the interaction between chiral and peptide bond 

containing molecules and linearly or circularly polarized light.  

Therefore, we are planning during the next available beamtimes to employ circularly polarized 

light, as available at the “CiPo” Beamline of ELETTRA Synchrotron Radiation Facility (Trieste, 
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Italy), to selectively photo-ionize the two enantiomers of propylene oxide, probing possible 

differences on the angular and energy distribution of either fragment ions and/or ejected 

photoelectrons as a function of the radiation energy.  

In the case of N-methylformamide, preliminary reported results indicate that UV radiation in the 

energy range of 26-45 eV is not able to cleave the C-N bond related to the carbonyl functionality.  

In fact, the equation (3), representing the two-body fragmentation process forming the 

CH3
+/CH2NO+ ion pair, involves the cleavage of one C-N bond of the molecular precursor but it 

is not the bond to the carbonyl carbon atom. Furthermore, this could be useful for investigations 

aimed at studying the formation/destruction routes of formamide, which is a well-known abundant 

simple organic molecule in astrochemical environments.49 
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Figure 3. Recorded angular distributions of CH3+/C2H3O+ fragment ion pair products formed by Coulomb 

explosion of the C3H6O2+ dication at different photon energies. In the ordinate axis dots intensity are in 

arbitrary units. For clarity the error bars are omitted since they are of the same order of magnitude of the 

dot dimensions. On the left side are reported the calculated anisotropy parameters β using equation (2) for 

each collected angular distribution (see text). 
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Figure 4. B3LYP optimized geometries (Å, and °) of the three stable C2H3O+ isomers; relative energies (eV) 
computed at B3LYP (CCSD(T)) level have been reported (see text). 
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Figure 5. a) The kinetic energy released (KER) distributions for the C2H4+/CH2O+ ion pair products 

generated in the two-body fragmentation process following the double photoionization experiment of 

propylene oxide as a function of the photon energy: the left panel shown KERs for each single product ion, 

while in right panel total ion KER distributions are reported; (b) Angular distributions of C2H4+/CH2O+ 

fragment ion pair products formed by Coulomb explosion of the C3H6O2+ dication at different photon 

energies. In the ordinate axis dots intensity are in arbitrary units. For clarity the error bars are omitted since 

they are of the same order of magnitude of the dot dimensions. On the right side are reported the calculated 

anisotropy parameters β using equation (2) for each collected angular distribution (see text). 
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Figure 6. The relative cross sections as function of the investigated photon energy as obtained in the double 

photoionization experiment of N-methylformamide in the 26-45 eV photon energy range. 
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Figure 7. The kinetic energy released (KER) distributions for the H+/C2H4NO+ ion pair products generated 

in the two-body fragmentation process following the double photoionization experiment of N-

methylformamide at two different photon energies (35.0 eV - lower panel and 45.0 eV – upper panel): the 

pictures on the left side show KERs for each single product ion, while on the right side total ion KER 

distributions are reported. 
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Figure 8. The kinetic energy released (KER) distributions for the CH3+/CH2NO+ ion pair products generated 

in the two-body fragmentation process following the double photoionization experiment of N-

methylformamide at two different photon energies (35.0 eV - lower panel and 45.0 eV – upper panel): the 

pictures on the left side show KERs for each single product ion, while on the right side total ion KER 

distributions are reported. 
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