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ABSTRACT

The destruction of solid glycine under irradiation with 2 keV electrons has been investigated by means of IR
spectroscopy. Destruction cross sections, radiolysis yields, and half-life doses were determined for samples at 20,
40, 90, and 300 K. The thickness of the irradiated samples was kept below the estimated penetration depth of the
electrons. No significant differences were obtained in the experiments below 90 K, but the destruction cross section
at 300 K was larger by a factor of 2. The radiolysis yields and half-life doses are in good accordance with recent
MeV proton experiments, which confirms that electrons in the keV range can be used to simulate the effects of
cosmic rays if the whole sample is effectively irradiated. In the low temperature experiments, electron irradiation
leads to the formation of residues. IR absorptions of these residues are assigned to the presence CO2, CO, OCN

−,
and CN− and possibly to amide bands I to III. The protection of glycine by water ice is also studied. A water ice
film of ∼150 nm is found to provide efficient shielding against the bombardment of 2 keV electrons. The results of
this study show also that current Monte Carlo predictions provide a good global description of electron penetration
depths. The lifetimes estimated in this work for various environments ranging from the diffuse interstellar medium
to the inner solar system, show that the survival of hypothetical primeval glycine from the solar nebula in present
solar system bodies is not very likely.

Key words: astrobiology – astrochemistry – ISM: general – methods: laboratory: molecular – techniques:
spectroscopic

1. INTRODUCTION

The extent of formation and persistence of prebiotic
molecules outside the Earth is crucial for the theories of the
origin of life. In particular the survival of these fragile organic
species in the predominantly harsh extraterrestrial environ-
ments, subjected to the bombardment of extreme ultraviolet
(UV) photons and highly energetic corpuscular radiation, is a
subject of intense current research (Savin et al. 2012).

In the interior of dense molecular clouds the temperature is
low enough to allow volatiles to accrete on grain surfaces
forming ice mantles. Dust grains and ices provide an effective
shield against the intense UV field of the diffuse interstellar
medium (ISM), but the ices can still be chemically processed
by energetic galactic cosmic rays (GCRs). The processing can
have a twofold effect. On the one hand it can start a chain of
reactions leading to the formation of complex organic
molecules (Herbst & van Dishoeck 2009), but on the other
hand it can destroy the organic molecules within the grains.
The details of grain chemistry are largely unknown but the
survival of a given species can be estimated if its probability of
destruction by radiation is known. Eventually dense clouds
suffer a gravitational collapse that leads to the formation of new
stars surrounded by planetary systems. In principle, it is
possible that the organic material found in our solar system,
especially in the less processed bodies like comets or asteroids,
could be part of the pristine interstellar organic matter of the
solar nebula, but there are indications that only very stable
organic compounds could survive the collapse of the pre-solar
dense cloud (Ehrenfreund & Sephton 2006).

Glycine, the simplest amino acid, has become paradigmatic
for studies of energetic processing of simple biomolecules. In
the solar system glycine has been detected in a comet (Elsila
et al. 2009) and also in carbonaceous chondrites together with

other amino acids and nucleobases (Botha & Bada 2002). The
detection of glycine in the ISM remains uncertain (Snyder
et al. 2006), although its presence is not unlikely, since other
organic molecules of comparable complexity have been
observed (Herbst & van Dishoeck 2009).
Laboratory studies on the survival of glycine under

irradiation by UV photons (Ehrenfreund et al. 2001; Bernstein
et al. 2004; ten Kate et al. 2005; Orzechowska et al. 2007;
Ferreira-Rodrigues et al. 2011; Johnson et al. 2012), X-rays
(Pilling et al. 2011; Pernet et al. 2013), and high energy ions
(Huang et al. 1998; Gerakines et al. 2012; Gerakines & Hudson
2013; Pilling et al. 2013; Portugal et al. 2014) have been
reported by several groups during the last 15 years. The results
of these works indicate that the amino acid would be readily
destroyed, largely by short wavelength UV irradiation, in the
diffuse ISM and in unshielded surfaces within the solar system
(Ehrenfreund et al. 2001; ten Kate et al. 2005; Orzechowska
et al. 2007; Johnson et al. 2012). In dense molecular clouds or
in the subsurface of solar system bodies the external photon
flux decreases rapidly, but glycine can still be destroyed by
cosmic rays. The cosmic radiation field is mostly made of
protons (more than 90%) and Helium nuclei, (He2+) with
broad distributions of kinetic energy that reach into the GeV
range. They can have penetration depths of several meters in
solid materials (Cooper et al. 2001, 2003; Dartnell et al. 2007;
Paranicas et al. 2009).
Proton beams with energies of 0.8 MeV (Gerakines et al.

2012; Gerakines & Hudson 2013) and 1MeV (Pilling et al.
2013) were used to simulate the destruction of glycine by
cosmic rays. The glycine half-lifes for proton irradiation
derived by Gerakines et al. (2012) were found to be much
larger (by up to an order of magnitude) than those reported by
Pilling et al. (2013). The cause of the discrepancy is not
known, although part of it could be due to the different
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temperatures and glycine polymorphs used in the two
experiments.

The interaction of high energy (keV–GeV) ionizing
radiation with a solid leads to multiple excitations and
ionizations that result in the production of X-ray and UV
bremsstrahlung and induce cascades of secondary electrons as
the incoming radiation energy is gradually degraded. The
highest chemical activity corresponds to electrons with
comparatively low (<20 eV) energies (Gerakines & Hudson
2013; Pimblott & LaVerne 2007). Although the precise
physical processes that take place within the solids are not
completely understood, it is generally accepted that the ultimate
effects of radiation depend on the energy dose deposited rather
than on the specific nature of the ionizing agent (Gerakines &
Hudson 2013). Therefore the effects of cosmic rays on matter
can also be studied using energetic electrons instead of protons
(see for instance Kaiser et al. 2013; Mason et al. 2014 and
references cited therein). The interaction of electrons of a few
keV with matter is characterized by a linear energy transfer
(LET) of the same order as that of protons in the MeV range
(Kaiser et al. 2013). In addition, electron bombardment is of
great interest in itself in some astronomical environments like
the magnetospheres of the giant planets (Cooper et al. 2001).

The irradiation of solid glycine films by 2 keV electrons was
recently investigated by two groups (Maté et al. 2014; Pilling
et al. 2014). From their measurements, Pilling et al. (2014)
estimated the half-life of glycine under ionizing radiation in
several astronomical environments. Their half-life values were
much larger (more than two orders of magnitude) than those
derived from the 0.8–1MeV proton irradiation experiments
(Gerakines et al. 2012; Pilling et al. 2013). At first sight the
large disparity in the experimental results casts doubt on the
assumed equivalence of keV electrons and MeV protons for the
simulation of the effects of cosmic rays. A possible cause of the
discrepancy could be the large thickness of the glycine samples
of Pilling et al. (2014) as compared with the penetration depth
of the electrons predicted by current Monte Carlo models
(Hovington et al. 1997; Drouin et al. 2011). On the other hand
a recent work by Barnett et al. (2012) indicates that the depth
of chemical effects induced by bombarding electrons in solids
might be underestimated by the mentioned models, possibly
because the bremsstrahlung photons could penetrate deeper
than the electrons themselves. In their study they found that the
chemical damage depth of 0.1–2 keV electrons in water ice
could be significantly larger than the predicted electron
penetration depth.

In an attempt to clarify the mentioned discrepancies and to
check the consistency of the assumed equivalence between keV
electrons and MeV protons for the simulation of the effects of
cosmic rays, we have irradiated thin glycine samples with
2 keV electrons and have observed its decay in situ by means of
IR spectroscopy. To ensure irradiation of the whole samples
their thicknesses were kept below 90 nm. Dissociation cross
sections and chemical yields for the destruction of glycine were
derived from the measurements. The experiments were carried
out for amorphous samples deposited at 20, 40, and 90 K, and
also for crystalline β glycine at 300 K. The shielding effect of
water ice on glycine and the nature of the decomposition
products of electron irradiation were also considered. The
measured data were used to estimate the lifetime of glycine
subjected to the energetic radiation flux expected for various

astronomical environments. The results are discussed and
compared to previous work.

2. EXPERIMENTAL

The experiments were conducted at 300, 90, 40 and 20 K in
a high vacuum chamber that can be evacuated down to
2 × 10−8 mbar. A detailed description of the experimental setup
is provided in Carrasco et al. (2002) and Maté et al. (2014).
For the present work two cryogenic systems were employed. A
liquid-nitrogen Dewar, with a cold head in close thermal
contact with the silicon window used as a deposition substrate,
was employed for the experiments at 90 K. The temperature of
the substrate could be controlled between 85 and 300 K with
1 K accuracy. Room temperature experiments were also carried
out with this set-up, but without liquid nitrogen in the Dewar.
For the experiments conducted at 20 and 40 K, the liquid-
nitrogen Dewar was replaced by a closed-cycle helium cryostat
whose cold finger was in close thermal contact with the silicon
substrate holder. In both cases the system was coupled to a
Bruker-Vertex70 FTIR spectrometer in transmission config-
uration. A rotatable flange allowed the orientation of the
substrate toward the different chamber ports: the glycine oven
port, the FTIR spectrometer port, or the electron gun port.
Glycine layers were grown by vapor deposition under

vacuum by means of a mini oven of our own design, used
previously for glycine (Maté et al. 2011) and alanine
deposition (Rodríguez Lazcano et al. 2012). The temperature
of the oven was fixed at 150 °C. For the present work, the oven
design was improved by adding a mechanical shutter that keeps
the oven output closed until its temperature is stabilized to the
desired value, allowing a better control of the thickness of the
deposited samples. For water deposition on top of the glycine
layers, 1 × 10−5 mbar water vapor was admitted into the
chamber through an independent line. The thickness of the
water ice layers was estimated from the integrated intensity of
the OH stretching mode in the IR spectra using the infrared
strengths given by Mastrapa et al. (2009).
The electron gun for sample processing was built in our

laboratory and was described in detail in Maté et al. (2014).
The design provides an electron beam that covers the
entire 1 cm diameter substrate window and allows processing
the whole sample at once. A 2 keV electron flux of
8 × 1011 cm−2 s−1, calibrated as described in Maté et al.
(2014), was employed. The flux stability, determined by the
stability in the filament emission current, was better than
±10%. In the present study the selected electron flux was more
than two orders of magnitude lower than that employed in a
previous work by our group (Maté et al. 2014) in order to
avoid heating of the sample and to minimize surface charge
growing effects (Oates & Potts 1985; Fuchs et al. 1978). No
increase of the sample temperature was appreciated during the
electron processing in this work. Additionally, we processed
glycine with a 10 times higher flux, observing a 10 times faster
decay, with no noticeable heating of the sample either.
However, the lower value of the flux was selected for
this work.
Glycine films of ∼90± 10 nm were grown at 300, 90, 40,

and 20 K. In addition, a film of ∼35 nm was grown at 90 K.
FTIR normal incidence transmission spectra were recorded
with 4 cm−1 resolution by averaging 300 scans.
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2.1. Glycine Film Thickness Determination

As far as we know experimental values for the infrared band
strengths of amorphous or crystalline solid glycine have not
been reported in the literature. Some calculated estimates were
published for the isolated zwitterionic molecule (Holtom
et al. 2005) and for the crystalline α form (Maté et al.
2011). Gerakines & Hudson (2013) recorded infrared spectra
of amorphous glycine layers and determined their thickness
experimentally by measuring the interferences of a He–Ne laser
during growth. From the IR normal reflectance spectrum of a
900 nm glycine layer at 140 K, given in Figure 3 of Gerakines
& Hudson (2013), and assuming a density of 1.6 g cm−3, we
have derived an “experimental” band strength, A. By summing
over all the IR absorptions in the 2000–800 cm−1 frequency
range we obtained a value of A= 5.3 × 10−17 cm molecule−1.
This value is about five times smaller than that estimated by
adding up the theoretical values of Holtom et al. (2005) for the
bands in this frequency range (24.4 × 10−17 cmmolecule−1)
and 30 times lower than the band strenght calculated
(160 × 10−17 cmmolecule−1) by Maté et al. (2011). The
calculations in Maté et al. (2011) are being revised and new
results will be published soon. The experimental values
deduced from the masurements of Gerakines & Hudson
(2013) were used to determine the thickness of the glycine
deposits grown in this investigation.

2.2. Penetration Depth of 2 keV Electrons:
CASINO Simulations

For the estimate of the penetration depth of 2 keV electrons
in glycine layers, the CASINO code (Drouin et al. 2011) was
used. This code is based on Monte Carlo simulations of
electron trajectories considering energy loss processes inside a
solid. It was initially developed to assist scanning electron
spectroscopy users in the interpretation of their measurements.
The calculations were conducted with the default physical
models (Monsel Default) and the input parameters of the
program were the energy of the electrons, the geometry of the
sample, its composition, and its density. Figure 1 displays the
trajectories generated by 2 keV electrons impinging on a
glycine layer. As can be seen, the initial electron beam spreads,
and electrons lose their energy to the solid as they progress.
The calculated trajectories finish when the electron energy falls
below 50 eV (Drouin et al. 2007). With this criterion, which

has been used throughout this work, the penetration depth for
glycine is of the order of 90 nm (see Figure 1).
Simulations of the electron penetration into a glycine sample

covered by ice layers of various thicknesses were also
performed. For these calculations an ice density of
0.75 g cm−3 was assumed, which corresponds to the approx-
imate density of the vapor deposited amorphous ice used in the
experiments. The average energy of the electrons entering the
glycine layer and their penetration depths in that layer are
presented in Table 3 in Section 3.4.

3. RESULTS

The IR spectra of the different forms of glycine are well
established in the literature. The spectra of the crystalline
phases can be found for example in Pilling et al. (2013) or Liu
et al. (2008). The amorphous form of glycine, obtained by
vapor deposition on a cold substrate, has also been extensively
investigated with IR spectroscopy (Gómez-Zavaglia & Fausto
2003; Maté et al. 2011; Gerakines et al. 2012). Figure 2 shows
the time evolution of three glycine samples under electron
irradiation through their IR spectra. The samples were grown
and processed at temperatures of 300, 90, and 40 K. From top
to bottom the spectra correspond to the β-crystalline phase
grown at 300 K, to amorphous glycine, mostly zwitterionic, at
90 K, and to amorphous glycine with a large fraction of the
neutral form at 40 K. Two characteristic bands at ∼1700 and
∼1200 cm−1 are usually chosen to trace the presence of the
neutral species in amorphous glycine samples. They are
indicated by dotted vertical lines in panels (b) and (c) of
Figure 2. The upper black traces in these two panels correspond
to spectra recorded before starting the electron bombardment.
Some fraction of the neutral form is present in the 90 K samples
(panel (b)), whereas at 40 K (panel (c)), a large fraction of the
neutral form is observed, but the presence of some zwitterionic
form cannot be discarded.
For all three temperatures the absorption bands of glycine

decrease in intensity during electron irradiation and finally
disappear. At 300 K no material is left on the substrate after
41 minutes of electron processing. In contrast, residues remain
in the 90 and 40 K experiments after the disappearance of the
glycine bands. These residues do not vanish completely when
the substrate is heated to 300 K and hold valuable information
about the decomposition of glycine. A discussion of likely
species present in them is presented in Section 3.3.

Figure 1. CASINO simulation of the passage of 2 keV electrons through a 90 nm glycine ice layer (density 1.6 g cm−3).
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Figure 3(a) displays the normalized intensity decay of the
1405 cm−1 band as a function of time for experiments
conducted at different temperatures and for sample thicknesses
in the 80–90 nm range. The observed behavior corresponds to a
first order process leading to the irreversible destruction of
glycine (see next section). The decay is clearly faster for the
glycine layer at room temperature than for those at low
temperatures. No appreciable differences are found between the
90, 40 and 20 K processing experiments. Interestingly, the
decay rate does not change when the layer thickness is reduced
from 90 to 35 nm, as shown in Figure 3(b), which indicates
that the energy dose imparted to the sample is roughly uniform
over the thickness range studied and corroborates the
assumption that the whole 90 nm layer is effectively processed.

Irreversible first order kinetics was also assumed in previous
studies, where a monotonic decline of the glycine concentration
was observed upon irradiation of UV photons (ten Kate
et al. 2005; Poch et al. 2013), soft X rays (Pilling et al. 2011),
or energetic ions in the MeV range (Pilling et al. 2013; Portugal
et al. 2014). In other experiments, however, protons (Gerakines
et al. 2012), X ray (Pernet et al. 2013) and UV photon
(Johnson et al. 2012; Maté et al. 2014) processing lead to a
stationary state, where a fraction of the amino acid is not
decomposed. In the latter case it was generally assumed that
reversible reactions within the solid sample can re-generate part

of the glycine destroyed by the energetic irradiation. The
reasons for this contrasting behavior are not obvious, and a
clear relationship with the processing agent or with the sample
thickness and temperature has not been established.
As mentioned in the introduction two experimental studies

on the processing of solid glycine by 2 keV electrons (Maté
et al. 2014; Pilling et al. 2014) have also been recently
reported. In both cases thick (>0.8 μm) samples were used and
a significant amount of glycine was left in the solid after
prolonged electron irradiation. As noted by the authors of these
works, besides the possible occurrence of reversible reactions,
the small penetration depth of 2 kV prevents the processing of a
large fraction of the original glycine.

3.1. Dissociation Cross Sections

A cross section for the dissociation of solid glycine upon the
impact of 2 keV electrons was derived from the decay of the
strong and well resolved ∼1405 cm−1 band. The same decay
rate was observed, within experimental error, for the band at
∼1325 cm−1.
A single forward first order reaction was assumed for the

analysis of the data, i.e., the glycine decomposes irreversibly to
form products following the expression:

ktln [Gly]

Gly
(1)

0

⎛
⎝
⎜⎜ ⎡⎣ ⎤⎦

⎞
⎠
⎟⎟ = −

Figure 2. Infrared spectra of 90 ± 5 nm layers of: (a) alpha-glycine at 300 K,
(b) amorphous glycine at 90 K, and (c) amorphous glycine at 40 K. Each panel
shows the evolution of the sample when processed with a 2 keV electron flux
of 8 × 1011 cm−2 s−1. Dotted vertical lines indicate the position of bands
typically assigned to the neutral form. The dashed line indicates the position of
the 1405 cm−1 band chosen to quantify glycine destruction.

Figure 3. (a) Normalized intensity decay of the 1405 cm−1 band of glycine as a
function of processing time with a flux of 8 × 1011 electrons cm−2 s−1 of 2 keV
electrons. The various traces correspond to experiments conducted at different
temperatures, or with slightly different thicknesses (see legend). (b)
Comparative decay of a 90 and a 35 nm layer at 90 K.
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where [Gly0] is the initial glycine concentration, [Gly] is the
glycine concentration at time t, and k the rate constant. This
process can also be represented in terms of infrared absorbance
values:

I

I
Fln (2)

0

⎛
⎝⎜

⎞
⎠⎟ σ= −

where F is the fluence in electrons cm−2, I0 is the initial
integrated absorbance of the selected absorption band, I is the
integrated absorbance corresponding to F, and σ is the
dissociation cross section in cm2.

As mentioned above, when glycine layers are grown by
vapor deposition below 90 K a large amount of the sample is in
its neutral form. At the beginning of the electron processing, a
transformation from neutral to zwiterionic glycine is observed
in the spectrum. This transition can be monitored by the
decrease and final disappearance of the pure neutral bands at
∼1700 and ∼1200 cm−1 (see panels (b) and (c) in Figure 2).
Under the conditions of the present experiments, neutral
glycine is completely transformed to the zwiterionic form in
2–3 minutes. During this time, the intensity of the 1405 cm−1

band does not appreciably change, as reflected by the small
initial plateau visible in the decay curves of Figure 3 for the
cold samples. The presence of this plateau barely suggests that
no glycine is destroyed by the electron bombardment until the
neutral to zwitterionic transition is completed. The points in
this initial plateau have not been considered in the fit used to
derive the destruction cross section of glycine.

Figure 4 shows the best-fit lines obtained for the different
experiments conducted at 300, 90 (with the two glycine
thickness), 40, and 20 K. The cross-sections obtained from
these fits are listed in the second column of Table 1. Room
temperature crystalline glycine (β glycine) has a destruction
cross-section approximately a factor of two larger than that of
the amorphous low temperature form. The cross sections found
for temperatures between 90 and 20 K are similar and lie within
the experimental errors.

Cross sections for the destruction of glycine by 2 keV
electrons have been recently reported by Pilling et al. (2014)
for α and β glycine at 300 K and at 14 K. The values derived

by these authors at 300 K were 0.4± 0.1 × 10−16 cm2 for α
glycine and 0.35± 0.1 × 10−16 cm2 for β glycine. At 14 K the
corresponding cross sections were 2± 0.2 × 10−16 cm2 for α
glycine and 1.8± 0.2 × 10−16 cm2 for β glycine. Pilling et al.
(2014) remarked on the strong dependence of the cross
sections on temperature and the great similarity in the values
for the two polymorphs. It is worth noting that the lowest cross
sections reported by Pilling et al. (2014) correspond to room
temperature, in contrast with the observations of the present
experiments, where the largest cross section is measured at
300 K. The cross section for 300 K β glycine obtained in this
work is a factor 50 larger than that of Pilling et al. (2014). At
the lowest temperatures investigated the differences are
smaller. The present cross section for amorphous zwitterionic
glycine at 20 K is only a factor of five larger than the cross
sections given by Pilling et al. (2014) for α and β glycine
at 14 K.

3.2. Radiolysis Yields and Half-life Doses

The extent of destruction induced by energetic radiation in a
sample is usually referred to the amount of radiation absorbed.
The radiolysis yield (G value) is defined as the number of
molecules destroyed by 100 eV of energy absorbed. It can be
expressed as

( )
G

N e

h F
100

1

LET
(3)

F
0

=
− σ−

where N0= ρh is the initial column density, ρ the glycine
density, h the sample thickness, σ the destruction cross section,
F the fluence, and LET the linear energy transfer. For the
irradiation of glycine with 2 keV electrons the LET is assumed
to be 22 keV μm−1, which corresponds to a total energy transfer
of the 2 keV in the 90 nm penetration depth estimated with the
CASINO code. Calculations for a thickness of 35 nm, where an
appreciable part of the electrons are transmitted, yielded an
LET value smaller by just 10% (22 keV μm −1), a difference
which is included in the experimental uncertainty. In analogy
with the works of Gerakines et al. (2012) and Pilling et al.
(2014) G values were calculated for the beginning of the
irradiation process i.e., at the limit F→ 0. With this assumption

Figure 4. Normalized intensity decay of the 1405 cm−1 band of glycine, in
logarithmic scale, as a function of fluence. The experiments are those displayed
in Figure 3. Straight lines represent fits employing Equation (2).

Table 1
Destruction Cross Sections, Radiolysis Yields (G Values), and Half-life Doses
for Solid Glycine Irradiated with 2 keV Electrons Obtained in this Work

σ (10−16 cm2)
G (molecules/

100 eV) Half-life Dose
D1/2

(eV molecules−1)

300 K, 90 nm 17.6 ± 1 10.2 ± 1 6.8 ± 1
90 K, 90 nm 8.7 ± 1 5.1 ± 0.6 13.7 ± 2
90 K, 35 nm 9.5 ± 1 5.5 ± 0.6 12.5 ± 2
40 K, 80 nm 8.2 ± 1 4.8 ± 0.6 14.5 ± 2
20 K, 85 nm 9.7 ± 1 5.6 ± 0.6 12.3 ± 2

Note. The doses are given per glycine molecule. They can be transformed to
the standard per “16 amu molecule” scale multiplying by the corresponding
mass quotient (16/75). The sample at 300 K is crystalline β glycine. The rest of
the samples correspond to amorphous zwitterionic glycine.
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Equation (3) transforms into

G 100
LET

(4)
ρσ=

The G values calculated with Equation (4) are also listed in
Table 1.

Radiolysis yields for the bombardment of glycine with 2 keV
electrons were also presented by Pilling et al. (2014). In
consonance with the smaller destruction cross sections derived
by these authors, their G values are appreciably smaller than
those of the present work. Specifically for their 300 K
experiments these authors reported G values of 0.18 (mole-
cules/100 eV) for α glycine and 0.15 (molecules/100 eV) for β
glycine. For the experiments at 14 K they gave values of 0.93
(molecules/100 eV) for α glycine and 0.84 (molecules/100 eV)
for β glycine. The reason for the large discrepancies found
between this study and the work of Pilling et al. (2014) is not
clear. As indicated above the main difference between the two
experiments lies in the thickness of the processed samples,
which in the case of Pilling et al. (2014) is much larger than the
estimated penetration depth of the electrons. Under these
conditions much of the original sample is left unprocessed and
this could lead to errors in the derivation of the destruction
cross sections. For the lower temperatures there is also a
difference in the glycine polymorphs used in the two
experiments but this is not expected to be too relevant.

G values for the destruction of glycine upon irradiation with
0.8 MeV protons were given in a recent publication by
Gerakines et al. (2012). Their measurements were carried out
at 15, 100 and 140 K with samples of amorphous zwitterionic
glycine like those of the present work. The G values derived by
Gerakines et al. for their 15 and 100 K experiments were
5.8± 0.5 (molecules/100 eV) and 3.6± 0.4 (molecules/
100 eV) respectively, which compare reasonably well with
the 5.6± 0.6 (molecules/100 eV) and 5.1± 0.6 (molecules/
100 eV) yields obtained in this study for 2 keV irradiation
experiments at 20 K and 90 K. Gerakines et al. (2012)
estimated that the energy transferred by the proton flux to
their 0.9 μm glycine layers was 44.8 keV μm−1, which is
roughly a factor of two larger than that transferred by the 2 keV
electrons to the samples of the present study and thus of the
same order of magnitude. The good coincidence in the
destruction yields derived with the two experimental
approaches strongly suggests that keV electrons and MeV
protons do indeed produce similar effects when the irradiation
reaches the whole sample.

An interesting magnitude, especially with regard to the
estimate of survival probabilities of glycine in different
environments, is the half-life dose D1/2 i.e., the energy required
to reduce the initial concentration to 50%, which can be
expressed as

D
FeV

molecule

LET ln (2)LET
(5)1

2

1
2⎜ ⎟⎛

⎝
⎞
⎠ ρ σρ

= =

where F1/2= ln(2)/σ, is the half-life fluence, and the rest of the
magnitudes are the same as in Equation (3). The half-life doses
derived with the experimental cross sections of this work are also
listed in Table 1. As expected from the comments in the previous
paragraph a reasonably good accordance is obtained between the
half-life doses of Table 1 and those of Gerakines et al. (2012),
19± 3.7 eVmolecule−1 at 100 K and 13 eV molecule 1± − at

15 K, whereas a marked disagreement is found with the D1/2

values of Pilling et al. (2014) which are much larger, 375 and
430 eVmolecule−1 for α and β glycine at 300 K and 75 and
83 eVmolecule−1 for α and β glycine at 14 K.

3.3. Irradiation Products

As shown in Figure 2 virtually all the solid disappears at the
end of the glycine irradiation at 300 K. However, for the low
temperature (T < 90 K) experiments an appreciable amount of
solid residue remains on the substrate after the vanishing of the

Figure 5. (a) IR spectra of the residues obtained after processing 90 nm layers
of glycine: 82 minutes at 90 K (black), 72 minutes at 40 K (red) or
117 minutes at 40 K (blue). (b) Deconvolution with five Gaussians of the
90 K residue in panel (a).

Table 2
Tentative Assignment of the IR Spectra of the Residues

Carrier Band Center, cm−1

CO2 2340
OCN− 2164
CO 2136
CN− 2077
Amide I 1673.3
Amide II 1573.4
Deform., scissor -CH3, -CH2 1480.9
Stretching, -RCO2

− 1405.2
Amide III 1319.0
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glycine peaks. Figure 5(a) displays IR spectra of these residues
in the 2400–1200 cm−1 interval for measurements carried out at
40 and 90 K. Characteristic peaks, emerging as a consequence
of the electron bombardment, are indicated with short vertical
lines for the residue of the 90 K experiment. Table 2 lists the
proposed carriers of these peaks, based on previous publica-
tions. The narrow peaks around 2000–2400 cm−1 are currently
attributed to CO2, CO (probably a product of CO2 decomposi-
tion), OCN−, and CN− (Gerakines et al. 2012; Jheeta et al.
2012). Note that the high CO2 peak has a large contribution
from molecules desorbed from chamber surfaces (Loeffler
et al. 2005). For a more detailed analysis, the broad absorption
band between 1300 and 1700 cm−1 of the 90 K residue
was deconvoluted with five Gaussians (see Figure 5(b)) whose
centers are also listed in Table 2. A broad absorption band
in the same frequency interval is also found for the other
residues and, although the structure is more blurred, the main
absorption features at ∼1665, ∼1574, and ∼1318 cm−1 are still
recognizable.

Broad absorptions in this same frequency region were also
obtained by Kaiser et al. (2013) in an experiment exploring
the formation of dipeptides through the processing of ice
mixtures of amino acid precursors with 5 keV electrons.
From a thorough analysis of the IR spectra, aided by
deuteration of some of the samples, the authors concluded
that the residue was formed by non-volatile molecules
containing amide groups (-CONH-/-CONR-), aliphatic
groups (-CH2/-CH3), deprotonated carboxylic acids (RCO2

- )
and protonated amines (-NH3

+). Further analysis of the
residue with a sensitive electrophoretic technique confirmed
the presence of dipeptides. In a recent work, Portugal et al.
(2014) investigated the decomposition of crystalline α

glycine at 14 K with Ni ions of 46 keV and reported also
the appearance of solid residues characterized by broad
absorption bands. Over the 1700–1300 cm−1 range, the
spectrum recorded in their 14 K experiment (see Figure 8
of their article) is very similar to that of Figure 5(b). Portugal
et al. (2014) also invoke the presence of amide groups in
their spectra. In analogy with these works, bands centered at
1973.3, 1573.4, and 1319 cm−1 are tentatively assigned here
to the amide I to III bands, respectively. Amide bands are
characteristic of peptide bonds and are due to combinations
of various vibrations of molecular subunits (Barth &
Zscherp 2002). The amide I vibration is essentially the
stretching of the CO carbonyl group, the amide II mode
corresponds mostly to the out-of-phase combination of the
NH in-plane bend and the CN stretching vibration, and the
amide III mode is largely due to the in-phase combination of
the NH bending with CN stretching. Finally, the features at
1480 cm−1 and 1405 cm−1 are assigned to CHx aliphatic
deformation modes and to the stretching of deprotonated
carboxylic groups (RCO2

−) respectively. As indicated by
Kaiser et al. (2013) and Portugal et al. (2014), the tentative
assignment of amide bands suggests that the irradiation
process leads to the formation of polypeptides although the
mere IR spectra are not enough to confirm their presence. The
absence of an appreciable residue in the 300 K experiment
might indicate that the likely polymerization precursors
formed during the electron irradiation are volatile and
evaporate before reacting unless the sample is cold.

3.4. Water Ice Shielding

The efficiency of water ice shielding for the protection of
glycine against electron bombardment has been studied by
depositing amorphous ice layers of variable thickness
(20–145 nm with an estimated uncertainty of ±5 nm) on top
of the glycine samples. The experiments were performed at
90 K, with glycine films always 90 nm thick. As in the previous
experiments, the evolution of glycine under irradiation with
2 keV electrons was followed by monitoring the intensity of the
1405 cm−1 band.
Figure 6 shows the decay of glycine versus irradiation time

for different thicknesses of the ice layers on top. A marked
decrease in the decay rate is obtained with growing ice width.
In all cases the decay curves stabilize toward the end of the
irradiation experiments (∼120 minutes), which corresponds to
an electron fluence of 5.7 × 1015 electrons cm−2. Acording to
the present measurements an ice layer of ∼150 nm will be an
effective shield against 2 keV electrons.
In a recent work, Barnett et al. (2012) investigated the

survival depth of organics in ices under electron irradiation in
the 0.1–2 keV interval. In their experiments these authors used
pyrene, embedded at different depths in amorphous ice, as
organic probe for the determination of damage depths under
electron bombardment. The evolution of pyrene was followed
by means of UV–Vis spectroscopy. From the results of their
measurements Barnett et al. (2012) concluded that the electron
damage depths were significantly larger (by up to a factor of
two) than the penetration depths predicted by Monte Carlo
simulations and suggested that current computational models
may be in error in the energy range investigated.
The glycine decays portrayed in Figure 6 can also be used as

an approximate test of the Monte Carlo prediction for electron
penetration. Only a fraction of the electrons, with a reduced
average energy, traverse the ice layers. Calculations with the
CASINO Monte Carlo code for the joint ice/glycine systems
indicate that the penetration depth of the electrons into the
glycine layer is progressively reduced with growing ice layer
thickness (see Table 3).

Figure 6. Processing of ice-covered glycine at 90 K with 2 keV electrons. The
glycine substrate had always a thickness of 90 ± 5 nm. Symbols correspond to
water ice layers of different thickness (estimated uncertainty of ±5 nm),
indicated in the figure. The lowest trace shows the behavior of unshielded
glycine.
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In each case the amount (column density) of glycine
molecules within the calculated penetration depth can be
evaluated easily and can be compared to the amount of
molecules destroyed at the end of the irradiation process
(120 minutes) as deduced from the decay curves.

As can be seen from the last column of Table 3, the ratio of
destroyed to available glycine molecules is fairly constant and
close to 90%, which suggests strongly that the penetration
depths predicted by CASINO are reasonable and that most of
the molecules initially available within these penetration depths
are destroyed after 120 minutes of irradiation, as reflected by
the stabilization of the decay curves of Figure 6. The observed
behavior indicates also that the radiolytic effect of 2 keV
electrons is similar to that of 0.8 keV electrons, which is the
energy of the electrons piercing the thickest ice layer.

This result, which is in contrast with the findings of Barnett
et al. (2012), should be taken as an indication, but not as a
rigorous demonstration, of the validity of the CASINO
predictions, since the present experiments do not measure
directly the destruction of molecules at given depth. Moreover
the criterion taken for our definition of the penetration depth
does not consider the effect of bremsstrahlung.

4. ASTROPHYSICAL IMPLICATIONS

The radiochemical destruction yields derived in this work
can be used to estimate the likelihood of survival of glycine
when subjected to high energy radiation in various astronom-
ical environments. Table 4 displays the half-life times
calculated with the present data in comparison with recent
estimates by Gerakines et al. (2012) and by Pilling et al.
(2014). For consistency, the radiation dose rates assumed for
the different environments were taken from the same sources as
these authors. As expected from the previous discussion, a
good global agreement is obtained with the results of Gerakines
et al. (2012). The half-lives of Pilling et al. (2014) are larger by
orders of magnitude.

According to the present work, with the radiation doses
imparted by GCR to dust grains in the diffuse ISM (Moore
et al. 2001), the half-life time of glycine would be of the order
of 106 years. In this medium, however, glycine should be
destroyed in just hundreds of years by the intense UV field
(Ehrenfreund et al. 2001). In the interior of dense clouds, the
cosmic ray radiation dose is an order of magnitude lower than
in the diffuse ISM (Moore et al. 2001), which translates into a
glycine half-life of 107 years. This time corresponds roughly to
the life span of a typical dense cloud. In this environment the
UV flux decreases by five orders of magnitude and the half-life

times for UV photolysis are also of the order of 107 years
(Ehrenfreund et al. 2001). Under these conditions the amino
acid could have a chance to survive until the protostellar phase,
beyond the collapse of the cloud, and be incorporated at that
time into the material of the ensuing protoplanetary disk.
In the icy bodies of the outer solar system, the radiation flux

contains both cosmic rays and particles from the solar wind
(Cooper et al. 2003; Strazzulla et al. 2003). In this region, the
survival probability of glycine depends strongly on the
shielding effects of ice or other materials. At a distance of
85 AU from the Sun, close to the termination shock of the
heliosphere, the estimated glycine half lives are of the order of
106 years at a depth of 1 μm and 108 years at a depth of 1 cm.
For a typical Kuiper Belt object at 40 AU, the distribution of
high energetic radiation is different (Cooper 2003) and the
half-life of glycine is of the order of 108 years over the 1 μm–

1 cm depth range.
The moons of the giant planets are subjected to very high

radiation fluxes, with a large contribution of magnetospheric
electrons (Sagan & Thompson 1984; Cooper et al. 2001;
Paranicas et al. 2009). However, radiation doses imparted to
their surfaces may be very different. In Titan, most of the high
energetic radiation is filtered by the thick atmosphere of N2 and
CH4 (Sagan & Thompson 1984). The estimated half-life of
glycine on its surface is 4 × 1010 years, longer than the age of
the solar system. In contrast, at a depth of 1 μm inside the ice
surface of Europa the half-life for glycine is just a few months.
A 1 m thick ice layer on top is needed to increase the half-life
of glycine to 107 years. It should be noted however that a thick
layer of pure ice could fail to be an effective protection against
UV radiation with wavelengths larger than 200 nm (Orze-
chowska et al. 2007).
With the radiation dose estimated for the surface of Mars the

half-life of glycine is of the order of 108 years, but the amino
acid would be readily destroyed by UV radiation (ten Kate
et al. 2005). Using the model of Dartnell et al. (2007) for the
calculation of dose versus depth in an ice-rock mixture, a half-
life of 109 years should be reached at approximately 2 m.
In summary, hypothetical glycine molecules in the initial

Solar nebula would have had certain probability to survive the
collapse of the cloud, but in most of the environments
considered, the half life of glycine is found to be less than
109 years. Only buried to a significant depth or protected by a
thick atmosphere could the primeval glycine have survived for
a time comparable to the age of the solar system (4.6 × 109yr).
It is likely that the amino acids found in meteorites or comets
have been largely formed through solar system chemistry.

Table 3
Effect of Ice Shielding on the Penetration Depth of Electrons

Ice Layer
Thickness

Penetration Depth in
the Glycine Sample

Average Energy of Elec-
trons Entering the Gly-

cine Layer
Available Molecules Column

Densitya
Destroyed Molecules Column

Densityb
Destroyed/
Available

(nm) (nm) (keV) (× 10−17 molecules cm−2) (× 10−17 molecules cm−2)

20 90 1.9 1.152 1.046 0.91
55 75 1.62 0.960 0.920 0.96
80 50 1.54 0.640 0.575 0.90
145 15 0.77 0.192 0.172 0.90

a Molecules initially available within the CASINO calculated glycine penetration depth.
b Molecules destroyed after 120 minutes irradiation of the sample with 2 keV electrons (Fluence 5.72 × 1015 electrons cm−2).
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5. SUMMARY AND CONCLUSIONS

A thorough investigation on the irradiation of glycine by
2 keV electrons has been carried out in a variety of conditions,
which include different temperatures, sample structure, and
shielding by water ice. The effects of irradiation are followed
in situ by means of IR spectroscopy. The penetration depth of
these electrons is also simulated using a Monte Carlo code. The
main conclusions of this work are the following:

1. The rate of destruction of solid glycine is essentially the
same between 20 and 90 K. At 300 K the destruction
cross section is larger by a factor of two.

2. Radiolysis yields and half-life doses derived from the
present measurements agree well with those of the MeV
proton experiments of Gerakines et al. (2012), but are at
variance with those of electron bombardment of Pilling
et al. (2014). We assume that the discrepancies may be
due to the different conditions of the samples of the
latter work.

3. The effect of keV electron irradiation is confirmed to be
similar to that of MeV protons for samples of thickness
below the penetration depth of the electrons. With this
caveat, irradiation with 2 keV electrons is a good means
to simulate the effects of cosmic rays.

4. At room temperature the totality of the glycine sample is
destroyed by 2 keV electrons. On the other hand,
irradiation of low temperature (20–90 K) solid glycine
generates residues which do not vanish totally upon
heating. IR bands in the low temperature residues can be
attributed to CO2, CO, OCN

−, and CN−. In addition, in
the non-volatile part of the residues there are broad

absorption features that are consistent with amide bands I
to III.

5. Water ice is an effective means of shielding for glycine
under this source of irradiation. A water ice layer of
∼150 nm provides strong protection toward 2 keV
electron.

6. With the lifetimes estimated in the present work there is a
slim chance, but certainly not a high probability, that
hypothetical interstellar glycine might have survived the
passage from the pre-solar dense molecular cloud to the
present solar system.
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