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The authors would like to thank the Referee for all suggestions and comments and have 
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Referee #1 

1. The fragmentation pattern of 2-thiouracil is very reach, which determines a fairly long 

discussion. Shortening the results and discussion section would cause a lack of consistency. 

We do believe that this section is not too long and we prefer to keep it in the present form. 

2. We have defined the term TU as 2-thiouracil. 

3. We have changed the term “ballistic free electrons” for “ballistic electrons”. 

4. We have included the energies of the corresponding anion states into Figure 1. 
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Graphical abstract: 

 

Electron induced fragmentation of 2-thiouracil. 
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ABSTRACT 

The fragmentation of 2-thiouracil (TU) molecules induced by low energy (< 12 eV) electrons 

is investigated experimentally and theoretically. It is observed that most of the damage is 

localised at the sulphur site and in particular visible via the production of the thiocyanate, 

SCN¯ , anion. Similarly to the canonical nucleobases the loss of the hydrogen atom is a 

predominant dissociation channel already at the subexcitation energies. The theory shows that 

for incident electron energies below 3 eV dissociative electron attachment is initiated by 

shape resonances implicating the π* molecular orbitals. It may also arise from dipole bound 

supported state as illustrated by the production of the SCN¯ , S¯  and (TU - S)¯  fragments 

observed close to 0 eV but also the formation of (TU - H)¯  species at 0.7 and 1 eV. 

                                                
* corresponding author: kopyra@uph.edu.pl 
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 2

INTRODUCTION 

The interactions of low energy electrons with molecules of biological interest have 

attracted a considerable attention in the last decade, since it has been demonstrated the ability 

of these species to damage DNA [1]. These particles (i) are copiously produced along the 

ionization tracks [2], (ii) have an energy distribution below 15 eV [3] and finally (iii) at these 

energies the molecular dissociation occurs, in general, with large cross sections [4,5,6]. 

Paradoxically these geno-toxic effects are highly desirable for therapies that combine the use 

of radiation and chemical agents with sensitizing properties. Halouracils have been one of the 

first potential radiosensitizers suggested in the early sixties [7]. One proposed mechanism 

involves thermalised or pre-hydrated electrons that cause the dissociation of the halo-

substituted nucleobases leading to production of the reactive uracil-yl radicals which then 

become precursors for DNA damage [8]. In fact it has been demonstrated that this mechanism 

involves rather ballistic electrons [9,10,11]. Further to the studies the results from DFT 

calculations [12 ] for a series of uracil derivatives suggest that in particular C5 site is 

convenient for the implementation of a sensitizing substituent since it is easily modified 

chemically [13] and not involved in hydrogen bonding between complementary nucleobases 

within DNA. More recent results obtained for various fluoro-substituted nucleosides show 

that the sensitization can be achieved not only by the implementation of the halogen atom at 

the base site but also at the sugar site [14]. 

Thiolated nucleobases are well known as anti-cancer drugs [15]. Within the last years 

these molecules also attracted attention in synthetic biology [16] that contributes to improve 

health care, for instance towards immunodeficiency viruses [17]. The combined use of such 

analogues of nucleobases and light has been shown to develop sensitization properties [18]. 

However, these may also induce unwanted and dramatic secondary effects such as skin 

cancers [19]. Therefore it is desirable to understand how the sulphur-substituted nucleobases 

can be altered by the ballistic secondary electrons. 

In this work, we present the fragmentation of 2-thiouracil (TU) induced by low energy 

electrons. The most favored dissociation channel produces the (TU - H)¯  negative ion 

followed by the formation of the SCN¯  anion. The sulphur containing site remains 

nevertheless weak towards low energy electron attacks. The description of the formation of 

the transient negative ion by the capture of the excess electron is discussed. In order to 

evaluate the anion spectra of TU we computed elastic integral cross sections, by means of the 

Schwinger Multichannel Method with Pseudopotentials. The only available theoretical results 

on the anion states of TU was reported by Dolgounitcheva et al. [20]. Their calculations 
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 3

indicate a negative vertical electron attachment energy, that is, the lowest-lying anion would 

be unstable relative to autodetachment and would be regarded as a resonance. 

 

EXPERIMENTAL PROCEDURE 

We have performed electron/thiouracil collision experiments in a crossed-beam 

arrangement consisting of an electron source, an oven and a quadrupole mass analyzer 

(QMA). The components are housed in a UHV chamber at a base pressure of approximately 

3×10-9 mbar. A well-defined electron beam generated from a trochoidal electron 

monochromator (resolution ≈250 meV FWHM), orthogonally intersects with an effusive 

molecular beam of thiouracil. This latter emanates from the vessel (containing approximately 

1 mg of ≥98 % purity powder (Alfa Aesar)) heated by two in vaccuo halogen bulbs. These 

lamps also prevent the powder from condensation on the surfaces. In the present work, the 

material is heated up to 420 K, measured by a platinum resistance. This temperature is 

however well below the melting temperature (≈ 613 K [21]). Furthermore IR and UV 

spectroscopic measurements of the vapor substance undertaken at 500 K , do not indicate any 

decomposition of the products [22]. Since our working temperature is well below 500 K the 

presently evaporated molecules are likely to remain intact. Upon heating, the molecule may 

adopt different tautomeric forms [22]. However, from the spectroscopy experiments, only the 

keto tautomer for which the structure is exhibited in Figure 1 has been reported [22]. Negative 

ions that are produced in reaction zone after collision of intact molecules with electrons are 

extracted from the interaction area by a small draw-out-field (< 1 Vcm-1), analyzed by the 

QMA and detected by single pulse counting techniques. The electron energy scale is 

calibrated by using the SF6 gas flowing through the oven yielding the well-known SF6¯  

resonance near zero eV. However, the measurements are performed without the presence of 

the calibration gas avoiding unwanted reactions such as dissociative electron transfer with the 

investigated molecules producing an additional signal near 0 eV [23]. 

 

COMPUTATIONAL METHODS 

 The scattering calculations were performed at the ground state equilibrium geometry. 

Geometry optimization was performed at the Moller-Plesset second-order perturbation theory 

(MP2) with the DZP++G(2d,1p) basis set. The electronic ground state was described at the 

restricted Hartree-Fock level, employing the set of Cartesian Gaussian basis set generated by 

Bettega et al. [24]. A 5s5p2d basis set was employed for the heavier atoms, whose exponents 
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 4

are shown in Table 1, while the 3s basis of Dunning [25] was employed for the hydrogen 

atoms. The norm-conserving pseudopotentials of Bachelet, Hamann and Schluter (BHS) [26] 

were used to replace the nuclei and the core electrons of the heavier atoms, in both bound 

state and scattering calculations. The GAMESS package [27] was employed for all the above 

mentioned electronic structure calculations. 

The parallel version [28] of the Schwinger multichannel method [29] implemented 

with the BHS pseudopotentials (SMCPP method) [30] was employed to compute the elastic 

cross sections. Details on the method can be found elsewhere so here we only outline the 

relevant aspects to the present calculations. The working expression for the scattering 

amplitude is given by 

 

 

where 

 

 

and 

 

 

 

In the above equations kS  is an eigenstate of the unperturbed Hamiltonian, H0, given by the 

product of a plane wave with momentum k
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 5

target state obtained by promoting a single electron from an occupied (hole) to an unoccupied 

(particle) orbital. Particle and scattering orbitals were represented by modified virtual orbitals 

(MVOs) [31] generated from the cationic Fock operator with charge +6. The target molecule 

belongs to the Cs point group, such that the integral cross section could be decomposed into 

A’ and A’’ components. For both symmetries, the CSF space was generated by the energy 

criterion [32] εscat + εpart - εhole < ∆, where εscat, εpart and εhole are the energies of the scattering, 

particle and hole orbitals, respectively, and ∆ is the energy cut-off (∆ = -1.05 Hartree in the 

present calculations), allowing for singlet- and triplet-coupled excitations, resulting in a total 

of 18,256 configurations (9,235 in the A’ symmetry and 9,021 in the A’’ symmetry). 

 The present elastic cross sections were not corrected to account for the contribution of 

the long-range dipole potential to the higher partial waves, since we are mainly interested in 

obtaining the shape resonance spectra. The dipole contribution would increase the magnitude 

of the background cross sections arising from higher partial waves, but is not expected to 

significantly impact the positions and widths of the shape resonances, having signatures in 

lower angular momentum components. To assign the positions and width of the calculated 

resonances we performed least-squares fits of the eigenphase sums to a model combining 

Breit-Wigner profiles (to account for the resonant component) and second degree polynomials 

(background component). 

 Figure 1 shows the structure of TU along with virtual molecular orbitals, which will be 

discussed in connection with the resonance spectrum, namely the three lowest lying 

unoccupied molecular orbitals (LUMOs) having π* character (LUMO, LUMO+1 and 

LUMO+6), and the LUMO+5 orbital, with σ* character. They were obtained from restricted 

Hartree-Fock calculations (6-31(d)G basis set) at the MP2-level optimal geometry  (same 

basis set), employing the Gamess package [35]. These calculations also allowed for estimates 

of the vertical attachment energies (VAEs) of the π* anion states, employing the empirical 

relation [33] given by VAE = 0.64795xVOE - 1.4298, which relates the computed virtual 

orbital energy VOE and the VAE. The latter can be compared with the resonance energy 

obtained from scattering calculations and experiment. 

 A molecular dipole moment greater than 2.5 D is strong enough to support a dipole-

bound anion, wherein the extra electron is weakly bound to the positive end of the molecule 

[34]. The description of dipole states requires very diffuse basis functions, which are not 

contemplated in the standard Dunning's or Pople's family of diffuse functions. In order to 

characterize this dipole-bound state, we performed electronic structure calculations with the 
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 6

Gaussian09 [35] package and the procedure of Skurski et al. [36] for generating very diffuse 

functions, briefly described as follows. The aug-cc-pVDZ basis set was augmented with a set 

of 6s6p diffuse functions placed on the hydrogen atom at the C6 site, which lies on the 

positive pole of the electric dipole moment. The first exponent in the additional set was 

obtained by dividing the most diffuse hydrogen exponent in the aug-cc-pVDZ valence set by 

4. The subsequent exponents were chosen in an even-tempered fashion, successively dividing 

each exponent by 4. We applied this procedure for both the s- and p-type extra functions, such 

that the most diffuse exponent were 7.261x10-6 a.u. (s-type) and 3.4424x10-5 a.u. (p-type). 

The singly occupied molecular orbital obtained from an unrestricted Hartree-Fock calculation 

for the anion employing the diffuse basis set is also shown in Figure 1. 

 Finally, electron affinity estimates were computed from MP2 calculations for both the 

neutral and the anion molecules. We also computed the dissociation thresholds for the 

hydrogen elimination reaction from the N1 and N3 sites. We employed the Gaussian-2 

method with MP2 corrections G2(MP2) [37], and obtained 0.55 eV (N1 site) and 1.00 eV (N3 

site). The harmonic frequencies of the neutral TU molecule were computed with density 

functional theory (DFT) employing the hybrid B3LYP functional and the aug-cc-pVTZ basis 

set. We mention in passing that dissociation thresholds obtained with the DFT/B3LYP/aug-

cc-pVTZ method are in excellent agreement with the G2(MP2) estimates. Both the DFT and 

G2(MP2) calculations were carried out with the GAUSSIAN 09 package. 

 

RESULTS and DISCUSSION 

The impact of low-energy (< 12 eV) electrons on 2-thiouracil (128 amu, for the 

molecular structure see Figure 1) leads to the formation of various anionic fragments detected 

at m/z 127, 96, 85, 75, 67, 58, 42, 32 and 26. Three of them, namely m/z 127, 96 and 32 that 

have been ascribed to the (TU - H)¯ , (M - S)¯  and S¯  anions, arise from a direct single/double 

bond rupture. The other species require more complex reactions and their formation proceeds 

via a multiple bond cleavages. They are attributed by stoichiometry to the (TU - OCNH)¯  

(m/z 85), (TU - C3HO)¯  (m/z 75), (TU - SCNH - H2)¯  (m/z 67), SCN¯ (m/z 58), OCN¯  (m/z 

42) and CN¯  (m/z 26) anions. The ion yield functions are displayed in Figures 2-4. 

The change in the ion yields with respect to the incident electron energy exhibit 

structures reminiscent of resonant processes. At the investigated energy range (< 12 eV), it is 

well established that dissociative electron attachment is the resonant mechanism responsible 

for molecular fragmentation [38]. In brief, the incoming electron is captured within the 

Franck-Condon region of the neutral molecule to form a transient negative ion (TNI). The 
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 7

latter then undergoes dissociation into a negatively charged species and at least one stable 

neutral radical counterpart. However, the molecular dissociation requires (i) a positive value 

of the electron affinity of the fragment at which the excess charge is localised and (ii) the 

dissociation time to be sufficiently short in respect to the electron detachment time. 

Alternatively the excess electron auto-detaches possibly leaving the molecule in an excited 

state. Thus the first requirement concerns the existence of the states that can give rise to the 

negatively charged parent, the second is energy controlled and the third dynamics controlled. 

Typically at energies above 3-4 eV the first electronically excited states have been 

reported for canonical nucleobases [39]. Thus the capture of the excess electrons within this 

energy range may arise from the core excited resonances (two particle-one hole resonances) 

[38]. Within the yield function of the (TU - S)¯ , SCN¯  and S¯  anions a resonance near 3.7 eV 

can be observed either as a main peak ((TU - S)¯ , SCN¯ ), or more or less pronounced 

shoulder (S¯ ). This feature can be compared to that observed in DEA to CS2, which has been 

associated to the 2ΠU state [40,41]. It is noteworthy that this core-excited resonance can 

couple to a shape resonance as will be discussed below. The resonance located at 4.1 eV and a 

shoulder at around 5.1 eV also resemble those observed in the DEA to CS2 experiments. For 

the triatomic molecule, these resonances have been assigned as core-excited Feshbach 

resonances. Such anion states consist of two electrons in Rydberg excited states that are 

bound to a positive ion core, i.e., the grand-parent model [42]. For various molecules, it has 

been observed that such Rydberg anionic states lie typically 4 eV below that of their 

corresponding positive ions. For the 2-thiouracil the ionization potential has been determined 

to be about 12 eV [43]. Thus the structures may be related to such a capture process. 

In the energy range below the electronically excited states of the molecules, the 

observed features are attributed to one-particle shape resonances, which are due to a direct 

accommodation of the excess electron into unoccupied π* molecular orbital (MO). In Figure 

5 we show the contribution from A’ and A’’ symmetries to the calculated elastic integral cross 

section, obtained in both the SE and SEP approximations. In the SE calculation, we found 

three π* shape resonances, hereafter called π1*, π2* and π3*, located at 1.60, 2.39 and 7.5 eV, 

respectively. These anion states are associated with electron capture into low-lying 

unoccupied orbitals with π* character (shown in Figure 1). When correlation-polarisation 

effects are accounted for, the resonances shift to lower energies and become narrower. The 

lowest lying π1* state turned out to be bound by 0.22 eV, as obtained by the diagonalisation of 

the scattering Hamiltonian in the CSF basis, while the resonant π2* and π3* states appear at 
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 8

0.56 and 4.9 eV, respectively. Substitution of oxygen by sulphur at the C2 position in uracil 

gives rise to 2-thiouracil, and this substitution alters the π* resonance energies. In uracil, our 

recent SMC calculation [44] places the π* resonances at 0.14, 1.76 and 4.83 eV. The 

substitution has its major effect on the π2* resonance, which is stabilized by approximately 

1.2 eV. The π1* state is stabilized by about 0.4 eV, changing its character from a resonance in 

uracil to a bound state in TU. This shift to lower energies is ascribed to the greater electron 

affinity of sulphur, when compared to oxygen, and has also been observed in other systems 

[45,46,47]. The π2* resonance is the most affected one, due to the more significant influence 

of sulphur-centered functions in the corresponding resonant orbital, as seen in Figure 1. As for 

the high-lying π3* resonance, only a minor shift to higher energies is observed upon 

chalcogen substitution, which is expected given the low probability of the corresponding 

orbital at the sulphur site. The π3* resonance has a mixed shape and core-excited character, as 

already discussed for similar molecules [ 48 , 49 ]. A larger discrepancy in its energy is 

expected, since our calculations did not include the neutral excited states in the open-channel 

space, which would give rise to a core-excited contribution to this resonance. Based on recent 

comparisons of computed and experimental resonance energies [43,50,51], the π3* state 

should be located ~1 eV below our computed value, i.e., around 4 eV. 

Employing the empirical law described previously, we obtained the VAEs 0.00, 0.48 

and 3.68 eV for the π* states, comparable to the scattering results (–0.22, 0.56 and 4.9 eV). 

The recently reported calculations of Dolgounitcheva et al. [19] suggest a π1* resonance 

located at 0.17 eV, as obtained from the coupled-cluster CCSD(T) method, even though the 

less sophisticated PMP2 method (spin contamination free MP2) located this anion state 

around 0.05 eV. The discrepancy between the present results (shallow bound π1* anion) and 

those previously reported (low lying π1* resonance) is not surprising, since obtaining a 

balanced description of polarisation for the three π* anion states is challenging. SMCPP 

calculations for other biomolecules usually agree with electron transmission data within ≈ 0.3 

eV, such that we cannot rule out the possibility of a low-lying π1* shape resonance. 

The A’ symmetry component presents a structure around 9 eV at the SE 

approximation. At the SEP level, it moves down to 6.3 eV and a very broad structure becomes 

discernible around 10 eV. These high-lying structures arise from one or more overlapping σ* 

shape resonances, where the electron is imprisoned in N-H and/or C-H antibonding orbitals. 

The main feature from the A’ symmetry, however, is the low-lying peak observed at 3.2 eV, 

which is evident only in the SEP result. We assign this feature to a σ* shape resonance, with a 
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significant anti-bonding character at the C=S bond, as depicted in Figure 1. This resonance, 

with no analog in uracil, is the main difference in the anion spectra arising from the chalcogen 

substitution. 

Besides the valence anion states obtained from the scattering calculations, the bound-

state calculation described before supports the existence of a dipole-bound anion, bound by 64 

meV. The singly occupied molecular orbital, shown in Figure 1, locates the excess electron in 

the vicinity of the C6 site. In uracil, the dipole-bound state is formed in a vibrational Feshbach 

resonance (VFR), which couples to a dissociative σN1H* resonance, giving rise to peaks 

reflecting the dipole-bound vibrationally excited states νNH = 2 and νNH = 3 [51]. The same 

mechanism can be invoked to explain the DEA spectra reported here for the (TU - H)¯  

fragment. Assuming that the potential energy curve (PEC) of the dipole bound state along the 

N1-H bond can be obtained from a vertical shift (64 meV) of the neutral molecule PEC, 

described in the harmonic approximation, we obtained the VFR energies of 0.39 eV (νNH = 1), 

0.84 eV (νNH = 2) and 1.29 eV (νNH = 3). In view of the calculated 0.55 eV threshold for 

hydrogen elimination from the N1 site, the νNH = 1 VFR would be a closed channel, while the 

νNH = 2,3 VFR estimates are in fair agreement with the experimental peaks for the (TU - H)¯  

fragment around 0.7 eV and 1.0 eV (note that inclusion of anharmonic effects would improve 

the agreement). In view of the high intensity of the 0.7 eV peak, we could also consider the 

contribution from an indirect mechanism involving the π2* resonance around 0.56 eV. In fact, 

the π2* virtual orbital in Figure 1 has a significant probability on the N1-H bond that would 

favor the coupling to the σ*N1-H orbital (not shown here), thus supporting the π2*/ σ*N1-H 

indirect mechanism, even though we cannot come to a final conclusion based on the present 

analysis. The (TU - H)¯  anion yield observed here close to 0 eV is also observed in 2-

thiothymine [52], but is barely visible in uracil. This low-lying peak could be related to the 

π1* state in TU, even though this symmetry-forbidden process would require a π1*/ σ*N1-H 

coupling. 

The strong peak observed around 4 eV for a series of fragments might emerge from 

the formation of the high-lying π3* mixed-character resonance, which would be located 

around 4 eV, as discussed above. This anion state may couple to the σCS* resonance (through 

symmetry-breaking vibrations), possibly giving rise to the S¯ , (M - S)¯  or even SCN¯  

fragments, though with significant rearrangement in the latter case. In view of the core-

excited character, the electron may also autodetach from the π3* resonance, leaving the 

neutral molecule in a dissociative excited state. The S¯  and (M - S)¯  fragments observed near 
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0 eV might also originate from a π1*/σCS* coupling, as suggested from the corresponding 

virtual orbitals (see Figure 1). Finally, the SCN¯  anion signal shows a structure around 0.5 

eV, close to the calculated position of the π2* resonance. 

As mentioned above, the second requirement for DEA concern the energetics that 

controls the molecular fragmentation. Thus the appearance energy (AE) of the negatively 

charged species can be estimated as the difference between the thermochemical value of the 

bond dissociation energy (BDE) and the electron affinity (EA) of the neutral fragment 

capturing the excess electron. It is noteworthy that this estimation of the AE is valid for a 

simple bond dissociation scheme. For more complex fragmentation pattern, some potential 

barrier has to be overcome thus increasing the AE value. Finally, at elevated temperature, 

additional vibrational energies might contribute and thus lower the value of AE. 

The resonances in the (TU - H)¯  ion yield (Figure 2) resemble that recently reported 

for the dehydrogenated 5-methyl-2-thiouracil anion (2-thiothymine) [52]. Hence this suggest 

that the presence of the methyl group at C5 position within 2-thiothymine does not influence 

the dissociation process resulting in the loss of the neutral hydrogen atom. From the previous 

experiments for canonical nucleobases it has been concluded that the loss of H atom occurs at 

the N site, while the C–H bonds are not involved in the production of (M - H)¯  (where M is 

the canonical nucleobase) below 3 eV [4]. More specifically from the experiment on 1-

methylthymine and 3-methyluracil the H loss from the N1 position has been attributed to the 1 

eV resonance, while the loss of H atom from N3 position to the 1.8 eV resonance. The recent 

calculations performed for uracil by Li et al. pointed out thresholds around 0.78 eV (N1 site) 

and 1.3 eV (N3 site) [53]. Our present theoretical calculations performed for TU indicate the 

same trend and we have obtained the dissociation thresholds for the hydrogen elimination that 

is 0.55 eV (N1 site) and 1.00 eV (N3 site). 

The second most dominant reaction channel is observed at m/z 58 and attributed to the 

formation of the SCN¯  ion. The fragment is visible via three energy domain namely below 1.5 

eV, between 3-5.5 eV and above 7.5 eV (Figure 3). In general it may contain the N atom 

either from the N1 or from the N3 position. The energy threshold for the appearance of the 

fragments, as mentioned above, can be estimated as the difference between the bond 

dissociation energy (D(R–X)) and the electron affinity (EA(SCN) = 3.537 eV [54]) of the 

neutral fragment on which the excess electron is localised. Hence from the energetic point of 

view the fragment anion containing N1 may be slightly more favorable since it would require 

the cleavage of the weaker N1–H bond. 
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The production of the (TU - S)¯  and S¯  anions involves a double C=S bond cleavages. 

As can be seen from Figure 2 the appearance energy for both anions is equal and amount to 

2.7 eV. With the value of BDE(C=S) of 4.66 eV [55] and the EA(S) of 2.077 eV [56], AE(S¯ ) 

is estimated to be 2.58 eV that agrees very well with our experimental observations. The value 

of the estimated AE and its agreement with experimental results suggests that the vibrational 

energy induced by the thermal heating has no important contribution. Therefore, for the 

complementary fragmentation channel, i.e., for the (TU - S)¯  ion production, the EA(TU - S) 

is likely to be in the same range as electron affinity of the sulphur atom. 

The electron affinities of the cyanide compounds, i.e., OCN and CN are much higher 

(3.609eV and 3.862 eV, respectively) [54] than those of the sulphur containing fragments. 

However, their production requires multiple bond cleavage and frequently rearrangement 

within the precursor ion as shown recently for acetamide and some of its derivatives [57]. 

From the existing typical bond dissociation energies (BDE(C–C) = 3.9 eV [58], BDE(C–N) = 

3.7 eV [58] and BDE(N3–H) = 1.0 eV) and the EA(OCN), the threshold for the production of 

the OCN¯  ion is estimated to be around 5 eV. The onset for the formation of the cyanate ion 

is observed at about 3.1 eV (Figure 3). This suggests the reaction proceeds through molecular 

rearrangement and formation of new bonds and/or generation of new stable molecules as 

neutral counterparts to supply the necessary energy for the reaction. Here it is worth noting 

that in recent studies applying DEA, MALDI, and potassium–molecule collision experiments 

[59] it has been demonstrated that for the N-site methylated pyrimidine derivatives the OCN¯  

ion is formed in a sequential decay reaction with the dehydrogenated closed shell anion as an 

intermediate product. Although our experiment does not give such information we cannot 

exclude such a reaction in the case of presently investigated thio-compound. Furthermore, 

from the electron transfer experiments in potassium collisions with N-site methylated 

pyrimidines it has been demonstrated that OCN¯  branching ratios show a remarkable site- and 

bond-selectivity in this decay channel [59]. However, for the investigated 2-thiouracil there is 

only one reaction channel possible that results in the formation of OCN¯  involving nitrogen 

atom at N3 position (otherwise the oxygen atom at C2 position is replaced by the sulphur 

atom). Thus we do not observe the resonance in the energy range 6-7.5 eV reported from 

pristine thymine as well as its methylated forms at N1 and N3 positions while the resonances 

between 7.5 and 11 eV are substantially diminished [59]. As the OCN¯  anion, CN¯  is also 

visible from the present experiment via a broad resonance between 3-5.5 eV (Figure 3). In this 

case, however, some intensity also appears below 2 eV. This suggests that the formation of 
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CN¯  at this low energy domain is most likely associated with the formation of a neutral stable 

counterpart(s). 

Finally, we observe fragments at m/z 85, m/z 75 and m/z 67 (Figure 4) that have been 

attributed to the (TU - OCNH)¯ , (TU - C3HO)¯  and (TU - SCNH - H2)¯  anions, respectively. 

The (TU - OCNH)¯  anion is generated from the loss of the isocyanic acid. Such reaction has 

been recently reported from guanine, however at much lower energy around 1.3 eV [60]. This 

reaction channel is complementary to the OCN¯  ion formation with additional loss of the H 

atom. The intensity of these two latter fragments is almost the same thus we suggest that the 

electron affinity of the (TU - OCNH) is higher than EA(OCN) by the dissociation energy of 

the N3–H bond (by 1.0 eV, according to our present calculations). In general, all of these 

three fragments m/z 85, m/z 75 and m/z 67 are likely generated from same TNI since they are 

visible at the same energy range around 4 eV. In addition for m/z 67 a broad structure 

between 8 and 10 eV is observable, however with substantially lower intensity. 

 

CONCLUSIONS 

In the present contribution we discuss the fragmentation dynamics of 2-thiouracil 

caused by the capture of low energy electrons. The main finding is that the presence of the S 

atom at the C2 position strongly influences the dissociation and hence the dominant fragments 

are generated from the sulphur site of the molecule resulting in the formation of, e.g., SCN¯ , 

S¯  and (TU - S)¯ . These fragmentation channels are mainly visible via the initial formation of 

the resonances localised at around 4 eV as predicted by our theoretical calculations. These 

resonances can emerge from the formation of the high-lying resonant π3* state of mixed-

character that may couple to the σCS* state and hence induce the C=S bond rupture or undergo 

more complex reaction leading to SCN¯  formation. The only exception is the production of 

the dehydrogenated parent anion (TU - H)¯ , which is visible via a series of strongly 

overlapping structures in the energy range below 4 eV. Two of them that appear at 0.7 eV and 

1 eV are most likely due to the dipole-bound mediated vibrational Feshbach resonances. We 

postulate that the main peak at 0.7 eV can also be generated through the so-called indirect 

mechanism that proceed via an initial localisation of the excess charge at the π2* orbital that 

couple to the dissociative σNH* resonance. Further peak that appears at the  threshold energy 

(around 0 eV) may be due to the π1* state, while a broad but clear structure at about 3.2 eV 

may have its origin from an indirect mechanism involving the high-lying π3* resonance 

and/or the σCS* resonance. 
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TABLES 

 

Table 1: Exponents of the uncontracted Cartesian Gaussian function (in atomic units). 

 

Page 17 of 28 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 15

FIGURE CAPTION 

 

Figure 1: Structures of the 2-thiouracil (upper left), the three lowest-lying π* (bottom) and 

the σC=S* (upper middle) virtual orbitals, and the singly occupied of the dipole-bound state 

(upper right). Corresponding atoms are marked with colors: S – yellow, N – blue, O – red, C – 

grey, H – white. 

 

Figure 2: Ion yield of (a) (TU-H)¯  (m/z 127), (b) (TU-S)¯  (m/z 96) and (c) S¯  (m/z 32) as a 

function of the incident electron energy. 

 

Figure 3: Ion yield of (a) SCN¯  (m/z 58), (b) OCN¯  (m/z 42) and (c) CN¯  (m/z 26) as a 

function of the incident electron energy. 

 

Figure 4: Ion yield of (a) m/z 85, (b) m/z 75 and (c) m/z 67 as a function of the incident 

electron energy. 

 

Figure 5: Symmetry decomposition of the elastic integral cross section for 2-thiouracil, 

computed at both the SE and the SEP approximations. 
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Table 1 

 

 

Type Carbon Nitrogen Oxygen Sulphur 

s 12.496280 17.567340 16.058780 7.6490930 

s 2.470286 3.423615 5.920242 1.743283 

s 0.614028 0.884301 1.034907 0.789128 

s 0.184028 0.259045 0.316843 0.302805 

s 0.039982 0.055708 0.065203 0.063479 

p 5.228869 7.050692 10.141200 7.203417 

p 1.592058 1.910543 2.783023 3.134723 

p 0.568612 0.579261 0.841010 0.52938 

p 0.210326 0.165395 0.232940 0.154155 

p 0.072250 0.037192 0.052211 0.035523 

d 0.603592 0.403039 0.756793 1.163168 

d 0.156753 0.091192 0.180759 0.240526 
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