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Abstract 

 

We report experimental and theoretical studies on ring cleavage enhancement in collisions of 

potassium atoms with uracil/thymine in order to further increase the understanding of the 

complex mechanisms yielding such fragmentation pathways. In these electron transfer 

processes time-of-flight (TOF) negative ion mass spectra were obtained in the collision 

energy range 13.5 – 23.0 eV. We note that CNO– is the major ring breaking anion formed and 

its threshold formation is discussed within the collision energy range studied. Such 

decomposition process is supported by the first theoretical calculations in order to clarify how 

DNA/RNA pyrimidine bases fragmentation is enhanced in electron transfer processes 

yielding ion-pair formation. 
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1. Introduction 

Radiation-induced damage to biologically relevant molecular systems has recently 

come under great scrutiny by the international scientific community due to recent findings 

highlighting the lethality of low-energy electrons as a DNA/RNA damaging agent1. However, 

much still remains to be unveiled regarding the exact molecular mechanisms that occur in the 

nascent stages of DNA/RNA damage by the incident radiation, in particular the role of third 

bodies in electron capture processes by the double-helix molecular constituents. Indeed, in 

such radiation-induced processes, secondary electrons are produced from the ionisation events 

as well as from their release in the physiological medium from solvated and/or pre-solvated 

states2,3. Though, studying the damaging role of “bound” electrons to DNA/RNA may provide 

another route to better understand the nature of such processes which seem to be more attuned 

to the physiological environment than simple free electrons. In particular, studying electron 

transfer processes from donating atoms with biologically relevant molecules can provide 

valuable information on the role of such “bound” electrons4–8. 

A quite extensive set of theoretical2,7,9–14 and experimental7,9–11,14–21 dissociative 

electron attachment (DEA) studies to pyrimidine nucleobases have gradually been published 

over the last few years. In the particular case of uracil/thymine, these DEA studies report the 

dehydrogenated parent anion formation as the dominant fragmentation pathway2,9,22–24 which, 

together with theoretical calculations, has been extensively studied and reported to derive 

exclusively from hydrogen abstraction from the N1 and N3 sites9,15,18,20. However, for 

potassium collisions with such molecular targets, the results are significantly different. 

Several studies on the negative ion formation in potassium-molecule collisions have been 

performed5,7,11,25–27 and, although the dehydrogenated parent anion is also one of the main 

fragments, the most intense fragment anion has been assigned to CNO–, which necessarily 

requires ring breaking and hence, access to very different anionic states to those that result in 

dehydrogenation from the N-sites15,25. In particular, a recent study on the metastable decay of 

methylated pyrimidine derivatives (temporary negative) ions resulting in CNO– formation 

upon electron capture/transfer, have shown the relevance of hydrogen abstraction (either from 

N1 or N3)11 in the site and bond selectivity decomposition mechanism. However, from a 

literature survey we note that theoretical descriptions of intramolecular decomposition 

processes are scarce or even absent within the context of electron transfer. As such there has 

been an increased need to perform more comprehensive and detailed studies on how some of 

the most dominant fragments, a part from the dehydrogenated parent anion, are formed. 

Furthermore, the present electron transfer studies show that other fragments, as is the case of 
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CNO–, are more relevant within the pyrimidine’s decomposition (than the dehydrogenated 

parent anion) which may compromise the DNA/RNA integrity after electron capture. 

As such, the aim of this contribution is to make use of the information supplied by the 

present theoretical calculations and together with the experimental data (mainly on 

thresholds), to construct a clearer picture of the dissociation mechanisms in the pyrimidinic 

ring after electron transfer, with a special emphasis on the pathway resulting in CNO–

formation. We report a set of data that shows the threshold of formation for the most intense 

fragment anion (CNO–) in electron transfer experiments stemming from an initial electron 

capture into high-energy anionic states (> 5eV) as proposed in previous studies4. Using the 

present theoretical calculations, which take into consideration the presence of the electron 

donating projectile, we aim at gaining a better description of the electron transfer process in 

potassium collisions with uracil/thymine. As so, the information gained on the electronic 

states available in the K-Uracil and K-Thymine allows understanding the reaction pathways 

resulting in ring breaking. 

In the next section, a short discussion on the experimental system used to obtain the 

TOF mass spectra is presented, followed in section 3 by a discussion on the theoretical 

method. In section 4 we present experimental results and discussion together with the 

provided theoretical calculations. Finally, some general conclusions are drawn in section 5.  

 

2. Experimental details 

 The experimental setup used to obtain the present negative ions TOF mass spectra has 

been described in detail elswhere5,7,8,11,25–28, and so a brief description is given here. Briefly, a 

neutral hyperthermal potassium beam crosses an effusive molecular beam, and the anionic 

products are extracted into a TOF mass spectrometer. Potassium cations are produced in an 

ionic source and accelerated by an electric potential to the entrance of a charge exchange 

chamber containing potassium vapour. The incoming hyperthermal potassium cations 

resonantly charge exchange in collisions with neutral thermal potassium atoms, resulting in a 

neutral hyperthermal potassium beam. A set of deflecting plates outside the oven ensures the 

removal of the remaining potassium cations in the beam. In the present measurements, the 

neutral potassium energy is varied between 13.5 and ~ 23.0 eV in the laboratory frame. Uracil 

and thymine were heated to 400 K and careful procedures were taken in order to avoid 

thermal decomposition (for further details see reference 20). The TOF mass spectrometer is of 

a Wiley−McClaren type operating with a ∼1 µs width pulsed extraction voltage of ∼242 

Vcm−1. The mass resolution is m/∆m=125. Anions are detected by a channeltron with an 
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active area of 1 cm diameter. Systematic background measurements enabled residual gas 

contributions to be subtracted from the sample spectra. The samples used in the present 

experiment were purchased from Sigma-Aldrich with a minimum purity of ≥ 99%.  

 

3. Theoretical method 

 The charge transfer reaction between the potassium atom and uracil/thymine nucleobases 

to form K+ and the nucleobases anions is described as the evolution of a quasi-molecular 

system formed by the potassium atom projectile and the biomolecular target. A model for 

such collision systems may be developed in the one-dimension reaction coordinate 

approximation as previously applied for ion-biomolecule collision systems29-31. The atom-

biomolecule collision system is thus treated as a pseudo-diatomic molecule which evolves 

along the reaction coordinate associated to the distance between the centre-of-mass of the 

biomolecule and the projectile atom32-34. Such a simple approach does not take into account 

the internal motions of the biomolecule but it has been shown to be acceptable for very fast 

collision processes where nuclear vibration and rotation motions are much slower than the 

collision time. 

 For pyrimidine nucleobases uracil and thymine, the geometry is constructed around a 6-

membered planar ring29-31, considering a perpendicular approach of the potassium atom as 

this orientation has been clearly shown to be favoured for uracil and thymine targets in 

collisions with carbon ions35,36. The quantum chemical calculations have been carried out by 

means of the MOLPRO code37. The ECP18sdf core-electron pseudopotential has been used to 

take account of the 18 core electrons of potassium38, with the corresponding basis set. The 6-

311G** basis set has been used for other atoms, taking account of all electrons; calculations 

have been performed in Cartesian coordinates with no symmetries. All biomolecular targets 

are considered in their ground state geometry and kept frozen during the collision process. 

The geometry of the ground state of thymine and uracil has been optimized at the Complete 

Active Space Self Consistent Field (CASSCF) level of theory and with Density Functional 

Theory (DFT) approaches35. The natural molecular orbitals for the K-Uracil and K-Thymine 

molecular systems have been determined by state-averaged CASSCF calculations for the 

reaction coordinate R = 6 Å corresponding to the asymptotic region. Similar (5,11) active 

spaces corresponding to 5 electrons in 11 orbitals have been considered for both targets in 

order to compare each system at the same level of accuracy. They are constructed mainly on 

the 2pz and 2pxy orbitals centred on oxygen O4, on the πC4O4 orbital and on the 2pz orbitals on 

C5 and C6 carbon atoms (describing the πC5C6 molecular orbital) with, of course, the 4s and 
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4p orbitals on potassium. The 1s orbitals of carbon, nitrogen and oxygen are treated as frozen 

core. The lowest unoccupied molecular orbitals (LUMOs) for uracil and thymine are shown in 

Figures 1 and 2, respectively. In order to compare the present results to the LUMOs involved 

in DEA processes, similar calculations of the neutral ground state of uracil and thymine 

molecules have been performed and indicated in both figures, respectively. The natural 

orbitals have been determined as previously at the CASSCF level of theory with (4,8) active 

spaces involving 4 closed shell electrons of the nucleobases. The corresponding LUMOS are 

also shown in Figures 1 and 2. 

 

4. Results and Discussion 

 In this section, qualitative and quantitative analyses of the TOF mass spectra yielding 

CNO– (m/z=42) formation (see Figure 3) obtained at different collisions of potassium atoms 

with uracil/thymine in the laboratory frame are presented. Such energy range (13.5–22.8 eV) 

allows discussion and considerations on the intermediate molecular mechanisms supported by 

the current theoretical results. While most of the discussion is centred on the uracil underlying 

mechanisms, most of the rationales also apply to thymine given their molecular similarities. 

Since we are particularly interested on the pyrimidines ring cleavage enhancement yielding 

the most intense anion, CNO–, the TOF mass data in Figure 3 is for uracil only, although in 

the case of thymine we observe the same behaviour. Of relevance the fact that uracil and 

thymine differ on 14 m/z, which in terms of the potassium-molecule centre-of-mass collision 

system results in less than 10% difference in the collision energy. 

 

4.1. Uracil 

A section of the total TOF negative ions mass spectra of potassium atoms with uracil 

in an energy collision range from 13.5 – 22.8 eV is presented in Figure 3 for m/z=42 

formation. This fragment is the dominant product anion for higher collision energies 

(typically above 30 eV) whereas is absent below its threshold formation (< 15 eV). It is worth 

noting that the dehydrogenated parent anion (not shown here) is formed in the present 

collision energy range (for a complete discussion see reference 20), meaning that its threshold 

of formation is below 13.5 eV (4.6 eV available energy – see Table 1). This is in agreement 

with DEA resonances observed at 1.1 eV and 1.8 eV and attributed to N1-H and N3-H 

excision, respectively9. However, CNO– formation requires different and concerted 

mechanisms in the temporary negative ions, (U–)#/(T–)#, prior to dissociation. As far as DEA 

is concerned, CNO– formation is known to result from initial access to a set of high-energy 
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anionic states at ~5 eV, ~7 eV and ~9 eV15,20. A theoretical electron scattering study by 

Gianturco et al
12,13 on electron attachment to uracil pointed out the presence of several high-

energy π* and σ* states within the ring framework, where an initial access to one of the π* 

states and subsequent intramolecular electron transfer into one of the highly anti-bonding σ* 

states was suggested to be an effective ring-breaking pathway. This rationale was later 

adapted within the context of electron transfer to thymine and uracil25, where the presence of 

the potassium cation post-electron transfer may greatly enhance formation of such fragment 

anion25. Briefly, the aforementioned theoretical study12,13 calculated the resonance widths of 

the π* and σ* states, whose values imply very low auto-detachment lifetimes, thereby not 

allowing the fragmentation pathway to evolve. However, for the case of electron transfer 

studies25, the presence of the potassium cation post-collision would suppress auto-detachment 

long enough for the fragmentation pathway successful competition. While this picture seems 

to adequately describe the intramolecular dynamics, the calculations were performed for a 

free-electron scattering process, which disregards the presence of a third body (K+ post-

collision). 

The theoretical calculations presented in this study attempt to address some of these 

issues, particularly that regarding the perturbation undergone by the molecule’s LUMOs in 

the presence of the potassium atom. In Figures 1 and 2, the set of calculated orbitals for 

potassium collisions with uracil and thymine are presented, respectively. As can be seen, 

while some of the orbitals are somewhat similar in shape to those calculated in other 

theoretical studies9,12,13, there are others that are absent in the aforementioned DEA studies. In 

particular, the σ1* orbitals calculated for thymine and uracil, which represent highly anti-

bonding characters in the C4-C5 and C4-O2 bonds, respectively, are not obtained in the most 

recent electron scattering calculations9,12,13. Furthermore, the calculated π* orbitals show 

significantly different energies and spin densities in comparison with the corresponding 

LUMOs calculated with electron scattering methods (see ref. 12). 

The threshold for CNO– formation lies between 14.5 and 15.5 eV collision energy (5.2 

and 5.9 eV available energy in the centre-of-mass frame, see also Table 1) according to the 

TOF experimental data in Figure 3. Furthermore, a more careful analysis of the high-energy 

(> 17.5 eV) spectra in Figure 3 shows that a major increase in the CNO– relative yield is 

observed, which may indicate the access to another high-energy state at approximately 9-10 

eV. This analysis is consistent with DEA resonance profiles showing that CNO– is formed 

through a set of multiple high-energy resonances15,23. As such, we can safely attribute CNO– 

Page 6 of 17

ACS Paragon Plus Environment

The Journal of Physical 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



7 
 

formation through access to a resonance with a threshold at ~5 eV and a second resonance at 

approximately 9 eV.  

At this point, in order to better understand the underlying mechanisms and accessed 

states that are responsible for CNO– formation, one can resort to the provided theoretical 

calculations. In Figure 1 for uracil, we can identify two π* resonances: π2* and π3* at 5.1 and 

10.7 eV, respectively, whereas in Figure 2 for thymine we identify a π2* at 5.2 eV and a π3* at 

8.3 eV. For the case of thymine, at even higher energies, an σ* resonance along the ring 

coordinates is also present. As discussed in the previous section, given the inaccuracy 

associated with the calculation of higher-energy states, despite being present, no further σ* 

states are shown. Within this context, it is known that the anti-bonding character associated 

with the occupation of a π* state does not lead directly to bond breaking, however, an 

intramolecular electron transfer from the initially occupied π* to an overlapping σ* will most 

likely result in bond breaking, as long as the nuclear wavepacket in the π* state survives long 

enough to diabatically couple with the repulsive σ*. As such, we therefore assign the 

threshold obtained at ~5 eV (14.5 eV collision energy) to an electron transfer to the π2* orbital 

and the aforementioned relative yield increases due to an electron transfer to the π3* state. 

Furthermore, since bond-breaking can only occur through access of σ* states, an electron 

transfer from the π* to the σ* states is also necessary.  

Indeed, a similar mechanism has been proposed in an electron scattering study in 

uracil12,13, where it was shown that occupation of a π* state could be an intermediate to access 

a highly anti-bonding localized σ* state that will result in ring (bonds) breaking. However, in 

these studies12,13, it was calculated that the resonance widths of these states are quite wide and 

hence, this fragmentation pathway would have to compete with auto-detachment12,13. At this 

point, the importance of the potassium cation post-electron transfer is decisive. Indeed, it has 

been shown in several studies with other molecules that formation of the temporary (K+ + M–) 

(where K is the potassium atom and M is the electron-acceptor molecule) coulombic complex 

appears to prevent detachment of the electron from the electron acceptor, thereby allowing the 

fragmentation to successfully compete with auto-detachment. 

 

4.2. Thymine 

 Although no experimental measurements similar to those obtained for uracil are 

shown here, a similar rationale for the discussion on uracil allow us to say that: 1) the 

molecular geometries of both molecules are very similar; 2) DEA studies on thymine show a 

CNO– formation resonance profile very similar as in uracil18; 3) recent studies on 1-methyl-
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thymine11 show a relative increase in CNO– formation very similar to that observed in Figure 

3. All of these considerations provide ample support to the assumption that the underlying 

mechanisms yielding CNO– are similar to those presented for uracil. Regarding the theoretical 

calculations, Figure 2 shows the set of calculated π* and σ* orbitals for thymine. Indeed, the 

general shape of the π* states for thymine are roughly similar to their uracil analogues. This is 

not surprising, given the arguments presented before. As such, the rationale that was 

constructed for uracil should also be applicable to thymine.  

 

5. Conclusions 

The present work provides closer insight into the molecular mechanisms underlying 

CNO– formation, the dominant fragment from electron transfer experiments in collisions of 

potassium atoms with uracil and thymine. The set of novel theoretical calculations presented 

in this work account for the presence of the electron donor (potassium atom) and how it 

affects the LUMOs of uracil and thymine. Such information on the electronic structure has 

been compared to previous theoretical approach in the context of DEA albeit with significant 

differences. Additionally, we show for the first time TOF negative ion mass spectra for near-

threshold energies of CNO– formation. Indeed, we show that initial electron occupation of π2* 

and π3* resonances (Figures 1 and 2), followed by intramolecular electron transfer to ring-

bond σ* sates, may lead to m/z = 42 anion formation. While the present calculations do 

neither encompass the full extent of the presence of the electron-donating projectile nor of the 

collision dynamics, some initial aspects of the electronic states involved in the electron 

transfer process are indeed highlighted in this work. 
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Figure captions 

 
Figure 1. Calculated lowest unoccupied molecular orbitals (LUMOs) for uracil in the 
presence of a potassium cation. 
 
 
Figure 2. Calculated lowest unoccupied molecular orbitals (LUMOs) for thymine in the 
presence of a potassium cation. 
 
 
Figure 3. Negative ion TOF mass spectra showing m/z=42 formation for potassium-uracil at 
different laboratory collision energies.  
 
 
 
Table captions 

 
Table 1. Laboratory frame collision energies (in eV) and their related centre-of-mass 
available energies (in eV) for collisions of potassium atoms with uracil molecules. 
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Figure 1. Calculated lowest unoccupied molecular orbitals (LUMOs) for uracil in the 
presence of a potassium cation in the perpendicular geometry. Energies in eV. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Uracil (DEA) refers to uracil from Dissociative Electron Attachment; K+ is schematically represented inside the 

pyrimidyne ring 
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Figure 2. Calculated lowest unoccupied molecular orbitals (LUMOs) for thymine in the 
presence of a potassium cation in the perpendicular geometry. Energies in eV. 
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Thymine (DEA) refers to thymine from Dissociative Electron Attachment; K+ is schematically represented 
inside the pyrimidyne ring 
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Figure 3. Negative ion TOF mass spectra showing m/z=42 formation for potassium-uracil at 
different laboratory collision energies. 
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Table 1. Laboratory frame collision energies (in eV) and their related centre-of-mass 
available energies (in eV) for collisions of potassium atoms with uracil molecules. 
 
 

Laboratory frame energy (eV) Available energy (eV) 

13.5 4.6 
14.5 5.2 
15.5 5.9 
17.5 7.2 
19.5 8.5 
22.8 10.7 
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