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A B S T R A C T   

Thymine (C5H6N2O2) is a basic N-heterocyclic nucleobase in all known organisms, and this molecule is also 
found in meteoritic materials. This study aims to investigate thymine’s physical and chemical modifications 
under ion irradiation in cryogenic conditions. Space radiation was simulated by exposing thymine at 27 K to 230 
MeV 48Ca10+ ions. Fourier transform infrared spectroscopy (FTIR) was employed to monitor the degradation of a 
2.8 μm thick sample film under irradiation. From the intensity decrease of the infrared absorptions as a function 
of ion fluence, the destruction cross-section (σ), required to dissociate or eject a thymine molecule, is deduced by 
an exponential function. The physical and chemical modifications induced by energetic projectiles can be related 
to the electronic stopping power Se as σ = Se/D0, where D0 = 9.6 ± 0.4 eV/molecule is the effective mean dose 
needed to destroy the thymine molecule at 27 K. Also, new molecular species formed under irradiation are 
observed and, based on infrared spectra, identified as CN− , OCN− , HCNO, and CO.   

1. Introduction 

Thymine (C5H6N2O2) is one of the five primary nucleobases that are 
part of the genetic code in the DNA of all terrestrial organisms. Thymine 
(T) has been found in meteorites that landed on Earth, such as the 
Murchison, Murray, and Orgueil [1,2]. Callahan et al. (2011) analyzed 
twelve meteorites collected in the Antarctic and found complex organic 
molecules (COM) and numerous nucleobases, including C5H6N2O2. 
Burton et al. [4] observed distinct concentrations of thymine in the 
analyzed meteorites, suggesting many chemical pathways. 

Efforts have been made to justify the chemical synthesis of nucleo-
bases in those meteorites. First the relative abundances of simple organic 
molecules (i.e., H2O, NH3, CO, CO2, CH3OH, and CH4) correspond to 
that observed in the regions where the meteorites were born [5]. Refs. 
[6–9] simulated the astrophysical conditions using these simple organic 
molecules in solid phase. Irradiating them with UV photons, they 
identified a number of COMs including indications of nucleobases. The 
experiment performed by Oba et al. [10] clearly demonstrated the for-
mations of nucleobases after UV photon irradiation of a sample 

composed by H2O:CO:NH3:CH3OH (5:2:2:2) at 10 K. These findings 
confirmed that these essential components of living organisms are pro-
duced in the cold zones of the interstellar medium and the circumstellar 
regions. 

Once evidenced that energetic particles in space produce COMs, the 
question arises about their resistance to ionizing radiation and survival 
times. Experiments on radiation sensitivity of nucleobases in astro-
physical environments have been carried out by [11–13]. Huang et al. 
[14] irradiated nucleobases with 30 keV Ar+ to compare the radio-
resistance of guanine (G), thymine (T), cytosine (C) and adenine (A). 
They reported that the order of radioresistance is G > T > C > A, with 
guanine being the most resistant nucleobase. This is in contrast with the 
results of [15], who irradiated nucleobases with gamma rays (from a 
60Co source) and showed that G was destroyed more easily than T, C, A 
and U (uracil). Finally, [16] irradiated pure T and also T in a solid water 
matrix at different temperatures to measure the radioresistance to 
0.8–1.0 MeV H+ bombardment. 

The extent to which the energetic cosmic rays contribute to the 
degradation of the nucleobase thymine remains unclear. This work 
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assesses the significance of chemical and physical modifications of the 
thymine sample under high-energy ion irradiation and monitors the 
formation of new molecules employing infrared spectroscopy. 

2. Experimental setup 

Sample films were prepared by powders sublimation (98 % purity) in 
an oven chamber at 100 ◦C and 260 ◦C and a pressure of 10− 5 mbar. The 
vapor was condensed on a ZnSe window at room temperature, yielding a 
thymine film with a probably amorphous structure [16]. Then, the 
sample was mounted on a cryostat installed in the irradiation chamber. 
Once pumped down to 2 × 10− 8 mbar, the sample was cooled down to 
the temperature of 27 K, thus becoming a crystalline sample at this low 
temperature [17] (see Section 4). Sample and irradiation parameters are 
listed in Table 1. More details of the experimental setup are described in 
[18,19]. 

Infrared spectroscopy was used to monitor the evolution of the 
sample as a function of applied ion fluence. Infrared (IR) spectra were 
obtained with a Nicolet-Magna 550 Fourier Transform Infrared (FTIR) 
spectrometer in transmission mode for 64 scans with a resolution of 1 
cm− 1 in the 2600–600 cm− 1 wavenumber range (Fig. 1). Infrared 
spectra were recorded during beam breaks and stepwise increasing the 
fluence as shown in Figs. 1 and 2, hence monitoring the evolution of the 
sample as a function of applied ion fluence. Due to the thickness of the 
sample, the absorption of many bands is saturated; we thus concentrate 
on infrared bands with low IR absorption. 

The IR bands that best describe the evolution of the thymine must 
meet the following requirements: (i) they must be as isolated from other 
bands as possible to quantify their area, (ii) they must not contain bands 
of synthesized molecules or residual gases of the chamber (e.g., H2O, CO 
and CO2), (iii) the intensity of the IR bands should be well below satu-
ration, and finally (iv) they should not be affected by structural changes 
in the sample [21]. The only IR bands that fulfill these conditions are 
bands (and their assignments) at 1250 (stretching ring), 946 and 938 
(bending out-of-plane C6H), 850 (bending out-of-plane N3H), and 760 
(bending out-of-plane C2 = O7) cm− 1. A complete explanation of the 
selection of these IR bands in distinct sample structures was addressed 
by [18]. Because the IR band assignment to bending out-of-plane C6H 
(946 and 938 cm− 1) is not affected by any saturation effects, we 
concentrate on this band to describe the beam-induced degradation of 
thymine. 

The sample was irradiated with 230 MeV 48Ca10+ ions at the M- 
branch of the linear accelerator UNILAC at GSI in Darmstadt, Germany 
[22]. The average ion flux was limited to 109 ions/cm2/s to avoid 
macroscopic sample heating. At this high energy, the energy deposition 
is dominated by electronic stopping Se (Table 1). According to SRIM- 
2010 [20] calculations, the range of the 230 MeV 48Ca10+ ions in 
thymine (assumed density 1.23 g/cm3) is 74 μm. This range is signifi-
cantly larger than the sample thickness; thus, the ions completely 
penetrate through the film and stop in the substrate behind the film. 

3. Results 

Fig. 2.a shows the infrared (IR) spectra of the bending out-of-plane 
C6H vibration band for different fluences. The initial crystalline struc-
ture is observed by the small IR bands adjacent to the band located at 
946 cm− 1; this small IR band gradually disappears as a fluence function, 

forming an amorphous solid sample [16,23]. The integrated absorbance 
was determined by calculating the absorption area within the wave-
length range from 957 to 921 cm− 1 and background subtraction. Fig. 2.b 
shows that the area of both bending out-of-plane C6H vibration bands 
946 and 938 cm− 1 decrease as a fluence function. From this data, we can 
deduce an overall degradation cross-section, which includes chemical 
modifications and material loss due to sputtering and desorption 
processes. 

The degradation cross section σ is described by 

σ = σd +Y0/N0 (1)  

where σd denotes the cross-section from the chemical destruction, Y0 is 
the sputtering yield and N0 the column density of the non-irradiated 
sample. 

The degradation of thymine during irradiation is described by 

N(F)
N0

=
S(F)

S0
= e− σF, (2)  

where S0 and S(F) are the integrated absorbances of the bending out-of- 
plane C6H vibration bands before irradiation and a given fluence, 
respectively. The column density N(F) that changes with fluence F due to 
irradiation is deduced from the Beer-Lambert law by 

N(F) = ln(10)
S(F)
Av

, (3)  

with Av = (3.5 ± 0.2)× 10− 18 cm/molec being the band absorption 
strength of the bending out-of-plane C6H vibration band[18]. 

The solid line in Fig. 2.b presents the fit of Eq. (2) to the data yielding 
a degradation cross-section of σ = (4.61 ± 0.31)× 10− 13 cm2. 

Beam-induced processes also lead to the fragmentation of C5H6N2O2 
molecules leading to the formation of new species along the ion tra-
jectory. These new species can readily be identified in the infrared 
spectrum in the region 1900–2000 cm− 1. In order to determine the exact 
position of the absorption bands, Fig. 3 presents an exemplarily complex 
spectrum that is deconvoluted into six Gaussian-shaped bands. In 
agreement with species identified by [16,19]: CO2 (2340 cm− 1), a 
mixture of CN− , CH3CN, and HNCO molecules (2260 cm− 1), HNCO 
(2190 cm− 1), OCN− (2169 cm− 1), CO (2140 cm− 1), and a mixture of 
CN− and HCN (2080 cm− 1). 

There is a possibility that other species are produced upon irradia-
tion, but their IR absorbance coincides with the IR bands of thymine. 
The precise identification of these species is limited by the low sensi-
tivity of the IR spectroscope used in this work. A complete analysis of the 
synthesized molecules requires advanced techniques and is beyond the 
scope of this study. 

4. Discussion 

The transition from crystalline to amorphous sample occurs contin-
uously during irradiation, which could be noted by the continuous 
changes in the profiles of some IR bands [18]. In terms of amorphization, 
the thin and well-defined bands reveal the structure of a sample that 
presents well-defined and sharped bands. By contrast, the bands corre-
sponding to amorphous samples present rounded and broadened profile 
bands [21]. Fig. 2.a provides the split IR bands evolution corresponding 
to bending out-of-plane C6H at 938 and 946 cm− 1. The initial 

Table 1 
Initial thickness (L0, μm) and column density (N0, 1017 molec/cm2) of thymine film. Projectile ions and their energy (E, MeV) as well as the electronic and nuclear 
stopping powers (Se and Sn, 10− 15 eV cm2/molec), and the ion range (R, μm) calculated with the SRIM-2010 code [20] assuming a thymine density of 1.23 g/cm3 [16].  

L0 N0 Ion E Se Sn R Ref.  

0.34  2.60 H+ 0.8–1 57–50 0.045–0.037 17–24 a  
2.80  16.4 48Ca10+ 230 4435 3.2 74 b 

References: a. [16], and b. this work. 
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crystallinity structure informed by these two bending out-of-plane C6H 
vibrational modes continuously merges to show a rounded and broad-
ened profile band. Likewise, the infrared absorbances at 1264, 1250, 
1212, 1050, 1026 and 982 cm− 1 follow a similar behavior, suggesting 
sample amorphization. 

Initially, the crystallinity is caused by the hydrogen bonds between 
the C–H and C––O atoms in the extreme part of the C5H6N2O2 molecule 
[17]. These hydrogen bonds are somewhat sensitive to irradiation [13]. 
The binding energy of the hydrogen bonds of thymine nucleobases is in 
the order of 0.06 to 0.3 eV/molecule [24], while the total dose (product 
of maximum fluence and electronic stopping power) absorbed by the 
sample at the end of the experiment was about 10 eV/molecule. This 
value is, in principle, high enough to amorphize the entire sample [16]. 
However, other possible factors could explain amorphization, e.g., the 
interaction of the newly formed small molecule fragments with the 
hydrogen bonds and the vibrations of the initial molecules [25]. The 
saturated IR spectra of the dataset meant that it was impossible to 
measure the amorphization of the sample; however, further research 
will be carried out to establish the amorphization during irradiation in 
future research quantitatively. 

From the evolution of the characteristic thymine band at 938 and 
946 cm− 1 with increasing fluence (Fig. 2), we deduced a degradation 
cross-section of σ = (4.64 ± 0.21)× 10− 13 cm2. In an earlier experiment 
a damage cross-section for a film 5.2 times thinner than our sample [18] 
of < σ >= (4.41 ± 0.15)× 10− 13 cm2 was obtained, which is in excel-
lent agreement with our value. Irradiating thymine with 0.8–1 MeV H+

[16] and analyzing the 1211 cm− 1 band resulted in a destruction cross- 
section of σ = 4.6× 10− 15 cm2 of (Table 1). 

As illustrated in Fig. 4, these two destruction cross-sections show a 
linear trend with increasing electronic stopping power (Se), with the 
mean effective absorbed dose D0 = 9.6 ± 0.4 eV/molecule. This absor-
bed dose represents the average energy per thymine molecule necessary 
to remove material from the film surface and destroy the thymine 
molecules in the bulk. Part of the energy is employed to desorb thymine 
molecules or fragments (charged and neutral species and clusters). 
Moreover, a fraction of the energy is used to break thymine’s molecular 
bonds and synthesize new molecular species. 

The degradation cross-section depends on the bulk’s chemical 
changes and surface sputtering and desorption yields. The chemical (σd) 
and physical (Y0) processes contribute to decreasing thymine molecules. 

Both effects are radiolytic and predominantly triggered by the inelastic 
ion–molecule interaction related to electronic stopping (Se) [26]. The 
sputtering yield of sample films at low temperatures has a marked 
dependence on the electronic stopping power following a square 
dependence Y0∝S2

e , as reported by [27]. According to [28], the thickness 
of the sample films may affect the sputtering yield and the radiolysis 
rates. 

The contribution of the sputtering yield can be estimated assuming a 
sputter yield Y0 in the range of 103–104 molecule per incoming ion 
[27,28]. For a 1.7 µm thick film (N0 ~ 1018 molecules cm− 2, this gives 
10− 14–10− 15 cm2 in the sputtering term of the cross-section, a relatively 
low contribution compared to the deduced destruction cross section, σ =

4.41× 10− 13 cm2, the sputtering contribution seems to be small. We 
thus conclude, that the degradation of our 2.8 μm thick thymine sample 
can predominantly ascribed to bulk radiolysis rather than sputtering. 
The linear increase of the destruction cross-section with electronic 
stopping power is further supported by experimental results for thick 
phenylalanine samples irradiated by energetic ions as reported by [29]. 
In contrast to thin films (< 0.45 μm), the relationship σ∝Sn

e presented 
values n > 1, possibly caused by a higher contribution of the sputtering 
yield term using swift heavy ion beams [19]. 

Additionally, the value of the effective density dose for thymine 
destruction is ρE ≈ 56.4 eV/nm3 (ρE = D0/vm, being vm the molecular 
volume). This result for thymine is consistent with values reported by 
[29] (see Table 4 therein) for other organic compounds. However, more 
research on the irradiation effects using different ion beam is needed to 
unravel the relationship σ∝Sn

e . 
Finally, the results of this work could help to understand the radio-

resistance of thymine nucleobase detected in meteorites before falling to 
the Earth’s surface [3]. The relationship in Fig. 4 can be applied to find 
the molecule’s half-life exposed to energetic cosmic rays. Using the 
procedure of to estimate the half-life, it is roughly 106 years confirming 
the results of [6]. Nevertheless, these results depend on the cosmic ray 
distribution, in which the half-life values can vary by two orders of 
magnitude [27]. Another aspect to consider is the random distribution of 
nucleobase molecules in the size of micrometeorites (i.e., micrometers 
or centimeters). It can significantly reduce the range of cosmic rays’ 
ionization, greatly increasing the thymine half-life, easily explaining the 
existence of these molecules in extraterrestrial materials. A complete 
analysis should include the absorbed dose inside meteorites, which is 

Fig. 1. Infrared spectra of thymine at 27 K as deposited on to a ZnSe substrate for non-irradiated sample (black) in the 2500–600 cm− 1 region, and the sample 
irradiated (blue) with 230 MeV 48Ca10+ ions at a fluence of F = 2.5 × 1012 ions/cm2. The structure of thymine is also depicted inset. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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beyond the scope of this work. 

5. Conclusions 

The present study provides important data for future research on 
structural changes in nucleobases and the evolution of radiolytic prod-
ucts under ion irradiation. Given the limitations of this study, it can be 
concluded that the initially crystalline thymine film is continuously 
transformed into an amorphous state. Identified by IR spectroscopy, new 
species formed are dominated by CO, CO2, CN− , OCN− , HNCO, mole-
cules. The relationship between the degradation cross-section (σ) and 
the electronic stopping power (Se) was linear, with an effective absorbed 
dose of D0 = 9.6 ± 0.5 eV/molec (~56.4 eV/nm3) needed to dissociate 
and/or to eject a thymine molecule at 27 K. 
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