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Abstract

Uracil is one of the four RNA nucleobases and a component of meteoritic organics. If delivered to the early
Earth, uracil could have been involved in the origins of the first RNA-based life, and so this molecule could be a
biomarker on other worlds. Therefore, it is important to understand uracil’s survival to ionizing radiation in
extraterrestrial environments. Here we present a study of the radiolytic destruction kinetics of uracil and
mixtures of uracil diluted in H,O or CO, ice. All samples were irradiated by protons with an energy of 0.9 MeV,
and experiments were performed at 20 and 150 K to determine destruction rate constants at temperatures
relevant to interstellar and Solar System environments. We show that uracil is destroyed much faster when H,O
ice or CO, ice is present than when these two ices are absent. Moreover, destruction is faster for CO,-dominated
ices than for H;O-dominated ones and, to a lesser extent, at 150 K compared with 20 K. Extrapolation of our
laboratory results to astronomical timescales shows that uracil will be preserved in ices with half-lives of up to
~ 10 years on cold planetary bodies such as comets or Pluto. An important implication of our results is that for
extraterrestrial environments, the application of laboratory data measured for the radiation-induced destruction of
pure (neat) uracil samples can greatly underestimate the molecule’s rate of destruction and significantly over-
estimate its lifetime, which can lead to errors of over 1000%. Key Words: Astrochemistry—Ice chemistry—
Nucleobases—Radiolysis—Cosmic rays—Uracil. Astrobiology 22, 233-241.

Uracil is an RNA nucleobase that is not found in DNA
and differs from DNA’s thymine by a single methyl group
ORGANIC MOLECULES, INCLUDING biologically relevant (Fig. 1). Uracil is one of the nucleobases identified in

ones, have been detected in meteorites, in cometary dust organic material extracted from meteorites, including

1. Introduction

and comae, on planetary surfaces, in planetary atmospheres,
toward protostars, in protoplanetary disks, and in cold cores
of the interstellar medium (ISM) (e.g., Elsila et al., 2009;
Callahan et al., 2011; Mumma and Charnley, 2011; McGuire,
2018; Altwegg et al., 2019). Understanding the origins and
evolution of extraterrestrial organics, such as amino acids and
nucleobases, may provide clues to the origins of the chem-
istry involved in terrestrial biological activity and guide
searches for biomarkers in extraterrestrial environments.

Murchison, Murray, and Orgueil (Stoks and Schwartz,
1979), which suggests that uracil may be formed in space.
A uracil precursor, urea (Davidson and Baudisch, 1926),
also has been extracted from meteorite samples (Hayatsu
et al., 1975) and has been identified in the ISM by Belloche
et al. (2019) and Jiménez-Serra et al. (2020). In addition
to this evidence for extraterrestrial uracil, this molecule’s
interstellar formation has been investigated through ex-
perimental and theoretical studies. Such work includes
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FIG. 1. Structures of uracil and thymine.

uracil’s synthesis in interstellar ice analogs (e.g., Materese
et al., 2013) and in the gas phase (Wang and Bowie, 2012).

The detection of uracil and other nucleobases is important
for searches for the signatures of life on planetary surfaces.
Europa, for example, is the subject of various exploration
missions and is suspected to have a potentially habitable
subsurface ocean (Reynolds et al., 1983). Such an ocean,
coupled with vertical transport of material, could mean that
Europa might have biomarkers on its surface. However, like
many objects and regions in space, Europa is exposed to
ionizing radiation that can destroy organic molecules. Un-
derstanding the lifetimes of organics and potential bio-
markers subjected to radiation is thus important for
interpreting observations that indicate their presence or ab-
sence in a radiation-rich environment.

Even though it has been shown that uracil can be formed
in a radiation environment, the balance of formation and
destruction due to radiation must also be considered, espe-
cially when evaluating uracil as a possible biomarker. Many
studies of uracil’s photo- and radiation chemistry are in the
literature, covering this molecule as a room temperature neat
solid, in a room temperature liquid solution, and frozen in an
aqueous solution. Among many examples are studies by
Wang (1961), Smith (1963), Varghese (1971), Shragge et al.
(1974), Shetlar and Basus (2011), Saiagh et al. (2015), and
Rouquette et al. (2020). Most such work focused on the
identification of room temperature reaction products, typi-
cally with chromatographic methods, as opposed to studying
the molecule’s destruction kinetics or stability. Peeters et al.
(2003) used a different approach, examining the photolytic
destruction of uracil in solid argon as a way to judge the
molecule’s gas-phase lifetime in the ISM. Examples of
radiation-chemical studies of wuracil destruction include
those by Pilling et al. (2011) with X-rays and Hammer et al.
(2019) with v rays, both being studies of uracil at room
temperature.

Despite this rich history of work on uracil, several areas
remain to be studied. In this article, we investigate the
radiation-chemical destruction of uracil-containing ices,
with all measurements being made in situ. Three possible
influences on uracil destruction in ices are studied. First, we
compare one-component samples (i.e., neat uracil) and two-
component ices, dominated by either CO, or H,O. Second,
we vary uracil’s concentration in our two-component sam-
ples, examining a wide range of mixing ratios in each case.
Third, we report results for two ice temperatures, 20 and
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150 K, which are relevant to the ISM and the outer Solar
System, to evaluate temperature effects on uracil’s de-
struction. In all cases, our focus is on determination of rate
constants and half-lives for uracil’s radiolytic destruction,
with reaction products only briefly addressed. With our rate
constants and associated half-lives, we are able to predict
uracil’s stability in various astronomical environments. The
work presented here is a continuation of our study of the
radiolytic destruction of amino acids and nucleobases
(Gerakines et al., 2012; Gerakines and Hudson, 2013, 2015;
Materese et al., 2020).

2. Experimental Methods

The equipment and techniques used for this study have
been described by Gerakines and Hudson (2013) and Ma-
terese et al. (2020). Briefly, ices were created in a high-
vacuum chamber (P ~ 2-5x 1077 Torr with the system at
room temperature and P ~ 5x 107 Torr when cold) on a
polished aluminum substrate (area z50m2), which was
mounted on the cold finger of a closed-cycle helium cryostat
(Tmin ~ 20 K). Ice temperatures were measured with a
silicon diode sensor attached to the substrate, and a resistive
heater was used to reach and control temperatures above 20
K. The vacuum chamber was interfaced with a beamline
from a Van de Graaff accelerator that produced ~0.9 MeV
protons. Infrared (IR) spectra of ices were obtained with a
Nicolet Nexus 670 spectrometer coupled to the vacuum
chamber, with the IR beam reflected from the sample sur-
face at ~15° from a line drawn perpendicular to the sub-
strate. Spectra were recorded as the average of 100 scans
from 5000 to 650 cm™'. The spectral resolution was 1cm™
for the CO, + uracil ices and 4cm™" for samples of uracil
and H,O + uracil.

Uracil was sublimated from a custom-made Knudsen-
type oven located inside the vacuum chamber, as used by
Gerakines er al. (2012) for making samples containing
amino acids. The oven consisted of a copper block with a
small cavity (~0.05cm’) that held the uracil powder. A
copper plate with a small hole (diameter ~ 1 mm) covered
the sample. A 100-Q heater, silicon diode, and controller
were used to set and maintain the temperature of the oven
near 180°C, where uracil sublimation was sufficient to
produce samples at a reasonable rate for these experiments.
Thermal degradation of uracil is not expected at tempera-
tures below 245°C (see, e.g., Maddern et al., 2016), and no
evidence of degradation was observed in our IR spectra of
deposited uracil.

To create ice mixtures, H,O vapor or CO, gas was in-
troduced into the vacuum chamber from a separate gas
manifold through a metered flow valve as the uracil was
sublimated from the oven. The flow valve was calibrated to
yield the desired mixing ratios for the ice samples. Ice
thicknesses were monitored by laser interferometry during
growth. Deposition times were dictated by the rate of uracil
sublimation from the oven, which typically resulted in an
increase in the resulting sample’s thickness of ~ 1.0 um h™".
Deposition rates of mixtures (gas + uracil) usually resulted
in ice growth rates of 2.5 to 60 um h™', depending on the
desired mixing ratio. Thicknesses of the irradiated samples
ranged from 1.3 to 5 pm. Given the amount of H,O back-
ground gas in our system when cold (~5x107® Torr), the
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contamination levels in the two neat uracil samples are es-
timated to be less than 2%, and for all other samples, they
are less than 0.8%.

The compounds used in this study were uracil (99% pu-
rity; Sigma Chemical Co), CO, (99.99% purity; Aldrich
Chemical Co.), and ultrapure H,O with a resistivity greater
than 18.2MQ cm, obtained by a reverse osmosis system.
Liquid H,O was degassed with three freeze—pump-thaw
cycles before each use. The uracil and H,O + uracil samples
were deposited at 150 K, cooled to 20 K if necessary, and
then irradiated. The CO, + uracil mixtures were deposited at
50 K, to avoid the sublimation that would occur at higher
temperatures, and then cooled to 20 K and irradiated. Both
sets of ice mixtures included samples with matrix-to-uracil
molar ratios of 10:1, 30:1, 100:1, and 270:1.

To irradiate ices, samples were positioned to face our
accelerator’s proton beam, with the beam current being
measured as ~ 150 nA. The radiation dose was calculated as
follows:

Dose(MGy) = SFx (1.602 x 10~%%) (D)

where S is the ice sample’s proton stopping power (in
eV em? ¢! p+ 1), F is the proton fluence (in p* cm™) as
determined from the integrated current through the sample,
and the factor of 1.602x107** converts dose units from
eV g~ to MGy. Table 1 lists the proton stopping powers for
our samples, which we calculated using the Stopping and
Range of Ions in Matter (SRIM) software package from
Ziegler et al. (2010). The density of each two-component
sample, which was needed for calculation of S, was esti-
mated as the weighted average of the two components. The
densities used were 1.617 g cm™> for uracil (Parry, 1954),
093¢ cm™ for H,O ice (Brown ef al., 1996), and 1.67¢g
em™ for CO, (Loeffler et al., 2016). Protons were incident
over the full surface area of the samples (~5 cmz).

3. Results

The IR spectrum we obtained for uracil at 20 K is shown
at the bottom of Fig. 2. This spectrum agrees with published
data taken at room temperature. For example, the atlas of
Pouchert (1997) has a spectrum of uracil as a nujol mull and,
like ours, it shows pronounced absorption at 3500 to 2500,
1700 to 1600, 1500 to 1400, and near 1220 cm~. The same
can be said for room temperature IR spectra of solid uracil
from studies by Saiagh et al. (2015) and Rouquette et al.
(2020). Other examples from the literature include uracil

TABLE 1. PROPERTIES OF ICE SAMPLES

Mixing Stopping power, Density,3

Sample ratio  S/10%eV em® g p+! plg em-
Uracil — 2.471 1.617
CO, + uracil  10:1 2.278 1.665
30:1 2.254 1.668
100:1 2.243 1.669
270:1 2.240 1.670
H,0 +uracil  10:1 2.602 0.99
30:1 2.645 0.95
100:1 2.669 0.94
270:1 2.677 0.93
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FIG. 2. IR spectra of uracil, H,O + uracil, and CO, +
uracil at 20 K. Note that the strongest absorption features of
CO, are too intense to fit on this scale. Sample thicknesses
were 1.3-5 um, depending on the mixture.

spectra from studies by Angell (1961), Susi and Ard (1971),
Barnes et al. (1984), Aamouche et al. (1996), and Rozen-
berg et al. (2004).

For details of assignments of specific IR features of ura-
cil, see the articles already cited, particularly by Rozenberg
et al. (2004). In short, the intense, broad IR absorption of
uracil from about 3500 to 2500 cm™" in the bottom spectrum
of our Fig. 2 is due to various C-H and N-H stretching
vibrations, while bending, double-bond stretches, and de-
formations dominate from about 2000 to 1000 cm™". These
same IR bands are also found in the spectra of H,O + uracil
and CO, + uracil mixtures recorded at 20 K, with mixing
ratios of 30:1 and 270:1. Again, see Fig. 2.

We studied the radiation-induced destruction of solid
uracil by following changes in its IR spectrum with in-
creasing radiation dose. With ices made only of uracil (i.e.,
neat samples) and in H,O + uracil experiments, we moni-
tored destruction using the IR band at 1217 cm_l, which was
both sharp and relatively free of overlap with other IR
features. However, for CO, + uracil experiments, we mon-
itored uracil’s sharp IR feature at 1646 cm™". Distortions and
spectral interference were increasingly problematic with the
higher matrix-to-uracil ratios, as can be seen by comparing
Fig. 2’s spectra of the H,O + uracil 30:1 and 270:1 samples,
the result being that we were unable to carry out accurate
measurements at ratios above 270:1.
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The IR spectra of the CO, + uracil (30:1) and H,O +
uracil (30:1) ice mixtures irradiated at 20 K are presented in
Fig. 3. In the CO, + uracil samples, known radiolysis
products of solid CO, were observed (e.g., Bennett et al.,
2004), including CO (2140cm™), CO; (2044, 1881, 1071,
and 974 cmfl), and O5; (1046 cmfl). In our H,O + uracil
experiments, the radiation products identified were similar
to those reported by Materese et al. (2020) for thymine, as
expected, and include HNCO (2251 cmfl), OCN™
(2171 ecm™), CO, (2341 cm™), and CO (2140cm™ ). The IR
bands of HNCO and OCN™~ were not seen in the CO, +
uracil experiments, suggesting that H,O is required for their
formation or that H,O ice might be better at preserving
HNCO and OCN™ in the sample. Unassigned IR features
were found at 1292 and 1333 cm™" after irradiation.

Uracil destruction in our experiments was quantified with
the methods used in our studies of amino acids and thymine
(Gerakines et al., 2012; Gerakines and Hudson, 2013, 2015;
Materese et al., 2020). The relative abundance of uracil was
determined after each irradiation step by measuring the area
(A) of either the 1217 or 1646 cm”! band. Figure 4 shows the
resulting trend of the surviving fraction (A/A) of uracil with
radiation dose (D) for each sample. The data were analyzed
assuming reversible first-order kinetics as

Uracil = Products, 2)

with forward and reverse rate constants denoted by k; and
k_;, respectively. With this model, we fit the data using

(AJAg) =ae " +c, (3)

where the initial band area (Ag) is proportional to uracil’s
initial abundance and a, b, and ¢ are independent parame-
ters. The best-fitting sets of a, b, and ¢ are listed in Table 2
and curve fits are shown in Fig. 4. The analytical solution of
this simple kinetic model gives the mathematical relation-
ship between these parameters and the reaction rate con-

a CO, + uracil (30:1), irradiated at 20 K
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stants (Gerakines and Hudson, 2013, and references
therein). Parameter a corresponds to k;/(k; + k_;), which can

also be written as (1 — ‘:—j), where A, is the relevant

band’s area at chemical equilibrium. Similarly, b corre-
sponds to the sum of the rate constants, k; + k_;, and c is

uracil’s equilibrium fraction *Z—?, which can also be written

in terms of the rate constants as k_;/(k; + k_;). In each ice
mixture studied, the destruction rate constant was calculated
by using k; =ab.

Equation 3 was used to fit the kinetic data we obtained for
uracil mixtures, but was not used for the neat uracil samples,
where the surviving fraction remained above ~88% for
absorbed doses up to 40 MGy, as seen in Fig. 4a. The plots
of surviving fraction versus dose at both 20 and 150 K
cover only the initial uracil destruction, which is approxi-
mately linear. Because of this, the data for irradiation of
uracil at 20 and 150 K were fit with a line. Mathematically,
we note that if bD << 1, Eq. 3 approximates to (a + ¢) — bD.
Since our experiments only cover uracil’s initial decay,
linear fits to the data in Fig. 4a gave the values of b in
Table 2 for the neat uracil samples. Values of the param-
eters a and ¢ could not be determined in these cases but are
constrained by their definitions in the analytical solution to
be less than or equal to 1.

The uracil half-life dose in each ice also was determined,
representing the radiation dose needed to reduce uracil’s
abundance by 50%. We then used the results to estimate
uracil’s half-life in various astronomical environments,
where the radiation dose rates are known or estimated.
Table 3 lists the destruction rate constants and half-life
doses for each experiment, and Fig. 5 shows the trends in k;
with temperature and ice composition. For neat uracil
samples, only an upper limit to k; could be determined since
the fit parameter a is unknown in those cases. It should be
noted that while the CO, + uracil and H,O + uracil mixtures
are not realistic representations of the composition of mix-
tures in space (partly due to experimental limitations), our

b H,O + uracil (30:1), irradiated at 20 K

Absorbance + offset

0 . 1 1
4000 3500 3000 2500 2000 1500 1000 500
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FIG. 3. 1R spectra of (a) CO, + uracil (30:1) and (b) H>O + uracil (30:1) samples before and after irradiation at 20 K.
Spectra are labeled according to the total radiation dose absorbed by the sample, in units of MGy. Asterisks (*) mark uracil
features used to measure the destruction kinetics, and plus signs (+) indicate IR features of radiation products.
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b CO, + uracil at 20 K

AIA,

20
Dose (MGy)
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FIG. 4. Surviving fraction of uracil versus dose in radiation experiments involving (a) uracil samples at 20 and 150 K,
(b) CO, + uracil mixtures irradiated at 20 K, (¢) H,O + uracil mixtures irradiated at 20 K, and (d) H,O + uracil mixtures
irradiated at 150 K. All plots include the fits described in the text and Table 2.

results should represent the general behavior of uracil when
diluted in ices dominated by CO, or H,O. If necessary, the
trends in Fig. 5 could be extrapolated to uracil ices of lower
concentration.

4. Discussion
4.1. Radiolytic destruction of uracil

Figure 5 and Table 3 illustrate the influence of ice com-
position on the radiolytic destruction of uracil. We first note
that the destruction rate constant is considerably smaller in
neat uracil than in the two-component mixtures. For the
mixtures, uracil’s destruction rate constant is higher in CO,-
dominated ice than in H,O-dominated ice, a trend also ob-
served with glycine-containing ices by Gerakines and Hudson
(2013, 2015). As discussed by Gerakines and Hudson (2015),
at least two factors contribute to this behavior. One is the
outcome of indirect radiolytic action, in which the matrix

strongly influences the observed chemical changes. For ex-
ample, CO, destruction gives CO + O, and O is highly reac-
tive. Ozone (O3) is also a radiolysis product of CO,, as
confirmed from the IR data, and can aid in uracil’s destruction.

Another trend shown in Fig. 5a is that the destruction rate
constant increases with the mixing ratio (i.e., lower uracil
concentration) in both CO, + uracil and H,O + uracil sam-
ples. This same trend was found for amino acids and thymine
by Gerakines et al. (2012), Gerakines and Hudson (2013,
2015), and Materese et al. (2020). With higher mixing ratios,
more of the reactive intermediates from irradiated CO, or
H,O are available to combine with uracil, but in ices with
smaller amounts of CO, or H,O, more of the uracil is directly
affected by irradiation, and the reaction products may simply
recombine. Consistent with this idea, slopes of the destruction
rate constant curves in Fig. 5 decrease with increasing mixing
ratio as the radiation products of CO, or HO will increas-
ingly interact with each other instead of with uracil.
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TABLE 2. CURVE-FIT PARAMETERS FOR URACIL DESTRUCTION

Curve-fit parameters®

Ice sample Mixing ratio T/K a b/MGy™ c

Uracil — 20 — 0.0021+0.0001° —
— 150 — 0.0024 +0.0004" —

CO; + uracil 10:1 20 0.99+0.01 0.252+0.004 0.0090+0.0056
30:1 20 0.99+0.01 0.40£0.01 —0.003 £0.005
100:1 20 0.9610.01 0.61£0.02 0.012£0.008
270:1 20 0.97+0.01 0.69£0.02 0.0035+0.0087

H>0 + uracil 10:1 20 0.42+0.08 0.049£0.022 0.55+0.08
30:1 20 0.57£0.08 0.077£0.030 0.38£0.08
100:1 20 0.71£0.09 0.22+0.07 0.26+£0.06
270:1 20 0.77£0.16 0.40£0.20 0.25+0.10
10:1 150 0.53£0.05 0.046+0.011 0.45+0.06
30:1 150 0.77£0.05 0.091£0.017 0.19£0.05
100:1 150 0.97+0.05 0.25+0.03 0.018+0.032
270:1 150 0.98+0.03 0.39£0.03 0.013+0.017

*With the exception of the uracil data, fits are in the form of Eq. 3.

Linear fit to AlAg=(a + ¢) — bD. Only b could be determined independently. See text.

Figure 5 also shows how temperature influences uracil’s
radiolytic destruction. For H,O + uracil ices, there is only a
slight increase in the destruction rate constant when com-
paring irradiation at 20 and 150 K (a similar trend was ob-
served for glycine by Gerakines and Hudson, 2015). The
measured increase of k; with T is likely due to the increased
mobility of the remaining radiation products at higher tem-
peratures. Contrary to this idea, Materese et al. (2020) found
that the destruction rate constant of thymine decreased as the
irradiation temperature increased. However, most of the
thymine-containing ice samples in that study were grown in
an amorphous form, as opposed to the mostly crystalline form
in this study. It is possible that the ice’s structure (whether
amorphous or crystalline) may influence the destruction rate
constants of uracil as well, but this was not studied here.

One goal of the present work on uracil and our previous
article on thymine (Materese et al., 2020) is to compare
the resistance of nucleobases to ionizing radiation. From
Table 3 and our earlier article, we have the following half-
life doses:

> 40 MGy—20 K, uracil;

38 MGy—13 K, thymine;

4.8 MGy—20 K, H,O + uracil (100:1);

4.3 MGy—13 K, H,O + thymine (50:1);

2.8 MGy—150 K, H,O + uracil (100:1); and

8.0 MGy—100 K, H,O + thymine (50:1).

The temperature and composition are not perfectly mat-
ched, but we feel confident in suggesting from such com-
parisons that the half-life doses are not substantially
different between uracil and thymine. This is not surprising
given the similarities in structures of the two molecules, as
shown in Fig. 1.

Comparisons with results on the radiation-induced de-
struction of uracil from elsewhere are somewhat difficult
due to differences in experimental conditions. Hammer et al.
(2019) found little destruction of neat uracil after vy irradi-
ation with doses in the 0—1 MGy range, which matches the
small changes in our Fig. 4a. A destruction half-life of
2x 107 years for uracil in dense molecular clouds was re-
ported by Pilling et al. (2011) from X-irradiation of neat

TABLE 3. DESTRUCTION RATE CONSTANTS AND HALF-LIFE DOSES FOR URACIL IN ICE MIXTURES

Ice sample Mixing ratio T/K Destruction rate constant k,/MGy™ Half-life dose/MGy
Uracil — 20 <0.0021* >40
Uracil — 150 <0.0024* >40
CO; + uracil 10:1 20 0.25+0.01 2.791£0.07
30:1 20 0.39+0.01 1.691+0.04
100:1 20 0.58+0.02 1.12£0.05
270:1 20 0.67+0.02 0.97+£0.05
H,0 + uracil 10:1 20 0.02£0.01 >40
30:1 20 0.0410.02 20.2+11.5
100:1 20 0.16x£0.05 48+19
270:1 20 0.31£0.2 2.811.8
10:1 150 0.025+0.007 50.5+£27.4
30:1 150 0.07£0.01 10.13£2.6
100:1 150 0.25+0.03 2.8+0.5
270:1 150 0.38+0.03 1.8+£0.2

“Due to the fitting process, only an upper limit could be obtained (see text and Table 2).
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FIG. 5. Comparisons of the radiolytic destruction of uracil at 20 K in CO, and in H,0. (a) Dependence of the uracil
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mixtures at 20 K.

uracil near 298 K. However, our (Table 3) results suggest
that this value is about 10° times higher than for uracil
irradiated in the presence of H,O ice and at more relevant
interstellar temperatures.

4.2. Astrobiological applications

We applied the half-life doses for uracil in Table 3 to Solar
System objects and interstellar clouds to determine survival
times for uracil in those environments, and the results are
presented in Table 4. Since uracil is likely to be far less
abundant than H,O or CO, in space, data for the most dilute
samples (i.e., those with a mixing ratio of 270:1) were used to
derive the results in Table 4. Moreover, the samples with the
closest temperature to the relevant environment were chosen
(either 20 K or 150 K). Note that for the dense ISM, H,O is
observed primarily in amorphous form, so the results for our
samples created at 150 K may require some adjustment.
However, based on our results, at any temperature and for any

mixing ratio, uracil is more likely to be preserved in H,O ice
than in CO, ice in all astronomical environments.

Because dense interstellar clouds begin to gravitationally
collapse after 10*~10° years and are expected to have life-
times of about 107 years (Herbst and Klemperer, 1973), a
uracil half-life of only ~ 10* years in dense clouds is rela-
tively short. Thus, the transfer of uracil ice directly from a
cloud to the next stages in the star formation cycle (e.g.,
protoplanetary disks or planetesimals) may not be likely if
uracil is formed early in the cloud’s life. However, as shown
in Table 4, the extrapolated half-life of uracil in comets at
1 cm depth is tens of millions of years and therefore com-
ets are a promising means of delivering interstellar uracil to
the inner Solar System. There is substantial evidence from
the recent Rosetta mission to comet 67P/Churyumov—
Gerasimenko that comets can supply a large fraction of
organics to the young Earth (e.g., Marty et al., 2017; Alt-
wegg et al., 2019). Additionally, ice reaction chemistry can
continue in the mid-planes of protoplanetary disks and

TABLE 4. RapioLyTic HALF-LIVES OF URACIL IN VARIOUS ASTRONOMICAL ENVIRONMENTS
BASED ON THE RESULTS FOR CO, + UrRAcIL AND H,O + UraciL (270:1) MIXTURES

Location T/K Depth/cm Dose rate/Gy years™' Half-life in COy/year Half-life in H,O/year
Mars® 200 0 1.8x10™" (5.6+£0.3)x10° (1.0£0.1)x 10’
100 1.0x107! (9.5£0.5)x 10° (1.840.2)x 107
Europa® 100 1073 1.1x 10’ (8.9+0.5)x107° (1.7£0.2)x 107"
1 1.3x10* (7.3+£0.4)x 10" (1.4£0.2)x10?
100 22 (4.5£0.2)x10° (8.3£0.9)x10°
Pluto® 40 107 1.3x107! (7.3+0.4)x 10° (2.1+1.4)x10’
100 3.9%107° (2.5+£0.1)x 10’ (7.2+4.6)x 10’
Comets® 40 1074 6.0 (1.6+0.08)x 10° (4.7+3.0)x10°
1 4.6x107> (2.1£0.1)x 10’ (6.1£3.9)x10’
Dense ISM® 10 — 1.2x10° (8.0+£0.4)x 10° (2.3+1.5)x10*
Diffuse ISM® 40 — 6.0x10° 1.6+0.1 47+3.0

“Dartnell et al. (2007), fig. 3; absorbed dose for pure ice.

Paranicas et al. (2009), fig. 9; dose rate includes protons and electrons.

“Hudson et al. (2008), table 1.
dStrazzulla et al. (2003), fig. 6; dose time at 85 AU.

“Moore ef al. (2001), table 1; dose rate includes UV photons and protons.

ISM, interstellar medium.
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interstellar material can play an important role in such disk
chemistry, meaning that uracil ice has the potential to be
formed again in disks. In addition, as a planetary disk
evolves, meteorite parent bodies experience hydrothermal
processing, which can potentially form complex molecules
such as uracil or amino acids (Kebukawa et al., 2017).

Within the Solar System, uracil’s survival depends
strongly on the environment, where molecules exposed on
planetary surfaces may be strongly affected by UV pho-
tons. For example, uracil exposed on the surface of Mars is
unlikely to survive more than ~ 107 years. However,
minerals on Mars can shield uracil from harsh radiation
(e.g., Ertem et al., 2017), and lakes or ice located beneath
the martian surface (e.g., Lauro et al., 2021) may also
preserve uracil. In these cases, our survival half-lives
should be adjusted to reflect the shielding effects, which
have not been studied here. Europa’s surface is reported to
be ~10-100 million years old (Ip et al., 1998), which is
significantly younger than that of Mars. The high radiation
dose rate of ~10” Gy yr™ ' at a depth of 0.01 mm on Europa
would destroy uracil with a half-life of just 2 months.
However, Europa is thought to have an ocean beneath its
icy surface and active resurfacing could occur (e.g.,
Squyres et al., 1983). Pluto, on the other hand, is reported
to have a surface less than 10 million years old (Trilling,
2016) and even as young as ~ 10’ years (Buhler and In-
gersoll, 2018). Evidence for organic molecules has been
seen both on Pluto’s surface and in its tenuous atmosphere
(Cruikshank et al., 2019). With an estimated half-life of
~ 107 years, any uracil delivered to Pluto’s surface may be
present in detectable amounts.

In closing, we again note and emphasize that our rate
constants for destruction of uracil in ice mixtures, with ei-
ther H,O or CO, present, are orders of magnitude larger
than for neat uracil samples. Extrapolations to astronomical
environments of laboratory data on radiation-induced de-
struction of uracil alone (without the effects of the ice ma-
trix) can greatly underestimate the molecule’s rate of
destruction and significantly overestimate its extraterrestrial
lifetime, leading to errors of over 1000%.

5. Conclusions

The destruction of uracil and uracil in CO, or H,O ice
mixtures by proton irradiation was experimentally investi-
gated at temperatures relevant to the ISM and the Solar
System. From the IR data collected, radiation products
identified included CO, COs3, and O3 for uracil mixed with
CO,, and HNCO, OCN™, CO,, and CO for uracil mixed with
H,O. Destruction rate constants of uracil (and thus uracil’s
survivability in each case) were found to depend on ice
composition and uracil concentration, where CO, + uracil
mixtures were found to possess the highest destruction rate
constants (and lowest uracil survivability). To a lesser ex-
tent, the irradiation temperature (20 or 150 K) influenced
uracil’s destruction rate constants, where higher destruction
was observed at higher temperatures. Half-life doses were
determined and used to evaluate the survival of uracil in
various extraterrestrial environments in the absence of
shielding effects. Our results suggest that uracil has its
greatest chance of survival on or beneath the surfaces of icy
objects, such as comets or Pluto.
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