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ABSTRACT 

Nitromidazoles are relevant compounds of multidisciplinary interest and the knowledge of their 

physical-chemical parameters as well as their decomposition under photon irradiation is needed. Here 

we report an experimental and theoretical study of the mechanisms of VUV photofragmentation of 2 

and 4(5)-nitromidazoles, compounds used as radiosensitisers in conjunction with radiotherapy as well 

as high-energy density materials. Photoelectron–photoion coincidence experiments, measurements of 

the appearance energies of the most important ionic fragments, density functional theory and single-

point coupled cluster  calculations have been used to provide an overall insight into the energetics and 

the structure of the different ionic/neutral products of the fragmentation processes. The results show 

that these compounds can be an efficient source of relevant molecules CO, HCN, NO, NO2 and 

produce ions of particular astrophysical interest, like the isomers of azirinyl cation (m/z 40), predicted 

to exist in the interstellar medium, and protonated hydrogen cyanide (m/z 28). 
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1.INTRODUCTION

It is well known that the specific role of a molecule is related to its physical-chemical properties and 

molecular structure.1,2 The knowledge of these relationships in different fields of chemistry and 

physics is of fundamental significance and may help to design and synthesize new molecules relevant 

to medicine, material science and sensors.3,4 Therefore, although not always straightforward, the 

establishing of these structure-properties correlations is of paramount importance. Recently in the 

study of 2- and 4(5)-nitroimidazoles radiosensitizer it has been proposed that possible radiosensitising 

mechanisms for these isomers depend on some of their characteristic fragmentation pathways. 5-7 The 

study of the major dissociation routes is of great interest also in other fields of chemistry, as for 

example in the identification of the most relevant ionic and neutral building blocks involved in the 

interstellar synthesis of nitrogen-containing molecules.8 Furthermore, due to physical-chemical 

properties, such as the high heats of formation,9 nitroimidazole derivatives are some of the most 

attractive nitrogen rich compounds used as high-energy density materials (HEDM).10-12 Energetic 

materials store chemical energy and then, by decomposition, transform it into mechanical energy. 

Their fragmentation can be induced by different sources such as heat and sparks, which produce 

electronically excited molecules.13,14 More energetic sources can also ionize these compounds leading 

to their dissociation into small ionic and neutral products, until now only partially identified and 

characterized, as in the case of 2- and 4(5)-nitroimidazoles.15 Indeed, in addition to CO2, N2 and H2O, 

other degradative toxic molecules or corrosive acids can be produced by combustion of a propellant, 

making that material an unsuitable green-friendly compound, for instance in defence and space 

applications.16 Many efforts17 are still devoted to identify the particles released in the environment 

after combustive and explosive processes and to evaluate their impact as contaminants. A complete 

overview of all possible decomposition products is therefore of fundamental and applicative interest. 

In the present work we performed a theoretical and experimental study of the mechanism of formation 
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of the most important ionic and neutrals species observed after irradiation of nitroimidazole isomers 

with VUV light. As for other ionized nitroaromatic compounds18,19 and equally to the behaviour of 

nitroimidazoles after UV excitation,14 the initial decomposition pathway is the release of nitro oxide 

molecule through a nitro-nitrite isomerization.Errore. Il segnalibro non è definito. In the past years many efforts 

have been devoted to analyze the mechanism of formation of NO but little or partial attention has 

been paid to the study of the mechanism of dissociation of the NO2- group from the ring of 2- and 

4(5)-nitromidazoles isomers .Errore. Il segnalibro non è definito.,6 In a previous workErrore. Il segnalibro non è definito. 

it has been demonstrated that under VUV light absorption the breakup of the 4(5)-nitroimidazoles’ 

ring, following the NO-loss (scheme 1), produces fundamental simple molecules: CO and HCN. The 

theoretical results show no evidence of the formation of N2 molecules.  

 

Scheme 1. Fragmentation pathways proposed for the three nitroimidazole isomers.5 Numbers in blue (eV) are the 

energetic barriers relative to the parent ion (m/z 113). Text in red and green indicate, respectively, the neutrals released in 

the decompositions and the ions analyzed in this work. The most abundant ions observed are indicated in bold. 
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On the other hand, in 2-nitroimidazole an intense peak, corresponding to the undamaged ring (m/z 

83) was observier. This work is focused on the investigation of the mechanism of formation of the 

other characteristic ions (m/z reported in green in scheme 1) not yet discussed. This is achieved by 

the experimental and theoretical determination of appearance energies (AEs) of the relevant fragment 

ions (scheme 1) observed in the mass spectra of 2- and 4(5)-nitroimidazoles and by Photoelectron–

photoion coincidence (PEPICO) measurements.  

2. Methods 

The VUV induced photofragmentation of the nitroimidazole isomers has been studied with tunable 

synchrotron radiation at two different beamlines, at the Elettra storage ring in Trieste (Italy). The 

PEPICO experiments which allow to obtain ion-state selected mass spectra, have been performed at 

the Gas Phase beamline20 while the AEs of the main fragment ions have been measured at the Cipo 

beamline.21 As reported in literature22,23 the 4-and 5- nitroimidazoles are almost degenerate in energy 

and in the gas phase coexist in a tautomeric equilibrium with a relative population of 1:0.7 (4-

nitroimidazole:5-nitroimidazole) at 390 K. Hence in the following we will refer to 4(5)-

nitroimidazoles, assuming that both isomers are present in the gas phase. The computational study of 

the three isomers at the B3LYP/6-311G++(d,p) level of theory with a single-point coupled cluster 

calculations, CCSD, of the energies has been crucial for the interpretation of the experimental results. 

For the sake of simplicity an ion will be indicated as m/z 83 or 83+ and 2- and 4(5)-nitroimidazoles 

as 2-NIM and 4(5)-NIM, respectively. 

2.1 Experimental details 

The apparatus for the PEPICO experiments24 and the related experimental procedures25 for data 

acquisition and analysis have been described in details in previous publications.26,27 Briefly, a VG 

220i hemispherical electrostatic electron energy analyzer with multidetection capabilities and a time 

of flight (TOF) spectrometer are mounted opposite to each other at the magic angle with respect to 

the polarization direction of the linearly polarised incident radiation. The photoelectron and TOF 
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spectrometers can be operated independently, for the measurement of the photoelectron spectrum 

(PES) and of the mass spectrum, respectively, or in time coincidence for PEPICO experiments. The 

TOF analyzer is operated in pulsed extraction mode, triggered either by a pulse generator at 1 KHz, 

or by the detection of a kinetic energy resolved photoelectron. In the latter case (PEPICO mode), an 

additional trigger provided by a pulse generator at 100 Hz allows the measurement of the spectrum 

of random coincidences to be subtracted from the electron-ion coincidence measurements, following 

a proper normalization. The PEPICO measurements provide the state-selected photofragmentation 

spectra for fragmentation processes occurring on a time scale of less than 2μs. A fixed photon energy 

of 60 eV, an overall energy resolution of about 300 meV and a step size in kinetic energy of the order 

of 200-400 meV were used, resulting in a typical counting rate of less than 20 Hz of electrons and 

few tens of thousands of ions. 

The AE measurements of ionic fragments produced from the photofragmentation of the molecular 

systems were performed in the photon energy range 5–17 eV by means of an Aluminum Normal 

Incidence Monochromator (Al-NIM). The experimental apparatus, described in detail elsewhere28 

consists of an ionization region where a set of ion optics extracts and focuses the ions produced by 

ionization via synchrotron radiation into a commercial quadrupole mass spectrometer equipped with 

a channeltron detector. The experiments consist in the acquisition of the mass spectra at a fixed photon 

energy (16 eV) and the measurement of the photoionization efficiency curves (PECs) of the selected 

fragment ions to determine their AEs. The PECs are obtained by reporting the yield of the fragment 

versus photon energy, scanning the undulator/monochromator in order to maintain the maximum flux 

at each given energy. The PECs were normalized to the photon intensity, which was measured 

simultaneously by a photodiode located at the end of the beamline. The photon energy was calibrated 

against the autoionization features observed in the Ar total photoionization efficiency spectra between 

the 3p spin orbit components. The contribution of the second order radiation in the photon energy 

range, 11-14 eV, was removed by comparing the measured Ar+ ion yield to its ionization cross 
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section.29 Below 11.7 eV a lithium fluoride filter was used to ensure the removal of higher order 

radiations.28 The experimental AE values are determined by plotting on a linear scale the PECs and 

fitting straight lines to the background and to the ion signal in the threshold region. The photon energy 

at the intersection of these two lines is the experimental determination of the AE. For each fragment, 

the AE value reported in Tab. 1 was obtained by repeating the fitting procedure over an increasing 

range of data points until a stable and reproducible value was achieved. The different determinations 

were averaged and their dispersion provided the uncertainty, estimated to be of the order of 10-100 

meV depending on the sharpness of the PEC onset. All samples, purchased from Sigma-Aldrich with 

purity higher than 98 %, are in the form of powders. They were placed in a crucible under UHV 

condition, and sublimated at a temperature of 337 K and 370 K for the 2- and 4(5)-nitroimidazoles, 

respectively. 

2.2 Theoretical details 

 

Quantum chemistry calculations have been performed at the level of Density Functional Theory 

(DFT). The geometries were optimized using the Becke, three-parameter, Lee-Yang-Parr (B3LYP) 

functional with the 6-311++G** basis set. The frequency analysis was based on the normal mode 

harmonic approximation.30 All critical points were characterized as energy minima or transition state 

structures (TS) by calculating the harmonic vibrational frequencies at the same level of theory. They 

were also used to compute the zero-point and thermal energy corrections. The TS were 

unambiguously related to their interconnected energy minima by intrinsic reaction coordinates (IRC) 

calculations.31,32 Accurate total energies were obtained by single-point for the B3LYP calculations. 

The outer valence vertical ionization energies (IE) were calculated using the outer valence Green 

function OVGF/6-311++G** methods.33,34 All calculations were performed using Gaussian 09.35 The 

calculated AE are at 298.15 K. For more details see also Tab. S1 and S2 in ESI. In all calculations 

the fragmentation has been considered to proceed from the ground state of the molecular ion. 
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Moreover the shape of the PES for singlet and triplet states has not been modelled because it is beyond 

the scope of the work.  

 

3. RESULTS AND DISCUSSION 

 

In Figures 1a and b the mass spectra of the isomers measured at the photon energy of 16 eV are 

shown.  

 

 

Figure 1. Mass spectra at the photon energy of 16 eV of a) 2-NIM and b) 4(5)-NIM acquired at the Cipo beamline. 

The measured and calculated AE values are reported in Tab. 1 where the overall consistency between 

the measured AEs and the onset of the PEPICO signal (Figure 2) is evident. Due to the relatively 

large step size of the PEPICO measurements (of the order of a few hundreds of meV) the energy 

range, where the onset is located, is reported in Table 1. The structural details of the optimized 

geometries of the ions 40+, 56+, 67+ and 97+ analyzed in this work are shown in Figures S1 and S2 of 

ESI. The measured PECs are shown in Figures 3 and 6 and in Figures S3, S4 and S5 in the ESI. It is 

right to say that eventual fragment/neutral internal excitation and kinetic shift may contribute to the 

experimentally measured AEs, thus they have to be considered as an upper limit of the real AE values. 

Moreover the higher temperature of the experiment with respect to the room temperature used in the 

calculations does not appreciably affect the comparison.  
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Figure 2. PEPICO spectra of the major fragments in the photofragmentation of 2-NIM (a) and 4(5)-NIM (b), see section 

2.1. For each sample, the bottom panel reports the corresponding PES spectrum measured at 60 eV photon energy together 

with the theoretical position of the six lower molecular orbitals, labelled 29 to 24 for increasing binding energy, BE, 

calculated by the OVGF/6-311++G** method. In the b) panel, the black and red (i.e. longer and shorter) bars represent 

the contribution of the 4- and 5-NIM, respectively. The energy position and the Hartree Fock charge distribution of these 

Table 1. AEexp and adiabatic AEth (eV) of the fragments ions 
from 2 and 4(5)-NIM molecules. OVGF IE for Homo orbital 
is also reported in bold. Abbreviations: (s)=singlet; 
(d)=doublet; (t)=triplet. 

NIM 

(113) 

Ion/Neutrals AEexp 

PEPICO 

AEexp IEth  and AEth 

 

 

 

 

 

 

2-NIM 

113+ 

 

83+/NO 

30+/C3N2H3O 

 

56+/NO+HCN 

28+/NO+HCN+CO 

 

97+(d)/O (s) 

 

40+(t)/NO2+HCN 

40+(s)/NO2+HCN 

 

67+(t) /NO2 

67+(s) /NO2  

9.4-9.6 

 

10.6-11.0 

11.8-11.0 

 

10.8-11.1 

11.0-11.1 

 

13.9-14.1 

 

13.6-13.9 

 

 

12.75-13.62 

9.540.01 

 

10.860.02 

10.940.03 

 

11.140.06 

11.160.06 
 

13.90.2 

 

13.80.1 

 
 

12.760.06  

9.35-9.70 

 

10.60 

 

 

11.37 

 

 

13.89 

 

13.69 

15.16 

 

11.64 

12.09 

 
 
 
 
 
4-NIM/5-NIM 

113+ 
 
 
83+/NO 
30+/C3N2H3O 
55+/NO+CO 
28+/NO+HCN+CO 
 
97+(d)/O(s) 
 
40+(t)/NO2+HCN 
 
 
40+(s)/NO2+HCN 
 
 
67+(t)/NO2 

 
 
67+(s)/NO2 

 

9.5-9.6 
 
 
 
10.8-11.0 
 
 
 
13.8-14.2 
 
13.8-14.2 
 
 
 
 
 
11.0-11.5 

9.590.010 
 
 

10.880.06 

10.890.02 

10.820.06 

10.950.03 
 

14.180.02 
 

14.200.10 
 
 
 
 
 

11.700.14 

 9.50-9.80(5NIM) 
 9.40-9.80(4-NIM) 
 
 10.87(5-NIM) 
 10.60(4-NIM) 
 
 
 
13.81(5-NIM) 
13.54(4-NIM) 
 

13.87(5-NIM) 
16.00(4-NIM) 
 

14.28(5-NIM) 
14.45(4-NIM) 
 

11.58(5-NIM) 
11.46(4-NIM) 
 
12.43(5-NIM) 
12.00(4-NIM) 
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molecular orbitals are reported in Table S3 and Figure S6 of the ESI. Features at 12.6-13.0 eV are due to some water 

contamination. 

 

3.1 2-nitroimidazole 

 

The PECs for fragments 30+ and 83+, 28+ and 56+ are shown in Figure 3.  

 

 

Figure 3. PECs of the 2-NIM fragment ions at a) m/z 83 and 30 and b) m/z 56 and 28. The threshold region is indicated 

by the arrow. 

 

The theoretical adiabatic ionization energy (IE) 9.35 eV of the 2-NIM is in agreement with the 

experimentally determined IE (see ESI Figure S4a) of 9.54±0.01 eV while the OVGF value, 9.7 eV, 

is higher since it represents the vertical ionization energy. The measured AEs of ions at m/z 83 and 

30 are very similar (Figure 3a), being 10.86±0.02 and 10.94±0.03 eV, respectively (Table 1). These 

data are in agreement with the fragmentation pathway, proposed in the previous work5
, where the two 

ions are formed via the same TS with an energy barrier of 1.37 eV (scheme 1). This results in an 

adiabatic AE of 10.60 eV.36 The identification of the routes leading to the two fregment ions 40+ and 

56+, the latter being also source of the ion 28+ as shown below, has been very challenging. As for the 

ion at m/z 56, the HCN-loss route has been considered (Figure 4).   
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Figure 4. Fragmentation pathway of 2-NIM parent ion (113+, I) leading to 56+ and 28+ fragments. Top: the optimized 

geometries of the species from isomer 83+(I) at the B3LYP/6-311++G** level of theory. Bottom: The total relative energy 

(in eV with zero point energy, ZPE) at the CCSD/6-311++G** level of theory with respect to the parent ion, and the 

HOMO orbital of 2-NIM molecule. 

 

The pathway starts, after the NO-release, with the breaking of the N1-C2 bond in the 83+ (I) ring 

isomer (-1.99 eV) and the H migration from C5 to C4, which produces the 83+ (II) open chain isomer 

(-1.95 eV) through an energy barrier of 2.10 eV (TS2, 0.11 eV). Afterwards, two other 83+ isomers 

are formed: 83+(III) (-1.05 eV) with the migration of the H in C4 to N3 via TS3 (0.88 eV), and 83+ 

(IV) (-0.52 eV) where a three element ring, HCNCH, is formed after the H migration from N1 to C5 

via TS4 (2.07 eV). From the 83+ (IV) the hydrogen cyanide molecule, HCN, and the 56+ ion (-0.62 

eV) with HNC(H)CO connectivity are produced through TS5 (1.43 eV). The species 56+ can further 
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dissociate through TS6 (-0.26 eV) in CO and [HCNH]+ ion (m/z 28).  In this pathway the TS at the 

highest energy, TS4, leads to an adiabatic AE for both 56+ and 28+ of 11.37 eV, in reasonable 

agreement with the measured AEs 11.14±0.06 eV and 11.16 ± 0.06 eV for 56+ and 28+, respectively 

(Table 1, Figure 3b). This clearly proves that 28+ is the daughter ion of 56+. The study of the m/z 40 

ion has been intriguing since this ionic fragment appears at higher energy than the other ions, as 

shown by the measured value of the AE (40+) = 13.8±0.1 eV (Table 1, Figure S4c in ESI) which 

suggests a different decay route. Since the ion 40+ is also observed in the mass spectrum of 

imidazole18,37,38 the fragmentation pathway from 67+ [113-NO2]
+  has been considered. Other routes, 

starting for instance from the C-C or N-C breaking and before NO2-loss or associated with H transfer 

to C237,38 are not analyzed here. Both the fragmentations from 67+ ions in the singlet and triplet states 

have been considered, as shown in Figure 5. The ring ion 67+ (I,t) in triplet state is more stable than 

the singlet one by 0.63 eV (see Table S1) and leads to the 40+ ion through the energy path (a) in 

Figure 5. 
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Figure 5. Fragmentation pathways a) and b) of 2-NIM parent ion (113+,I) leading to 40+ in triplet and singlet states. Top: 
the optimized geometries of the species from parent ions at the B3LYP/6-311++G** level of theory. Bottom: the total 
relative energies (in eV with zero-point energy, ZPE) at the CCSD/6-311++G** level of theory with respect to the parent 
ion. 

The fragmentation starts from the parent ion 113+ (I) which isomerizes into the 113+ (II) via TS1 

(2.40 eV) and produces the NO2 molecule and the 67+ ions, in triplet (a) or singlet (b) state. In the 

triplet state, the ring opens with the breaking of N1-C5 bond and the isomer 67+(II,t) is formed at 2.92 

eV through TS2 (4.41 eV). Then, via TS3 (3.88 eV) the H-N1-C2 moiety shifts on C5 and a new 

bond is formed between C2-C5 producing the 67+(III,t) isomer (2.05 eV) with HNC2C5(H)C4(H)N 

connectivity. Further, the C4-C5 bond breaks through TS4 (3.49 eV) producing an ionic adduct (2.81 

eV) between the quasi-linear triplet ion 40+ HNCCH and HCN. Finally, the ion 40+(I,t) is formed. 

Considering the TS at higher energy (TS2), this route leads to an adiabatic AE (40+,t) of 13.69 eV in 

complete agreement with the experimental AE of 13.8±0.1 eV and consistent with the energy range 

13.6-13.9 eV obtained in the PEPICO measurements (Figure 2a).  

In the singlet 67+(I,s) ion, the ring is initially broken at the C4-C5 bond via TS2’ (5.19 eV) generating 

the 67+(II,s) isomer (4.75 eV). Through the N3C4H shift via TS3’ (5.87 eV) the 67+ (III,s) isomer is 

formed (2.79 eV) with new bonds between N3-C5 and C2-C5 resulting in a three element ring. This 

isomer is the precursor of HCN and the cation 40+(I,s) (4.05 eV) which in turn can isomerize, through 

the TS4’ (5.37 eV) into the more stable ring isomer azirinyl ion 40+(II,s), (2.62 eV), where both 

hydrogen atoms are bound to the carbon atoms (HCNCH).39 However this path b) give a calculated 

AE (40+, s) via the TS3’, 15.16 eV,  too high relative to the experimental AE (40+) of 13.8±0.1 eV .  

The formation of the ion 67+ in the triplet and singlet states from routes a) and b) respectively, is not 

completely well understood. The calculated AE (67+) of 11.64 (t) and 12.09 (s) eV, do match neither 

the measured AE nor the PEPICO measurements, which report values around 12.8 eV. A tentative 

explanation of this difference might be that other unexplored routes to 67+, like the breaking of the 

ring 113+ (I) before the NO2-loss, are effective at higher energy. From Table S2 in ESI, it is also 

possible to evaluate the AE (67+) in triplet and singlet states considering the neutrals NO(doublet), 

O(singlet) and O(triplet). However the obtained data do not match the experimental results, which set 



14 
 

the threshold value at 12.76 eV. Indeed for the less energetic path: 67+(t) + NO(d) and O(t), the AE 

has been calculated to be 13.72 eV. In conclusion the interpretation of the AE for the 67+ in 2-NIM 

remains an open question. Also, it should not be forgotten that all calculations are performed in the 

ground electronic state. This provides a good description for most cases, but might fail when the 

peculiarities of an excited electronic state drive alternative fragmentation paths.  

The formation of the ion at m/z 97 has been also considered (see Fig S4b in ESI). It is produced 

through the atomic oxygen-loss from 113+ parent ions. The experimental AE (97+) is 13.9±0.2 eV in 

agreement with the PEPICO results: 13.9-14.1 eV (Table 1 and Fig 2a). Considering the oxygen atom 

and 97+ in the triplet and doublet states respectively, an AE (97+) of 11.39 eV was derived by 

theoretical calculations.  On the other hand considering the oxygen atom in the singlet state an AE of 

13.9 eV was calculated (see Table S2), which is consistent with the experimental observation. The 

same conclusions were obtained with the calculations performed at MP2 level of theory (data not 

shown). It is worth saying that a high spin contamination was revealed for this radical cation 97 as 

indicated by the ⟨S2⟩ operator, far from the theoretical value for the pure doublet spin state (0.75). 

We also consider the ion 97+ in quadruplet state. In such a case there is small spin contamination, but 

the theoretical data (12.81 eV, Table S2 in ESI) do not match the experimental results. The presence 

of a barrier or the contribution of specific excited electronic states to 97+ cannot be excluded. 

3.2 4(5)-nitroimidazoles 

 

The theoretical adiabatic ionization energy (IE) of 9.40 and 9.50 eV for the 4- and 5-NIM, 

respectively, is in agreement with the experimentally determined IE (see ESI Figure S3 and S5a) of 

9.59±0.01 eV while the OVGF value is 9.8 eV (Tables 1 and S3). As also reported in previous 

workErrore. Il segnalibro non è definito. the ions 83+, 55+, 30+ and 28+ should appear at the same energy through 

the TS at 1.35 eV (4-NIM) and 1.52 eV (5-NIM) (scheme 1). Indeed the calculated AE values are 
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10.60 and 10.87 eV for 4- and 5-NIM respectively, in agreement with the measured ones: 10.88 ± 

0.06 (83+), 10.89 ± 0.02 (30+), 10.82 ± 0.06 (55+) and 10.95 ± 0.03 (28+) eV (Figure 6 and Table 1). 

 

 

Figure 6. PECs of the 4(5)-NIM fragment ions at m/z 28 in red, 83 in blue 30 in green and 55 in black.  

 

The PEPICO results confirm these data (Figure 2b, Table 1). As for the fragment ion at m/z 40 its 

measured AE is 14.2 ± 0.1 eV (Figure S5c in ESI) and matches quite well the PEPICO experiments 

where an AE range of 13.8-14.2 eV has been evaluated (Table 1 and Figure 2b). Theoretical 

calculations have been also performed considering the formation of the ions at m/z 67 (I) in its singlet 

and triplet states after the loss of NO2 for both 4 and 5-NIM. In the case of 5-NIM the triplet state of 

67+ is more stable than the singlet one by 0.83 eV (see Table S1). The two fragmentation pathways 

a) and b) leading to 40+ and the molecular structures and energetics of the minima and transition states 

for 5-NIM are reported in Figure 7. As in the case of 2-NIM, the triplet and singlet states of the 67+ 

ions lead to the open chain and cyclic cation C2H2N
+ respectively.    
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Figure 7. Fragmentation pathways a) and b) of 5-NIM parent ion (113+,I) leading to 40+ triplet and singlet. Top: the 

optimized geometries of the species from parent ions at the B3LYP/6-311++G** level of theory. Bottom: the total relative 

energy (in eV with zero point energy, ZPE) at the CCSD/6-311++G** level of theory with respect to the parent ion and 

the HOMO orbital of 5-NIM molecule. 

 

The pathway a) starts with the breaking of N3-C4 bond in the ring of the 67+(I,t) ions (2.14 eV) and 

leads, through TS1 (4.41 eV), to the 67+(II,t) isomer (3.44 eV) where the already preformed quasi-

linear HCCNH+ (40+) and HCN molecule are present. Hence, via TS2 (4.21 eV) the [40---27]+ (2.09 

eV) complex is formed and this eventually produces the 40+ (I, t) and HCN (3.17 eV). According to 

this pathway the calculated adiabatic AE of 40+ (I, t), based on TS1 energy, is 13.87 eV to be 

compared with the measured AE 14.2 ± 0.1 eV (Table 1). The route b) from the singlet state of the 

ring 67+(I,s) isomer (2.97 eV) begins with the fission of the C4-C5 bond via TS1’ (4.82 eV) leading 

to the open chain isomer 67+(II,s) (4.33 eV) that with a very low barrier of 0.05 eV via TS2’ (4.37 

eV) forms the 67+(III,s) isomer (2.71 eV) where the preformed cyclic cation isomer is present and it 
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is produced after the detachment of HCN (3.97 eV). Then through TS3’ (5.29 eV) the 40+(I,s) can 

evolve in the more stable isomer 40+(II,s) (2.54 eV). Considering this route and the TS1’ energy the 

calculated AE of 40+(I,s) is 14.28 eV in agreement with both PEPICO results and the measured AE 

(Table 1). To calculate the AE of 40+(II,s) the TS3’ must be considered and an AE=14.80 eV is 

obtained. From the analysis of these data one may conclude that both pathways a) and b) are operative. 

If the AEs of the 67+ ions in the triplet and singlet states are also considered according to these routes, 

the calculated AEs of 67+ are 11.58 and 12.43 eV, respectively. It is evident from Table 1 that only 

the first one is in agreement with the experimental data (measured AE of 67+ is 11.70±0.14 eV and 

the PEPICO energy range is 11.0-11.5 eV). As for the ion at m/z 97, the same theoretical 

considerations discussed for 2-NIM are valid. The experimental AE (97+) value is 14.18 ± 0.02 eV in 

agreement with the energy range of PEPICO data (Figure 2b), while the calculated 13.81 (5-NIM) 

and 13.54 eV (4-NIM) are obtained considering the 97+ and oxygen atom in the doublet and singlet 

states, respectively (see Table 1 and Table S2 in ESI). Considering the ion 67+ in triplet and singlet 

states from 4-NIM, the experimental AE=11.70±0.14 eV and the theoretical AEs: AE(67+,s)=12.00 

eV and  AE(67+,t)=11.46 eV, show that probably 67+ ion in both singlet and triplet states may be 

formed  (Table 1 and Figure 8) even if the lower theoretical value is more reliable. As for ion 40+ the 

calculated fragmentation pathways from 4-NIM lead to isomers higher in energy than the 40+ isomers 

in singlet and triplet states obtained for the 2 and 5-NIM compounds (Table S1 and Figure 8 top). In 

pathway a) the breaking of the N1-C2 bond via TS1 (3.76 eV) leads to 67+(II,t) isomer (3.30 eV) that 

in turn, after the fission of the N3-C4 bond through TS2 (6.00 eV) and the formation of [40---27]+ 

complex (5.37 eV), produces the high energy 40+ (II,t) ion (6.63 eV) in the triplet state with HNC(H)C 

connectivity. In pathway b) there is always the breaking of the N1-C2 bond via TS1’(4.30 eV), but 

67+(II,s) (3.80 eV) isomerizes into 67+(III,s) (0.89 eV) after the migration of H from C5 to C4 via 

TS2’ (4.22 eV). Then the fission of the C4-C5 bond produces, via TS3’ (4.40 eV) and [40---27]’+ 

complex (4.17 eV), the HNC and the high energy open chain 40+ (III,s) with HCNCH connectivity. 

The evaluated theoretical AEs (40+) are 16.0 and 14.45 eV for triplet and singlet respectively, the 
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latter being comparable with the experimental value of 14.20 ± 0.10 eV. Considering these results it 

is possible to conclude that the 5-NIM and 4-NIM isomers can contribute to ion 40+ in the low energy 

triplet and high energy singlet states, respectively. However other dissociation routes, not explored or 

found in this work, cannot be excluded. 

 

 

 

Figure 8. Fragmentation pathways a) and b) of 4-NIM parent ion (113+, I) leading to 40+ triplet and singlet states. Top: 

the optimized geometries of the species from parent ions at the B3LYP/6-311++G** level of theory. Bottom: the total 

relative energy (in eV with zero-point energy, ZPE) at the CCSD/6-311++G** level of theory with respect to the parent 

ion and the HOMO orbital of 4-NIM molecule. 

 

3.3 PEPICO measurements  

 

The PES spectra of nitroimdazole isomers reported in the bottom panels of Figures 2 display the 

HOMO (orbital 29 in Table S3 and Figure S6 in ESI) just below 10 eV well separated by the other 
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features, a broad band which involves orbitals 28-24 centered at 11.5 eV and then the manifold of 

features which correspond to inner valence orbitals. The PES spectrum of the 4- and 5-NIM has been 

reported in a previous paper. 23 A good agreement between the two measured spectra exists. In ref 

[21] the binding energies of the different orbitals have been calculated with the OVGF/6-311+G** 

and SAOP/et-pVQZ models. The OVGF predictions well match the experimental spectrum as the 

present OVGF calculations performed with 6-311++G** basis set (Figure 2 and Table S3). As already 

observed in the case of pyrimidine24 and halogenated pyrimidines,25 the PEPICO spectra of 

nitroimidazoles (Figures 2) display a correlation between molecular orbitals (MO) and peculiar 

fragmentation patterns. In ref. [23] this state-selective fragmentation, which is ruled by the channel 

with the nearest AE, has been qualitatively rationalised in terms of the charge distribution of the 

different MOs. In the nitroimidazoles, the parent ion is observed exclusively in the lower ionic states, 

i.e. below the lowest AE at about 11 eV. This demonstrates that as soon as a fragmentation channel 

is opened, in the present case the loss of the NO as neutral or charged species, the molecule will 

certainly fragment, at least within the μs time scale of our experiment. The formation of the fragments 

83+ and 30+ are the first energetically allowed channels and correlate to the same MOs, in the second 

band at binding energy 11-12 eV (Figure 2). The fragment 83+ in all isomers is an example of a state-

selective fragmentation. In fact, its source can be unambiguously tracked down to the MOs 28-24 

around 11-12 eV (Table S3). Another example of stringent state-selective fragmentation is provided 

by fragment 55+ in 4(5)-NIM, again correlated to the MOs at 11-12 eV. Even thought to a minor 

extent, fragment 30+ presents a similar picture, apart for a weak but not negligible signal in the inner 

valence region. Fragment ions 55+ and 56+ are present exclusively in 4(5)- and 2-NIM, respectively, 

at least in the binding energy region explored in this work. In this respect, they can be considered as 

‘fingerprints’ of their source molecules. At variance, while 55+ can be uniquely related to the MOs at 

11-12 eV, the fragment 56+ in 2-NIM does not show any marked state selectivity, and its origin can 

be related to MOs at 11 eV < BE < 16 eV. This confirms, as already discussed in the previous section 

and in ref [Errore. Il segnalibro non è definito.], that they originate by different fragmentation 
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pathways in the different isomers, where ring opening and fragmentation of 83+ produce 

[HNC(H)NCH]+ + CO for 55+ in 5-NIM and [HNC(H)CO]+ + HCN for 56+ in 2-NIM. Fragment 28+ 

is observed in all isomers with a similar behaviour and an overall lack of state-selectivity. 

Consistently with the AE measurements reported in Table 1, the PEPICO spectra show that the group 

of fragments 83+, 30+, 56+/55+ and 28+ have a common route of formation in their threshold region, 

with the clear involvement of MOs in the BE region 11-12 eV. This supports the explanation provided 

in the previous section of successive processes, all originating with the NO-loss from the parent ion. 

However, in the 2-NIM PEPICO spectrum the most intense features are due to fragments 83+ and 

30+, while the fragments 28+ and 55+ provide the major contribution to 4(5)-NIM PEPICO spectrum 

as already rationalized and discussed in previous work.Errore. Il segnalibro non è definito. For all of these 

fragments the MOs at BE 11-12 eV seem to play a crucial role, in terms of state-selective 

fragmentation (fragments 83+ and 55+) as well as for its peculiar behaviour in the different isomers 

(stability of fragment 83+). Fragment 67+, due to the loss of the entire NO2 group, is probably the 

most intriguing feature in the photofragmentation spectrum of the NIM isomers. As already observed 

in Table 1, its AEs differ in the nitroimidazole isomers by more than 1 eV. Figure 2 clearly shows 

that its formation via the second band is only possible in the 4(5)-NIM, which is the reason of the 

energetic shift. However, this different behaviour in the formation of 67+ could not be explained in 

the calculations of the fragmentation dynamics. Looking in a qualitative way at the charge 

distributions of MOs 28 and 27 (Figure 6S in ESI) one may observe that in 4-NIM these are bonding 

orbitals between the NO2 group and the imidazole ring, while this is not the case in the 2-NIM. 

Finally, fragments 40+ and 97+ correlate to MOs towards the inner valence region, consistently with 

their larger AE values, showing small differences in their distribution of intensities, and no state- 

selectivity. 

4. CONCLUSIONS 
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The role of nitroimidazole isomers as a source of relevant ions and neutrals after the interaction with 

the VUV light has been highlighted by the combination of AE measurements, PEPICO experiments, 

DFT and CCSD calculations of the fragmentation dynamics. NO2, NO, CO and HCN molecules are 

stable neutrals released by all isomers and their production represents the main focus of the 

fragmentation pathways explored in this work.  As for the ionic counterparts we have observed: 

- Ion 28+ [HCNH]+: the linear isomer in the singlet state40 is the lowest energy structure and it is formed 

in the fragmentation of all nitroimidazole isomers,41-43 making reasonable to think that  this ion might 

take part in the interstellar synthesis of heterocycle compounds.44,45 Actually the [HCNH]+ is an 

important species in the interstellar environment detected for the first time in 198646 and demonstrated 

to be abundant in the Titan’s atmosphere by Cassini Huygens mission and a possible building block 

of more complex molecules.47 

- Ion 56+ [HNC(H)CO]+: it is observed only in the mass spectrum of 2-NIM. It is formed through the 

HCN-loss from the imidazole ring and it is the precursor of HCNH+ ion and CO molecule. 

- Ion 55+ [HNC(H)NCH]+: it is present only in the mass spectrum of 4(5)-NIM isomers and it is a 

precursor of HCNH+ and HCN species.  

- Ion 67+ imidazole ring [C3H3N2]
+: both the triplet and singlet state of 67+ have been considered. The 

triplet state is more stable than the singlet and no energy barrier was found for its formation from 

113+ (nitroimidazole) in 4(5)-NIM. In the case of 4(5)-NIM the theoretical AEs of 67+(I, t) are in 

agreement with the experimental result while the calculated AE of 2-NIM is lower than the 

experimental value.  

- Ion 40+ [C2H2N]+: its formation from the imidazole ring at m/z 67+ has been studied, taking into 

account both the triplet and singlet state of 67+. In both states the calculated structures for 40+ 

reflect the more stable ones recently re-discussed.39 The singlet cyclic isomer azirinyl cation 

with C(H)NC(H) connectivity, the lowest structure in energy, is predicted from the 
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fragmentation of 2 and 5-NIM after the isomerization of the cyclic isomer C(H)N(H)C ion. Their 

calculated energy difference of 1.42 eV is in good agreement with the value of 1.49 eV found 

for these isomers by W-K Li et al.48 Moreover the 4-NIM also produces a high energy isomer 

40+ with C(H)NC(H) connectivity  that has been also found by Maclagan et al in the study of 

C2H2N
+ isomers.49 As for the analysis of the potential energy surface of the triplet state, the ion 

40+ of the lowest energy is linear with HCCNH connectivity and it is 0.62 eV (Table S1) above 

the energy of singlet cyclic azirinyl cation 40+ in agreement with the data of 0.63 eV (48.5 + 

12.7 kJ mol-1) reported by M. Frankowski et al.50 It is noteworthy (Figure 5) that the linear triplet 

ion 40+(I) is a quasi-linear ion in the [40---27]+ complex before the dissociation and when the 

minimum geometry is calculated at the MP2 level of theory (Figure S1), in agreement with T. 

J. Lee and W-K Li et al.39,48 Moreover the high energy open chain ion 40+ in the triplet state 

with HNC(H)C connectivity (Figure 8 and Figure S1) formed by 4-NIM ion is another possible 

isomer and to the best of our knowledge it has not been analyzed in previous works probably 

because of its too high energy.  

The difference between the calculated and measured AE of ion 67+ in 2-NIM is puzzling. Considering 

our experimental approach and the theoretical description, several possible explanations have been 

considered. The first one is the existence of metastable states. From the experimental point of view, 

the TOF measurements of the PEPICO spectra and the QMS measurements of the AE values do 

involve quite different detection times, varying from few to several microseconds, respectively. 

Nevertheless, they provide consistent results, as shown in Table 1 suggesting that metastable states 

in this time scale, if present at all, do not play a major role. On the other hand, ‘faster’ processes, 

occurring on a time scale shorter than the extraction time (500 ns) of our set upErrore. Il segnalibro non è 

definito.  are not ‘seen’ and the detected daughter ion will be considered as the result of a prompt 

fragmentation. This is a quite general situation in mass spectrometry, where “observed processes” 

depend on the time detection limit of the used spectrometers. Therefore, it is in principle possible that 
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a ‘fast’ process in 2-NIM, for example a curve crossing, is responsible for the instability and fast 

fragmentation of the 67+ ionic ring. A second consideration is related to the calculations which 

consider as a starting point of the dynamics the ground state of the molecular ion, neglecting any 

involvement of excited ionic states. This approach is based on the observation that ultrafast decays to 

the ground ionic state via conical intersections are likely processes.51-53 It is however possible that 

such description does not always apply, and that a ground state calculation does not provide a faithful 

or comprehensive description of the process. Furthermore it is possible that an energy barrier or a yet 

unidentified route that rapidly fragments 67+ into a smaller daughter ion.  In conclusion the formation 

and the structural and energetic characterization of the main neutrals and ions from VUV physical-

chemical properties have been measured and calculated. This study can provide relevant insight into 

the chemical reactions of formation of the five-membered heterocycles containing nitrogen in the 

space and highlight the role of important astrophysical ions as HCNH+ and C2H2N
+ isomers.  
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