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ABSTRACT

Context. Glycine, the simplest of amino acids, has been found in several carbonaceous meteorites collected on Earth, though its
presence in the interstellar medium (ISM) has never been confirmed as of today. It is now considered that its synthesis took place
in the icy mantles of interstellar grains, but it remains unclear how glycine, once synthesized and trapped in interplanetary particles,
survives during the transfer to the Earth.
Aims. Assuming that glycine was effectively formed in the ice, we address the question of its resistance to a solar-like radiation field
and look for the possible molecular remnants that would be useful tracers of its former existence.
Methods. The search was conducted using an interdisciplinary approach that mixes, on the one hand, irradiations in ultra high
vacuum at 30 K on the TEMPO beam line of the synchrotron SOLEIL, simultaneously with near-edge X-ray absorption spec-
troscopy (NEXAFS) measurements, and on the other hand, quantum calculations to determine the energetics of the fragmentations
and the relative stability of the different byproducts. The last points were addressed by means of density functional theory (DFT)
simulations followed by high-level post Hartree-Fock calculations when more accurate relative energies were necessary. The con-
straints of an icy environment deserved special attention and the ice was modeled by a polarizable continuum medium that relies on
the dielectric constant of water ice at 10–50 K.
Results. Destruction of glycine is observed in the first seconds of irradiation, and carbon dioxide (CO2) and methylamine (CH3NH2)
are formed. Carbon monoxide (CO), methanimine (CH2NH) and hydrogen cyanide (HCN) are also produced in secondary reactions.
The amino acid destruction is the same for pure glycine and glycine in ice, indicating that the OH radicals released by the water
matrix is barely involved in the photolytic process; however, these radicals are involved in the production of the secondary byproducts
through dehydrogenation reactions as shown by ab initio quantum chemical simulation presented in this article along with the exper-
imental results.
Conclusions. The experiments show that glycine is only partially destroyed. Its abundance is found to stay at a level of ∼30% of
the initial concentration, for an irradiation dose equivalent to three years of solar radiation (at a distance of one astronomical unit).
This result supports the hypothesis that, if trapped in protected icy environments and/or in the interior of interplanetary particles and
meteorites, glycine may partly resist the radiation field to which it is submitted and, accordingly, survives its journey to the Earth.

Key words. ISM: molecules – astrobiology

1. Introduction

It has been known for twenty years now that the presence of
amino acids is not restricted to the Earth. Although none has
been identified in the interstellar medium (ISM), they are known
to be present in the organic matter of numerous carbonaceous
chondrites (for a review, see e.g. Sephton 2002). The most strik-
ing example comes from analyzing the Murchison meteorite in
which 70 amino acids have been identified, including 8 out of
the 22 standard amino acids of living organisms (Cooper et al.
1992). Glycine, the simplest of them, is one of the most abundant
(Botta et al. 2002).

Recently, it has been shown that several amino acids can
be formed in the laboratory by UV irradiation of interstellar
ice analogues containing H2O, CH3OH, NH3, CO, and CO2
(Bernstein et al. 2002; Muñoz-Caro et al. 2002). Bombardment

by energetic particle yields N-methyl carbamic acid rather than
glycine (Holtom et al. 2005; Bossa et al. 2008), and only suc-
cessive UV irradiation would lead to glycine (Bossa et al. 2009).
The most recent communication on the subject reports identify-
ing twenty-six acids including six diamino acids in an artificial
comet (Meinert et al. 2012). Nonetheless, one main question re-
mains unsettled, namely, that of the survival of these amino acids
embedded in the ice along their journey to the Earth.

The key issue of the resistance of amino acids to the radi-
ation field in space has been addressed via several experimen-
tal approaches. For instance, it has been shown that the struc-
ture of pure condensed amino acids can be severely affected by
photon irradiation (see e.g. Zubavichus et al. 2004a,b; Wilks
et al. 2009), and the rôle of environment has been probed by
IR spectroscopy (Ehrenfreund et al. 2001, 2002). In the case
of glycine, the main fragments detected are HCN and CO2, in

Article published by EDP Sciences A100, page 1 of 8

http://dx.doi.org/10.1051/0004-6361/201220372
http://www.aanda.org
http://www.edpsciences.org


A&A 552, A100 (2013)

agreement with the results of the near-edge X-ray absorption
spectroscopy (NEXAFS) study at the O K-edge that we reported
earlier (Lattelais et al. 2011a).

In a recent theoretical study we have shown that glycine
may not exist under the unique form of a neutral species,
NH2CH2COOH, depending on the environment (Lattelais et al.
2011b). The possible fragmentations of glycine were investi-
gated accordingly under different forms in order to cover all
possibilities, namely, ionized, doubly ionized, protonated, and
zwitterionic, which potentially exist in one or another interstel-
lar environment.

Assuming that glycine stays embedded in the ice, both ex-
perimental and theoretical studies have been focused on the
zwitterionic structure NH+3 CH2COO− that is known to be the
most stable in the presence of water. A plausible scenario, con-
sistent with our experimental results, is that the glycine zwit-
terion is photodecarboxylated. Such a mechanism would leave
behind carbon dioxide (CO2) and methylamine (CH3NH2), the
former remaining as it is, the latter resulting in HCN after fur-
ther hydrogen abstractions by the OH radical created by the
irradiation of the surrounding ice. The formation of CO2 and
amines has also been reported recently (Gerakines et al. 2012)
under radiolytic destruction of amino acids under irradiation
at low temperature with 0.8 MeV protons. The experimental
approach and NEXAFS results carried out at the Synchrotron
SOLEIL (Saint Aubin, France) on the TEMPO beam line are
presented in Sect. 2. The theoretical part is presented in Sect. 3.
The model used is briefly summarized, and the results of the re-
ported calculations are centered on the role played by the icy
environment in the fate of glycine and the resulting fragments in
relation to the experiments. Comparison of experimental mea-
surements with theoretical findings is done in Sects. 4, and 5
summarizes the conclusions of this coupled approach to the sur-
vival of glycine.

2. Experimental approach

2.1. Experimental setup at the synchrotron SOLEIL

The NEXAFS measurements of solid glycine and of glycine di-
luted into H2O ice were performed at the oxygen and nitrogen
K-edges on the TEMPO beam line of the synchrotron SOLEIL
(Saint-Aubin, France). The photon source uses an Apple II on-
dulator whose linear polarized beam is monochromatized and
focused (500 μm2 spot) on the sample. This delivered high beam
density produces an instant degradation of glycine, and there-
fore, we used the photon beam for in-situ irradiation at 30 K,
which means it simultaneous with the NEXAFS recordings. To
reduce the photon flux, in such way as to access to the kinetics,
the ondulator gap was detuned. It also adjusts with the photon
energy scan so that the flux remains constant all over the ab-
sorption range. In these experimental conditions, glycine dam-
ages are already perceptible in a few seconds. A submicrometer
translation table makes it possible to move the sample in order
to expose a fresh zone at each point of measure. This allows us
to obtain the non-irradiated solid glycine NEXAFS spectra that
are in perfect agreement with those published previously on the
N1s and O1s edges (Gordon et al. 2003; Cooper et al. 2004).

All the experiments were made in the UHV chamber of the
TEMPO setup connected to the beamline. Ice samples were de-
posited at 30 K on the copper finger of an He liquid cryostat
from the vapor pressure of the components, either pure glycine
or an appropriate mixture of the gas phase. In the latter case, the
water pressure was adjusted to obtain a 15% glycine dilution (in

molecular percent). Evaporation of glycine was achieved using a
Knudsen cell held at 400 K. The deposition rates were about 0.02
and 0.1 Langmuir s−1 for the pure glycine and the glycine diluted
in ice, respectively. It took one hour to prepare the solid glycine
film and about ten minutes for the mixture. The total thickness of
the films is estimated to be around 400 Å. The disappearance of
the XPS copper lines ensures that the sample thickness is high
enough so that the substrate does not influence the NEXAFS
measurements.

Prior to the synchrotron experiments, this deposition method
was checked at 140 K in our laboratory using X-ray photoelec-
tron spectroscopy and Fourier transform infrared spectroscopy
in reflection absorption mode. It confirms that glycine remains
intact in the evaporation stage and that its chemical form, when
condensed pure or diluted in water ice, is the NH+3 CH2COO−
zwitterion (Takeda et al. 1958; Fischer et al. 2005). However,
neutral glycine is observed with infrared spectroscopy for lower
temperature deposits (Maté et al. 2012; Gerakines et al. 2012),
although zwitterionic-to-neutral ratios have not been determined
unequivocally and may depend on the evaporation conditions
(Maté et al. 2012); Maté et al. also assume that the zwitte-
rion prevails. As we see in Sect. 2.2, our NEXAFS data in
the O1s → π∗ range are dominated by a single component at
532.5 eV assigned to the COO− moiety (Messer et al. 2005).
Messer et al. report that the O1s→ π∗ in the neutral COOH group
is downshifted by 0.25 eV with respect to the corresponding
O1s → π∗(COO−) in the negative ion. Therefore, neutral glycine
should manifest in the NEXAFS spectra as an additional con-
tribution on the low-energy side (532.25 eV) of the transition
at 532.5 eV, which is not observed. We estimated that neutral
glycine should become distinguishable in the NEXAFS data at
concentrations above 20–30%, which sets the upper limit of neu-
tral glycine content of films deposited at 30 K in this 20–30%
range.

The NEXAFS spectra at the oxygen (530 eV) and ni-
trogen (400 eV) K-edges are recorded in partial electron
yield (PEY) using a channeltron with an entrance-polarized grid
suppressing the low-energy electrons. In these conditions we es-
timate that NEXAFS recordings probe about 40 Å of the top-
most layers, which are a part of the total irradiated zone that
extends several orders deeper (about 5000 Å). Although damage
with the X-ray exposure could induce a loss of the mass sam-
ple (i.e. photodesorption), our PEY measurements guarantee we
are always observing the topmost layers of the sample, regard-
less its composition or irradiation dose. For glycine in water ice
and pure glycine samples, the temperature is maintained at 30 K
to keep the volatile byproducts resulting from the destruction of
the amino acid trapped. To help identify photoproducts, we also
irradiated the pure glycine sample at 273 K. At this tempera-
ture the volatiles sublimate and only the solid residues remain in
glycine.

The NEXAFS spectra are the ratio of the PEY signal of
the sample to that of the photocurrent of semitransparent gold
mesh that monitors the incident flux. The photon energy of the
monochromator was calibrated using the 3a1 feature of water ice
(Parent et al. 2002) at 535 eV for the O1s edge and to match
the second peak of the N1s → π∗ vibrational resolved transi-
tion of N2 at 401.1 eV for the N1s edge (Chen et al. 1989). The
photon irradiance is measured with a calibrated photodiode. It is
2.79× 1015 and 5.17× 1015 photons s−1 cm−2 at 530 and 406 eV,
respectively. Each NEXAFS spectrum corresponds to 23 min of
exposure, which is the duration of the data acquisition at the O
and N K-edges. We convert the exposure to an equivalent time of
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Fig. 1. NEXAFS spectra at the oxygen K-edge of pure glycine (top),
15% glycine in water ice (bottom), before and at the end of the irradi-
ation. On the right panels are shown the difference spectra (irradiated
minus nonirradiated) at selected doses; pure glycine: 0.86; 1.79; 3.61
equivalent time of solar irradiation, in years (see text); 15% glycine di-
lution: 0.36; 1.0; 1.72 years. The red arrows indicate how the peaks
grow when the irradiation proceeds.

solar irradiation taking the solar irradiance at one astronomical
unit (AU) of 3×1013 photons s−1 cm−2 (Ehrenfreund et al. 2001).
To correct for the photon energy, the flux is weighted with the ra-
tio of the X-ray energy to that of the Lyα radiation (10.2 eV). In
this approximation, each NEXAFS spectrum is then equivalent
to an exposure to 2.57 and 3.66 months of solar irradiation at the
O and N K-edges, respectively.

Alternatively, these exposures could be converted into ab-
sorbed energy dose, but it is difficult here because the irra-
diations are not monochromatic (or more precisely, they are
monochromatic, but the energy is swept with time), and because
the absorbed doses strongly vary below and above the O and
N absorption K-edges. This makes it difficult to calculate the
exact dose or to propose a relevant average value. One further
obstacle, specific to X-ray, is that the dose is deposited in the
material in a two step process. First, all the energy of the primary
photon is released in at the absorption site (which primarily de-
fines the absorbed energy dose). Second, electron cascade stem
from the core-hole de-excitation, adding radiolysis to the dam-
ages induced by the primary photon. The number, energies, and
interaction cross sections of these secondary electrons are poorly
known, as well as their influence on the radiation damage. For
these reasons exposures are preferable to absorbed doses calcu-
lated from the energy flux carried by the incident photon.

2.2. NEXAFS spectra

Figure 1 (left panels) presents the oxygen K-edge NEXAFS
spectra of pure glycine and 15% of glycine into 85% of water ice
(hereafter referenced as 15:85). The right-hand panels in Fig. 1
show the difference spectra between the sample before irradia-
tion and in the course of the irradiation, in selected doses. For
the 15:85 sample, this difference allows removing the water ice
contribution and reveals the glycine byproducts better. The spec-
tra of pure glycine show an intense peak at 532.5 eV assigned to
the O1s → π∗(COO−) transition of the carboxyl group of the
zwitterion (Ehrenfreund et al. 2002). This spectral signature of
glycine is used to determine the photodecomposition rates. In the
15:85 mixture, the spectra is dominated by the water ice features
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Fig. 2. NEXAFS spectra at the nitrogen K-edge of pure glycine (top),
15% glycine in water ice (bottom), before and at the end of the irradi-
ation. On the right panels are shown the difference spectra (irradiated
minus non irradiated), at selected doses; pure glycine 0.30; 0.91; 1.52;
2.54 equivalent time of solar irradiation (year); 15% glycine dilution
0.36; 1.0; 1.72 years. The red arrows indicate how the peaks grow when
the irradiation proceeds.

(Takeda et al. 1958) (i.e. 4a1 pre-edge at 535 eV and a broad
band at around 540 eV), although the π∗(COO−) peak of glycine
at 532.5 eV is very visible. Its energy position and peak shape,
which is the same as in solid glycine, indicate that the charge
state of the amino acid is also that of the zwitterion.

Under soft X-ray irradiation, the π∗(COO−) peak decreases
in intensity as glycine is destroyed, while new peaks appear.
As one can see in the difference spectra in Fig. 1, these new
features are shared by the pure glycine and the water mixture,
and they are identified as O1s excitation to the π∗ of CO and
CO2. As the temperature of the sample is maintained at 30 K,
these volatile species are not lost in the vapor phase but accumu-
late in the bulk as the irradiation goes on. These species come
from the carboxylic group of the amino acid, which has been re-
leased after rupture of the -CH2-COO− bond. As shown Sect. 3,
DFT calculations reveal that the primary bond rupture following
the photoabsorption event proceeds exothermically and forms
CO2, which agrees with the experiments. Nevertheless, the for-
mation of CO from CO2 will require another bond rupture.

Figure 2 shows the nitrogen K-edge NEXAFS spectra of the
pure glycine and of 15:85 glycine in ice mixture samples with
increasing X-ray exposure. The spectra have been normalized
to unity at 430 eV to correct for the dilution. The N1s edge of
nonirradiated solid zwitterionic glycine presents a unique and
strong asymmetric σ∗ band, labeled GLY, whose maximum is
at 406.6 eV (Cooper et al. 2004). This resonance mainly results
from the electron scattering along the C-N bond. Under expo-
sure to X-rays, pure glycine and the mixture exhibit a decrease
in the σ∗GLY intensity, accompagnied by a broadening and a shift
of about –0.5 eV. We also observe two shoulders appearing at
401.8 and 402.9 eV, labeled C-NH2. Such changes are expected
when the zwitterion is converted into methylamine, which forms
simultaneously to CO2. Indeed, Otero & Urquhart (2006) also
report pre-edge features around 402 eV in solid compounds
where amine is neutral, features that are not present when it is
protonated. The σ∗(C-N) features are also at a lower energy in
the neutral compounds, and the absorption cross section on the
σ∗(C-N) is also lower. This is consistent with ab initio quantum
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calculations performed on clusters of methylamine and its chlo-
rine salt (Otero & Urquhart 2006), and with published results
of amino acids in the solid phase (Gordon et al. 2003; Messer
et al. 2005). Zubavichus et al. (2004a,b) report a difference of
–2 eV between the N1s binding energies of neutral and proto-
nated amine. Such a difference makes it possible to follow the
photochemical production of C-NH2 on various powdered amino
acids at room temperature, on thin films of glycine at 110 K, and
on codeposited glycine water layers at 90 K (Tzvetkov & Netzer
2010, 2011) .

The photolysis also causes the appearance of several new
peaks in the pre-edge region, corresponding to N1s transitions
to unoccupied p or π∗ orbitals of several unsaturated nitrogen
compounds. Unlike the methylamine, which is a primary prod-
uct of the C-C bond rupture of glycine, these unsaturated species
require several bonds breakings by photolysis, hydrogen abstrac-
tion, or additional reactions between neigboring N-bearing frag-
ments. Limited to the region of interest (392–404 eV), the dif-
ference spectra (Fig. 2, right panels) show these features better.
They are all common in pure glycine (c) and in the mixture (d),
which means that the very nature of the photoproducts are un-
changed in the presence of water, although their relative con-
centrations may change. The peak at 401.1 eV, with its typical
vibrational structure, is the N1s excitation to the π∗g of N2, show-
ing that dinitrogen is produced in-situ. Its origin could be the
same as in the solid ammonia photolysis (Parent et al. 2009),
where it forms via the unimolecular dissociation of hydrazine
(N2H4 → N2 +2H2). This is supported by the observation of a
very small amount of NH2 radicals at 395 eV, which are precur-
sors of hydrazine (NH2 + NH2 → N2H4).

The other peaks are related to CN functional groups. The
peak at 399.85 eV is assigned to the triply bonded cyano group
–C ≡ N, whereas the imino group >C = N-H is present at
398.5 eV. When glycine is irradiated at 273 K(not shown), none
of the species observed at 30 K are present, indicating that
the species owning these C ≡ N and >C = N-H groups are
volatile. Since methylamine is the primary N-bearing product,
these species form through the hydrogen abstraction of methy-
lamine, leading to methanimine (CH2 = NH) and hydrogen
cyanide (HCN). These abstractions are either directly induced by
the X-ray beam or might proceed via deshydrogenation channels
through chemical reactions with OH radicals stemming from ir-
radiated water (Laffon et al. 2010; Parent et al. 2011).

2.3. The role of water ice in the fate of glycine

The loss in intensity of the glycine π∗(COO−) resonance at
532.5 eV in the O K-edge spectra allows estimating the rate of
destruction of the amino acid with the irradiation time. It is pre-
sented in Fig. 3a (in % of the initial amount to correct for the
dilution), together with the productions of CO and CO2 (b), and
CH2NH and HCN (c) as the function of the equivalent solar irra-
diation time at 1 AU. About 57% of glycine is destroyed during
the first-year equivalent. At later time, the destruction tends to
slow, and a steady state is obtained at about 70%, at three years
of irradiation. As a result, ∼30% of the initial amount of glycine
survives, regardless of the irradiation dose applied later. This
steady state results from an equilibrium between the destruction
of glycine and its reformation process. The concentration is a
function of the irradiation time and it is expressed as

[Glycine]t = [Glycine]t=0

{
(pf/(pd + pf))

+(1 − (pf/(pd + pf)) exp(−(pd + pf)N.t)))
}
. (1)
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Fig. 3. a) Amount of glycine remaining in the samples (pure glycine
and 15% glycine in water ice) as a function of the photon exposure at
530 eV converted into an equivalent time of solar irradiation at 1 AU.
Fit to the data is obtained using Eq. (1) (see text). b) Evolution of CO
and CO2 and (c) CH2NH and HCN quantities in pure glycine and in the
15:85 mixture as a function of the irradiation time.

In this equation, N is the number of photon impinging on the
sample per second (in photon s−1), i.e. the photon irradiance
multiplied by the surface defined as the intersection of the beam
with the sample; and pd and pf are the destruction and reforma-
tion probabilities, respectively. The experimental data are cor-
rectly fitted (Fig. 3a, full line) with pd = 0.08 and pf = 0.035.
These numbers indicate that reformation of glycine from its frag-
ments is about 2.3 times less probable than its destruction.

As seen in Fig. 3a, the destruction is much the same for pure
glycine and when diluted in ice. This means that the participa-
tion of the OH radicals in the glycine fragmentation is negligible
compared to the direct photolysis (Laffon et al. 2010). The re-
action of amino acids with OH has been theoretically studied
in neutral glycine (Galano et al. 2001) and compared to that of
alanine (Burgess et al. 2001; Owen et al. 2001). The calcula-
tions predict that hydrogen abstraction occurs on the α-alkyl and
leads to the formation of a stable radical fragment, which could
explain that the hydrogen abstraction by OH from glycine is not
followed by its fragmentation. In contrast, the glycine radical can
convert back to glycine either by reaction with H2O2 (Burgess
et al. 2001; also present in irradiated water ice, Parent et al. 2002)
or with an H atom issued from the water or glycine photolysis.
Thus, the OH reaction with glycine is negligible compared with
that of the direct photolysis, which is consistent with there being
no enhancement of the destruction in presence of water ice.

Figure 3b and c show the evolution of the relative CO, CO2,
CH2NH and HCN amounts with the irradiation time. These
curves are determined from the π∗ intensities (peak area) of each
species corrected from the final densities of states per excited
atom. Indeed, HCN has a π∗ intensity that is twice that of the
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double bond in CH2 = NH because the number of π orbitals
is twice. Similarly, CO has a density of final state of 2 (triple
bond). CO2 owns two double bonds and two oxygen atoms. The
density of π∗ state per oxygen atom is one, but per molecule it
is two, which means that the intensities of the π∗ transitions of
CO and CO2 are directly correlated to their relative molecular
concentrations.

At low exposure, the intensity of these species increases con-
versely to the glycine degradation, then stabilizes at higher ex-
posure. This is consistent with the glycine destruction below one
year of exposure and a steady state regime at high dose. At low
dose the molecular concentration of HCN is lower than that of
the CH2NH, in agreement with a sequencial deshydrogenation
event where the cyanide is formed from the imine. The produc-
tion of CH2NH slows down as the glycine destruction proceeds,
and also because it is itself destroyed to produce HCN.

In water ice at low dose (<one year), the production of imine
and cyanide species is almost the same as in pure glycine, while
at higher dose, imine species are favored in the mixture but not
the cyanide. Assuming that it results from additional hydrogen
abstractions by the OH radical, we can conclude that such re-
actions occur, and it appears to be easier to convert CH3NH2 in
CH2NH than CH2NH into HCN. Such chemical reactions add
to the direct photolysis process enhancing the formation of the
imine species. Last, the evolution of the CO and CO2 species is
very different in pure glycine and in the mixture. The formation
of CO2 is favored in the presence of water, whereas that of CO
is not. This is due to the additional OH reaction that is known to
convert CO into CO2 + H (Laffon et al. 2010). It is very efficient
in the water ice mixture because it increases the CO2/CO ratio
by three in the water mixture compared to pure glycine (Lattelais
et al. 2011b).

3. Theoretical approach

The fragmentation of glycine upon irradiation in the ice is ex-
plored theoretically in order to better understand the results of
the experimental investigation reported in the preceding section.

3.1. The ice model

Here, we have to compare all the forms of glycine that are gen-
erated by the irradiation in the ice and its fragments on an equal
footing. In this context, the choice was to perform the calcu-
lations at the level of density functional theory (DFT) for the
primary fragmentation involving large systems (Lattelais et al.
2011a). The B3LYP functional was used and associated with
the extended cc-pVQZ basis set. For the secondary fragmenta-
tions, which involve much smaller systems, more precise post
Hartree-Fock methods were employed. These calculations were
based on a systematic increase in the levels of theory, allow-
ing a better treatment of the electronic correlation using Moller-
Plesset perturbation theory at the second and fourth orders (MP2,
MP4), and coupled cluster developments (CCSD and CCSD(T).
For a comprehensive presentation of DFT and post Hartree-Fock
methods and their applicability, the reader may profitably refer
to Koch & Holthausen (2001) and Szabo & Ostlund (1989).

The structures of all species were fully optimized and veri-
fied to be true minima by vibrational analysis. All the reported
relative energies take zero point energy corrections into account.
The 6-311++G** basis set was employed in all calculations,
which were practically performed using the Gaussian03 program
(Frisch et al. 2004).
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Fig. 4. Schematic representation of the relative energies (kcal/mol) for
the fragmentation channels of zwitterionic (top) and ionized zwitteri-
onic (bottom) glycine. For clarity, ionic fragments are in italics and
exothermic fragmentations (below the molecular backbone) are encap-
sulated in plain rectangles.

In the ice, as in any polar medium, glycine should ap-
pear under a zwitterionic form. It was verified experimentally
in the present study for the pure condensate, as well as for
the glycine/water ice mixture. Theoretically, it has been shown
that as few as two H2O molecules, when properly positioned
around glycine, are sufficient to induce the proton transfer
from the carboxylic group to the amino group leading to the
NH+3 CH2COO− zwitterion (Kassab et al. 2000). In the present
study, the icy environment is described as a homogeneous po-
larizable medium (PCM) (Tomasi & Persico 1994) character-
ized by its ε dielectric constant. The value commonly used for
water is 78.5, which corresponds to the liquid state at room
temperature. For the solid state, it has been shown that ε in-
creases sharply with decreasing temperatures (Johari & Jones
1976; Johari & Whalley 1981). A value of ε = 600 was ex-
trapolated from this comprehensive study for temperatures in the
range of 10 to 50 K corresponding to the conditions of both the
experiments and the ISM.

3.2. Fragmentation channels in the ice

When submitted to the strong synchrotron radiation field
(∼530 eV), zwitterionic glycine may break in two ways, i.e.,
either directly, or after the ejection of the photoelectron, which
leads to the formation of a cation of the form [NH+3 CH2COO−]+.
The energetics of these fragmentations are illustrated in Fig. 4.
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Table 1. Enthalpies of reaction (ΔH) and activation barriers (ΔE#) corrected for zero point vibrational energies (kcal/mol) of the successive
hydrogen abstraction reactions starting from methylamine without (upper panel) and with (lower panel) participation of OH radicals.

Reaction No ice involvement Embedded in ice
ΔHCCSD ΔE#

CCSD ΔHCCSD(T) ΔHCCSD ΔE#
CCSD ΔHCCSD(T)

Without participation of OH radicals
CH3NH2 → CH2NH2 + H 88.0 88.4 89.7 90.1
CH3NH2 → CH3NH + H 92.6 93.1 92.4 92.9
CH2NH2 → CH2NH + H 35.1 33.2 33.9 31.9
CH3NH→ CH2NH + H 30.5 28.5 30.0 28.0
CH2NH→ CH2N + H 80.9 81.8 81.7 82.6
CH2NH→ HCNH(trans/cis) + H 91.4/96.2a 91.2/96.2a 93.5/96.6a 93.4/96.7a

CH2N→ HCN + H 24.9 21.9 23.1 20.0
HCNH(trans/cis)→ HCN + H 14.3/9.5 12.5/7.5 11.2/8.1 9.3/6.0
HCN→ CN + H 121.6 121.6 125.7 126.7
With participation of OH radicals
CH3NH2 + OH→ CH2NH2 + H2O –21.9 2.4 –22.8 –24.3 ∼0.0 –25.2
CH3NH2 + OH→ CH3NH + H2O –17.3 3.3 –18.2 –20.5 1.9 –21.4
CH2NH2 + OH→ CH2NH + H2O –74.8 – –78.0 –79.0 – –82.3
CH3NH + OH→ CH2NH + H2O –79.4 – –82.8 –82.9 – –86.2
CH2NH + OH→ CH2N + H2O –29.1 2.4 –29.5 –31.2 7.8 –31.6
CH2NH + OH→ HCNH(trans/cis) + H2O –18.5/–13.7 4.2/5.7 –19.4/–16.3. 6.0/7.2 –20.9/–17.6
CH2N + OH→ HCN + H2O –85.0 – –89.4 –89.8 – –94.2
HCNH(trans/cis) + OH→ HCN + H2O –95.5/–100.3 –98.8/–103.8 –101.6/–104.7 – –104.9/–108.2
HCN + OH→ CN + H2O 11.7 21.6 11.3 12.8 24.3 12.4

Notes. For unimolecular fragmentations (upper panel), only reaction enthalpies are reported. Conversion factors: 1 kcal/mol = 349.7 cm−1 =
503.2 K. (a) When two values are given, they refer to the trans/cis isomers.

The lowest energy fragmentation of the zwitterion (endother-
mic by 3 kcal/mol) gives two neutral fragments: CO2 and
NH2CH3 (see top panel in Fig. 4). They are both issued from
the neutralization of the internal ion pair, the formation of the
latter species being coupled to a molecular rearrangement (hy-
drogen transfer). Such a destruction mechanism can be seen as a
reverse reaction of the synthesis of glycine, close to the mecha-
nism proposed by Bossa et al. (2009). The next fragmentation on
the energy scale (at 27 kcal/mol) leads to NH2CH+2 and HCOO−
implying a hydrogen transfer without charge neutralization to
form the carboxylate ion.

Ionization of the zwitterion removes an electron from the
carboxylate end, resulting in an N-protonated radical. It is re-
markable that this structure breaks along two exothermic chan-
nels (ΔH = −21 kcal/mol), both leading to CO2 and a pos-
itive ion coming from hydrogen scrambling in the [CNH5]+

cation. A third channel that needs almost no energy contribution
(∼0.3 kcal/mol) leads to NH2CH+2 and HOCO.

These results show that very little energy is needed to break
glycine in the ice. The stable neutral fragments obtained in the
end are CO2 and CH3NH2.

3.3. Secondary fragmentation channels

Starting from CH3NH2, the destruction process may continue
following two different paths, i.e., without or with direct partic-
ipation of the OH radicals created by irradiation of the ice, both
ways leading to smaller products with functional groups

CH3NH2 → C=N→ C≡N. (2)

A large survey of the reaction possibilities was first performed
at the DFT level. Then, the energetics of the significant reaction
schemes (reaction enthalpies and activation barriers) were deter-
mined in a series of calculations based on a systematic increase
in the levels of theory. For clarity, only the highest two levels are
reported here (Table 1). The CCSD(T) values corresponding to

the embedded reactions have been estimated by adding the PCM
contribution at the CCSD level to the CCSD(T) gas phase energy
differences.

In the first case, i.e., without participation of OH radicals
(upper panel in Table 1), all these chained reactions of hydro-
gen abstraction by unimolecular fragmentations are initiated by
the radiation field. They are all endothermic and cannot proceed
without the energy provided by the irradiation flux. That the
fragmentation takes place embedded in the ice has a marginal in-
fluence (±2%) on the endothermicity. Activation barriers, at least
equal to the endothermicity, are not relevant in this scheme. In
the end two stable products are obtained, CH2 = NH and HC≡N.

In the second case, i.e., with active participation of the OH
radicals from the surrounding ice, these OH radicals are able to
react with the primary byproducts. The series of reactions is il-
lustrated by the network in Fig. 5 whose energetics are given in
Table 1 (lower panel). Starting from methylamine, the same two
stable products are formed, namely methylene imine and hydro-
gen cyanide that possess the double and triple CN bonds, respec-
tively. Their fingerprints have been observed in the NEXAFS ex-
periments. The important difference is that all reactions become
exothermic when they are initiated by OH instead of the radia-
tion field. The role played by the confinement of the reactions in
the ice has a marginal effect on the exothermicities, as well as
on the height of the activation barriers for the radical-molecule
processes. Radical-radical reactions are barrier free.

The endothermic formation of the CN radical with or without
OH participation suggests that the CN triple bond observed is
only due to the stable HCN.

4. Discussion

On the one hand, not detecting glycine in the ISM is consis-
tent with the correlation found between the observations of vari-
ous astrophysical objects and thorough computations of the rel-
ative stability of the isomers of a same generic chemical formula
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Fig. 5. Most important successive hydrogen abstractions by the
OH radical.

showing that the most abundant species observed were princi-
pally those of lower energies (Lattelais et al. 2009). Furthermore,
the larger the energy differences between isomers, the higher
their abundance ratios, in general. Glycine in the gas phase in
the ISM is far from being the most stable isomer and has not
been detected, in agreement with what is referred to as the min-
imum energy principle (Lattelais et al. 2009). It does not mean
that glycine does not exist in the ISM. Several cases of high-
energy isomers have indeed been found, such as HNC for HCN,
cyc-C2H4O for CH3CHO, or CH2OHCHO for CH3COOH. It
simply suggests that the glycine abundance should be very low
and probably too small to be detected by the present instruments
(Lattelais et al. 2011b). On the other hand, the identification of
various amino acids in meteorites and the recent synthesis of pre-
biotic materials in artificial comets (Meinert et al. 2012) support
the hypothesis of the formation of glycine in icy environments,
which may apply to interstellar, as well as to outer solar system,
conditions.

Our experimental results show that glycine is readily photo-
decomposed in the solid phase, in agreement with previous
studies (Wilks et al. 2009; Orzechowska et al. 2007). From our
experimental conditions, the half life of glycine was extrapolated
at ten months of equivalent UV solar irradiation at the Sun-to-
Earth distance. Our experiments also show the puzzling result
that zwitterionic glycine is almost equally destroyed when it is
a pure condensate or diluted in water ice. Thus, one could con-
clude that water ice neither protects nor enhances the glycine
photolysis.

However, when looking more closely at Fig. 4, it can be
seen that all fragmentation routes of the zwitterion but one re-
quire less energy than the 10.2 eV provided by Lyman-α pho-
tons, which is far below the 530 eV energy of the synchrotron
photons, with the most energetically demanding fragmentation
asking for ∼15 eV. When an ionizing photon is absorbed by
glycine in our experiment, the process leaves a glycine cation
and a photoelectron

NH+3 CH2COO− + hν→ [NH+3 CH2COO−]+ + e−. (3)

The cation then dissociates directly into the fragments according
to the fragmentation scheme in Fig. 4 (bottom). In all the exper-
imental studies that we have performed so far, we observed only
neutral fragments, indicating that the ionized species are readily
neutralized by attaching electrons flowing from the ionization
process around (Lacombe et al. 2009; Krim et al. 2009); it is
what happens here to [CNH5]+ ions. In fact, the cation breaks
into two products, releasing CO2, in agreement with our exper-
iments where it is the main product observed on the NEXAFS
spectra at the oxygen K-edge.

[NH+3 CH2COO−]+ → NH2CH+3 / NH3CH+2 + CO2. (4)

Following the minimum energy principle, the neutralization of
the [CNH5]+ leads to methylamine, NH2CH3, which is the most
stable species. The signature of NH2CH3 is effectively observed
on the NEXAFS spectra at the nitrogen K-edge, together with
those of its most stable decomposition products, CH2NH and
HCN, also obtained in the same irradiation conditions. It is also
worth mentioning that higher energy fragmentations may lead,
after neutralization, to highly energetic NH3, which is known
to give N2 (Parent et al. 2009), whose signature is effectively
observed as a major feature in our experiment. When embedded
in the ice, glycine should also react with the OH radicals created
by irradiation,

NH+3 CH2COO− + OH→ NH+3 CHCOO− + H2O, (5)

where the zwitterionic form of the radical is unambiguously
identified by EPR spectroscopy in the solid state (Ghosh &
Whiffen 1959; Morton 1964; Neta & Fessenden 1971). If this
decomposition pathway (endothermic by ∼1 eV) has a signifi-
cant rate, it should accelerate the glycine destruction in ice. But,
as shown in Fig. 3a, such a speed up is not observed. Thus, the
role of the OH radical in the primary fragmentation of molecu-
lar glycine seems negligible. This also establishes that, whether
glycine is pure or embedded in ice, its decomposition in our syn-
chrotron experiment results mostly from photolysis, i.e, a spon-
taneous internal process insensitive to the chemical environment,
which leaves no time for OH to react.

During its journey to the Earth, glycine is certainly not sub-
mitted continuously to a radiation flux of several hundreds of eV,
but rather to intermittant radiations below the hydrogen ioniza-
tion threshold. In these conditions, one may conjecture that the
OH radicals could have enough time to react with the first frag-
mentation product, NH2CH3, according to the exothermic reac-
tion chain of Fig. 5. Though exothermic, the abstractions of a
hydrogen atom by OH are not free of activations barriers, but
according to their magnitudes, it is reasonable to consider that
they can be overpassed easily using the heating of the grain by
the radiation field. In the end both mecanisms lead to the same
stable products.

5. Conclusion

The important question of the stability of glycine during its
transfer to the Earth under the interstellar radiation field, was
modeled in our experiments using the SOLEIL synchrotron ra-
diation of the TEMPO beam line for both irradiation and in situ
NEXAFS experiments at the N1s and O1s edges. It was addressed
in a joint approach by theoretical calculations of the fragmenta-
tion routes.

A systematic survey of the primary fragmentation prod-
ucts was made previously in which the rupture of the plau-
sible forms under which glycine may be present in the ISM
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were considered. These calculations have shown (Lattelais et al.
2011a) that neutral glycine is able to survive a radiation field of
∼3 eV, corresponding to a location deep inside interstellar clouds
(Ehrenfreund et al. 2002).

Our present solid phase experiments are consistent with the
fact that the decomposition of glycine occurs mainly because of
its direct photolysis through an unstable ionized state. This inter-
nal process is insensitive to the matrix: the destruction rates are
indeed the same in pure glycine and in water ice. The nature of
the main byproducts detected at the oxygen K-edge is the same
for pure glycine and for glycine in ice: CO and CO2. The sig-
natures of the same N-bearing species are found at the nitrogen
K-edge: CH3NH2, CH2NH, HCN. However, in water ice, the
relative amounts of CH2NH is modified by the reaction with the
OH radical produced by the water photolysis (Parent et al. 2011).
Here we have shown that zwitterionic glycine breaks for much
less than ∼1 eV and that removal of an electron from the zwit-
terionic form of glycine leads to an exothermic destruction. In
agreement with our experimental data, our calculations clearly
show that the cation of the glycine zwitterion is unstable, and it
releases CO2 and CH3NH2 in its dissociation. In addition, the
OH radical persisting in the ice mantle leads to the other end
products observed by successive hydrogen abstractions.

It is clear that glycine as a pure condensate is not relevant
for modeling interstellar situations. However, that the evolution
of the concentration of glycine under irradiation tends to a limit
of ∼30% of the initial load in the solid phase suggests a com-
mon mechanism at play in both cases. In view of the different
chemical environments, it has to be a physical reason. Although
not really protective, the role of the matrix appears to be that
of a containment environment that allows the primary fragments
to remain close, thus leading to some reformation of glycine in
situ. Still, on a macroscopic scale, ice can provide a real protec-
tive layer to glycine, if the amino acid is buried at depths that
are higher than the photon penetration (Laffon et al. 2010) (that
was not the case in our study). Under these conditions, glycine
could be incorporated into solar system bodies and be partially
protected (but not entirely) during its journey to the Earth.
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