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ABSTRACT

Context. Analyses of dust cometary grains collected by the Stardust spacecraft have shown the presence of amines and amino acids
molecules, and among them glycine (NH2CH2COOH). We show how the glycine molecule could be produced in the protostellar
environments before its introduction into comets.
Aims. We study the evolution of the interstellar ice analogues affected by both thermal heating and vacuum ultraviolet (VUV) photons,
in addition to the nature of the formed molecules and the confrontation of our experimental results with astronomical observations.
Methods. Infrared spectroscopy and mass spectrometry are used to monitor the evolution of the H2O:CO2:CH3NH2 and CO2:CH3NH2

ice mixtures during both warming processes and VUV photolysis.
Results. We first show how carbon dioxide (CO2) and methylamine (CH3NH2) thermally react in water-dominated ice to form
methylammonium methylcarbamate [CH3NH+3 ][CH3NHCOO−] noted C. We then determine the reaction rate and activation energy.
We show that C thermal formation can occurs in the 50–70 K temperature range of a protostellar environment. Secondly, we report
that a VUV photolysis of a pure C sample produces a glycine salt, methylammonium glycinate [CH3NH+3 ][NH2CH2COO−] noted G.
We propose a scenario explaining how C and subsequently G can be synthesized in interstellar ices and precometary grains.
Conclusions. [CH3NH+3 ][CH3NHCOO−] could be readily formed and would act as a glycine salt precursor in protostellar environ-
ments dominated by thermal and UV processing. We propose a new pathway leading to a glycine salt, which is consistent with the
detection of glycine and methylamine within the returned samples of comet 81P/Wild 2 from the Stardust mission.

Key words. astrochemistry – ISM: molecules – methods: laboratory

1. Introduction

Icy grains in the ISM play an important role in the chemistry
of dense molecular clouds. They provide a surface upon which
atoms and molecules can freeze out, forming icy mantles over
the underlying silicates (O-rich) or carbonaceous (C-rich) grains.
The current inventory of molecules within the icy grain mantles
as inferred by ISO (Infrared Space Observatory), includes wa-
ter (H2O), the dominant species, carbon monoxide (CO), carbon
dioxide (CO2), methanol (CH3OH), ammonia (NH3), and traces
of other species (Dartois 2005).

These icy grains evolve from dense molecular clouds to
planetary systems. During a molecular cloud collapse, a pro-
tostar surrounded by a gas and dust envelope is formed. This
induces a warming up of icy grains and the reactions between
frozen molecules lead to refractory compounds that remain on
dust grains, while the most volatile compounds are delivered
into the gas phase (hot corino, where the temperatures reach
100–200 K) (Cecarelli 2008). With time, the gas and dust en-
velope dissipates forming a protoplanetary disk, where the dust
grains are distributed along the mid-plane. By means of yet un-
known mechanisms, dust grains coagulate to form larger par-
ticles that eventually become planets, comets, and meteorites.
During this evolution, organic material within grains experi-
ences different types of chemical alteration (thermal processes,

cosmic rays, and ultraviolet irradiations) depending on their lo-
cation within star-forming regions.

Here, we are interested in the formation of the simplest
amino acid, glycine (NH2CH2COOH), in protostellar environ-
ments. Numerous tentative detections of interstellar glycine have
been reported but its identification has not yet been confirmed
(Kuan et al. 2003; Snyder et al. 2005). Meteoritic glycine has
been identified in both CM- and CI-type carbonaceous chon-
drites such as Murchison, Murray, Orgeuil, and Ivuna by us-
ing highly sensitive analytical techniques (Kvenvolden et al.
1970; Cronin & Pizzarello 1997; Lawless 1972; Ehrenfreund
et al. 2001a; Botta & Bada 2002). In cometary coma, approx-
imately 25 molecules have been detected by radio astronomy
(Crovisier et al. 1998; Bockelée-Morvan et al. 2000; Despois
1999; Irvine et al. 2000), but not glycine (Ehrenfreund et al.
2002; Crovisier et al. 2004). Finally, within the returned sam-
ples of comet 81P/Wild 2 from the Stardust mission, traces of
glycine and β-alanine have been detected as well as amines such
as methylamine and ethylamine (Sandford et al. 2006; Glavin
2008). An open question is whether glycine can be synthesized
in these environments.

Glycine can be formed in the laboratory by Strecker syn-
thesis involving hydrogen cyanide (HCN), ammonia (NH3), and
formaldehyde (H2CO). The Bucherer-Bergs synthesis is close
to that of the Strecker synthesis with additional carbon dioxide
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(CO2). These reactions can occur in laboratory VUV photoly-
sis and thermal processes experiments performed on interstel-
lar ice analogs (Munoz Caro et al. 2002; Bernstein et al. 2002;
Elsila et al. 2007). After warming the irradiated ice to room
temperature and hydrolyzing the residu obtained, glycine and
other amino acids have been identified after GC-MS analysis.
Other fruitful attempts to form interstellar glycine have been per-
formed in the laboratory involving either ammonia (NH3) and
acetic acid (CH3COOH) or methylamine (CH3NH2) and car-
bon dioxide (CO2) mixtures, by electron bombardments at 10 K
(Lafosse 2006; Holtom et al. 2005). Finally, the VUV irradiation
of methylamine (CH3NH2) and carbon dioxide (CO2) adsorbed
onto a water ice surface at 56 K has also been studied, using
the analysis techniques of reactive ion scattering and low energy
sputtering and resulting in the identification of the amino acid
glycine or the relative isomers (Lee et al. 2009). No mechanism
has yet been proposed and the authors do not take into account
the thermal activity of their system at 56 K.

Methylamine is an astrophysical important molecule, which
has been detected by millimeter wave observations of the
Sagittarius B2 and Orion A molecular clouds (Kaifu et al. 1974;
Fourikis et al. 1974). Methylamine can be produced inside icy
grains from the vacuum ultraviolet photolysis of other relatively
abundant molecules, i.e., methane (CH4) and ammonia (NH3)
(Garder & McNesby 1980; Ogura et al. 1988), or methylium ion
(CH+3 ) and ammonia (NH3) (Herbst 1985), or from a hydrogena-
tion series based on the cyanide radical (CN), hydrogen cyanide
(HCN), and methanimine (H2C = NH) (Godfrey et al. 1973).
One can also imagine that gas phase methylamine can simply
stick onto icy grains. Methylamine is understood to be present
on icy grains at concentrations of less than 1% relative to water.
This is too low for its detections by remote infrared observations
(Holtom et al. 2005).

In this paper, we provide experimental evidence of a glycine
salt precursor formation from methylamine (CH3NH2) and car-
bon dioxide (CO2). A thermal reaction between both molecules
in a water-dominated ice forms methylammonium methylcarba-
mate [CH3NH+3 ][CH3NHCOO−]. The photochemical behaviour
of methylammonium methylcarbamate is studied independently.
The optimal analysis conditions are achieved by the VUV
irradiation at 10 K of a pure sample of methylammonium
methylcarbamate (i.e., without water). We therefore show that
by means of VUV irradiation, methylammonium methylcarba-
mate [CH3NH+3 ][CH3NHCOO−] is converted into a glycinate
salt, methylammonium glycinate [CH3NH+3 ][NH2CH2COO−].
We propose a plausible scenario to explain the formation of
glycine in protostellar environments and its possible introduc-
tion in comets or meteorites.

2. Description of experimental methods

The gases that we use include carbon dioxide (CO2) (Linde,
purity 99.9995%), methylamine (CH3NH2) (Air Liquide, pu-
rity 99.9995%), and water that is distilled and purified by sev-
eral freeze-thaw cycles within a primary vacuum. Gas mix-
tures are prepared in a single primary vacuum-pumped glass
mixing ramp (10−3 mbar) at room temperature. The relative
molecular abundances are obtained by standard manometric
techniques using partial vapour pressure and from infrared spec-
tra by estimating the column density of each component of the
ices. These mixtures are introduced into a high vacuum cham-
ber (10−7 mbar) pumped by a turbomolecular pump, contain-
ing a rotating gold-plated metal surface cooled to 10 K by a
model 21 CTI Cryogenics cold head. We use the following

relation Nx =
∫
τv,xdv/Ax, where Nx is the number of absorb-

ing molecules per cm2 (i.e., column density),
∫
τv,xdv is the in-

tegrated optical depth of an absorption line, and Ax the rela-
tive band strength of the species x. The ratio of Nx of the dif-
ferent mixtures allows us to derive more accurately the rela-
tive molecular abundances. We therefore integrate the infrared
absorption features of the water stretching mode at 3279 cm−1

(AH2O = 2.0×10−16 cm molecule−1) (Oeberg et al. 2007), of car-
bon dioxide at 2340 cm−1 (ACO2 = 7.1 × 10−17 cm molecule−1)
(Schutte & Gerakines 1995) and of methylamine at 1156 cm−1

(ACH3NH2 = 1.5 × 10−18 cm molecule−1) (Holtom et al. 2005).
A H2O:CO2:CH3NH2 = 10:3:0.5 ice analog is deposited and

then heated to 4 K min−1 to simulate the thermal effects of a
star-forming region. The sample chemical evolution induced by
thermal and photochemical processes is monitored by infrared
spectroscopy and mass spectrometry. To determine the rate con-
stant and activation energy of the thermal reaction, kinetic stud-
ies are performed at fixed temperature by means of the isolation
method. For each isothermal experiment, the initial gas mixture
is condensed at 10 K, where the rate constant is too low to ob-
serve any reactivity between reactants. The warming of the ice
to the desired temperature is then achieved rapidely to minimize
the thermal effects between the temperature of deposition and
the final temperature reached.

Infrared spectra are acquired by a FTIR spectrometer
(NICOLET Magna 750) and recorded in the reflection mode
in the 4000–650 cm−1 range. A typical spectrum has 1 cm−1

resolution and is averaged over 100 interferograms. A RGA
quadrupole mass spectrometer (MKS Microvision-IP plus) is
used to obtain information about the molecules delivered in the
gaseous phase. The mass spectra are recorded between 1 and
80 amu (atomic mass units). The ionization source is defined to
have a 70 eV electronic impact energy.

Ultraviolet photolysis experiments are performed using a
microwave-discharge hydrogen flow lamp (Opthos instruments).
The UV photon flux reaching the sample is 2 × 1013 pho-
tons cm−2 s−1. One hour of UV irradiation in the laboratory sim-
ulates the processing of interstellar ices for ∼2 × 106 years in a
dense cloud (UV flux about 1 × 103 photons cm−2 s−1) (Prasad
& Tarafdar 1983; Gredel et al. 1989). The lamp is mounted di-
rectly onto the sample chamber and the UV photons are transmit-
ted through a MgF2 window (transparent at the radiation range
λ > 110 nm).

Pure methylammonium methylcarbamate used for the char-
acterization and ultraviolet photolysis is thermally obtained from
a CO2:CH3NH2 = 1:5 binary ice mixture deposited at 10 K
(Bossa et al. 2008a). To avoid the photoproducts of the initial
mixture, the sample is purified by warming and after the sub-
limation of the remaining carbon dioxide and methylamine at
200 K, pure methylammonium methylcarbamate is retained on
the deposition surface. The sample is finally cooled to 10 K be-
fore being vacuum ultraviolet photolyzed.

To characterize the photochemical products formed, we
record the infrared spectra of pure methylcarbamic acid
(CH3NHCOOH), following the procedure described previ-
ously (Bossa et al. 2008a) and methylammonium glycinate
[CH3NH+3 ][NH2CH2COO−] according to the procedure de-
scribed below.

Methylammonium glycinate is obtained by warming a
methylamine and neutral glycine binary ice mixture. Glycine
(Sigma-Aldrich, purity 99%) is warmed from a glass tube
mounted directly onto the sample chamber and sublimes in its
non-ionic form (NH2CH2COOH). It can then be channelled by
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Fig. 1. Formation of methylammonium methylcarbamate [CH3NH+3 ]
[CH3NHCOO−], from the thermal activation of carbon dioxide (CO2)
and methylamine (CH3NH2) in a water-dominated ice. a) Infrared spec-
tra of a H2O:CO2:CH3NH2 = 10:3:0.5 ice film deposited at 10 K then
recorded, b) after heating to 120 K, c) before water desorption at 180 K,
d) after the complete desorption of water ice at 200 K, and e) infrared
spectra of pure methylammonium methylcarbamate at 10 K obtained
from a thermal process of a CH3NH2:CO2 = 5:1 ratio. The C abbrevi-
ation refers to methylammonium methylcarbamate and D refers to the
dimer form of methylcarbamic acid (Bossa et al. 2008a).

a methylamine carrier gas. After condensing the gas mixture
at 10 K, the sample is warmed to 150 K. After sublimation of
the remaining methylamine, pure methylammonium glycinate
is formed from an acid-base reaction type. Subsequently, the
methylammonium glycinate sample is cooled to 10 K before
identification. Comparisons are made with the ATR spectrum
of sodium glycinate [Na+, NH2CH2COO−] (Sigma-Aldrich, pu-
rity 99%) to facilitate its characterization.

3. Results

3.1. Formation of methylammonium methylcarbamate (C)
in a water-dominated ice

Carbamates are chemical products with the general structure
[R-NHCO−2 ]. In aqueous solution, carbon dioxide (CO2) and
primary amines (R-NH2) yield alkylammonium alkylcarbamates
[R-NH+3 ][R-NHCO−2 ] (DellAmico et al. 2003) according to the
reaction described below:

CO2 + 2 R − NH2 → [R − NH+3 ][R − NHCO−2 ]. (1)

We have shown that the simplest carbamate [NH2CO2
−] could

be thermally produced from icy grains containing NH3 and
CO2 (Bossa et al. 2008b). From a CO2:CH3NH2 = 1:5 bi-
nary ice mixture, pure methylammonium methylcarbamate
[CH3NH+3 ][CH3NHCOO−] is thermally produced (Bossa et al.
2008a). The infrared spectrum of C is presented in Fig. 1e,
and the vibrational bands are reported in Table 1. However,
a CO2:CH3NH2 = 1:5 mixture is not a realistic astrophysi-
cal ice because we expect CO2 to be in excess compared to
CH3NH2. Futhermore, both molecules should be diluted in a
water-dominated environment. We report (Fig. 1) the results of
the thermal evolution of a H2O:CO2:CH3NH2 = 10:3:0.5 ice

Fig. 2. Electronic impact mass spectra (70 eV) during the methylam-
monium methylcarbamate [CH3NH+3 ][CH3NHCOO−] decomposition
at 248 K.

analog mixture deposited at 10 K, which is a more astrophys-
icaly relevant ice.

Although introduced at less than 5% relative to water in
the mixture, CH3NH2 features are hardly observable because of
the weakness of the band strengths measured for this molecule.
Nevertheless, no reaction is observed at 10 K (Fig. 1a). At tem-
perature above 100 K (Fig. 1b), new infrared absorption bands
appear and can be assigned to a new and dominant species. We
deduce that this species is C by comparison with its relative spec-
trum in Fig. 1e. After the complete desorption of H2O and CO2
above 180 K (Figs. 1c and d), a thin layer consisting mainly of C
remains on the gold plate until it fully decomposes above 240 K.
The C decomposition is observed by mass spectrometry during
the warming of the C sample. The recorded mass spectrum at
248 K (Fig. 2) displays the presence of peaks corresponding
to the CH3NHCOOH molecular ion at m/z = 75, m/z = 58
(CH3NHCO+) and m/z = 45 (COOH+). The C decomposition
occurs after the complete desorption of water, and C is therefore
more refractory than the most volatile molecules found into icy
grains.

3.2. Determination of the rate constants (k) and
the activation energy (Ea) of the methylammonium
methylcarbamate thermal formation
in a water-dominated ice

The rate constants k for the thermal reaction described in Eq. (2)
in a water-dominated ice at different temperatures are investi-
gated in the 80–110 K temperature range:

CO2 + 2 CH3NH2
k−→ [CH3NH+3 ][CH3NHCOO−]. (2)

We follow the time evolution of carbon dioxide infrared absorp-
tion band at 2340 cm−1 for specific temperatures. The determina-
tion of the rate law is realized using the isolation method, where
methylamine is in excess within the mixture. We observe that the
integrated absorption band of carbon dioxide (ACO2) undergoes a
first order partial decay. The kinetic law can therefore be written
as

− dACO2/dt = k′ × ACO2 (3)

k′ = k × (XCH3NH2 )α0 , (4)

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912850&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912850&pdf_id=2


604 J.-B. Bossa et al.: Methylammonium methylcarbamate thermal formation in interstellar ice analogs

Table 1. Infrared band position (cm−1) and assignment of pure methylammonium methylcarbamate (C) at 10 K, pure methylammonium glycinate
(G) at 10 K, pure methylamine at 10 K and pure methylcarbamic acid.

Vibration [CH3NH+3 ][CH3NHCOO−] [CH3NH+3 ][NH2CH2COO−] CH3NH2 CH3NHCOOH
(C)1 (G)2 Methylamine3 Methylcarbamic acid4

νNH H bonding · · · · · · · · · 3367
νas NH2 · · · 3340 3343 · · ·
νNH 3287 · · · · · · · · ·
νs NH2 · · · 3285 3282 · · ·
H bonding · · · 3210 3182
νOH · · · · · · · · · 3062/2985
νs NH3 CH3NH+3 3002 3005 · · · · · ·
Combination CH3NH+3 2642 2651 · · · · · ·
Combination CH3NH+3 2544 2549 · · · · · ·
νC=O · · · · · · · · · 1679/1672
δas NH3 CH3NH+3 1652 1655 · · · · · ·
δNH2 · · · 1635 1615 · · ·
νCN + δNH · · · · · · · · · 1574/1533
νas COO− 1578 1565 · · · · · ·
δNH 1494 · · · · · · · · ·
δas CH3 CH3NH+3 1471 1471 · · · · · ·
δd CH3 1347 · · · 1478/1455 1441/1420
δCH2 · · · 1442 · · · · · ·
νs COO− 1410 1403 · · · · · ·
δOH · · · · · · · · · 1396
tw NH2 · · · 1330 1339 · · ·
tw CH2 · · · 1310 · · · · · ·
δOH + νC–O · · · · · · · · · 1315/1263

References. (1) (Waldron 1953; Cabana & Sandorfy 1962; Castellucci 1974; Bossa et al. 2008a); (2) (Rosado et al. 1998); (3) (Bossa et al. 2008a;
Durig et al. 1968); (4) (Bossa et al. 2008a).
Comments: Vibration mode: stretching (ν), bending (δ) and twisting (tw).
Indication: asymmetric (as), symmetric (s) and degenerated (d).

where (XCH3NH2 )α0 in Eq. (4) is defined as the molar fraction of
methylamine in the initial mixture. This value is obtained from
the column density of methylamine, carbon dioxide, and water.
The solution of Eq. (3) leads to Eq. (5), from which the best-
fit solution of the temporal profiles yield a set of k′ values for
specific temperatures, as listed in Table 2.

(ACO2 )t = (ACO2)0 × exp(−k′ × t). (5)

The partial order relative to the molar fraction of methylamine,
α is obtained by means of ln(k′) = α× ln[(XCH3NH2 )0]+ ln(k), by
plotting ln(k′) versus ln[(XCH3NH2 )0]. This was achieved by a set
of experiments performed at 102 K by changing in each exper-
iment the molar fraction of methylamine. The α value obtained
is about 0.46. We therefore deduce from Eq. (4) the different
k values for each specific temperature (listed in Table 2). From
the Arrhenius law given in Eq. (6), we determine the activation
energy of the methylammonium methylcarbamate thermal for-
mation as displayed in Fig. 3, Ea = 3.7 ± 0.5 kJ mol−1 and the
frequency factor, A = 1.1 min−1:

ln(k) = ln(A) − Ea/RT. (6)

Both values are useful to estimate the set of k values in the
temperature range of protostellar environments: k(T ) = 1.1 ×
exp(−3700/RT ). We include the k(T ) expressions in Eq. (4) and
we obtain k′ = 1.1 × exp(−3700/RT )× (XCH3NH2-ices)α. We con-
sider that on interstellar icy grains, the upper limit to the molar
fraction of methylamine (XCH3NH2-ices) equals 1% relative to wa-
ter (Holtom et al. 2005). From the relation t1/2(T ) = ln(2)/k′,
we deduce, by extrapolation in the 50–100 K temperature range,
the carbon dioxide half-time onto interstellar icy grains involved
in the thermal reaction with methylamine to yield methylammo-
nium methylcarbamate in a water-dominated ice.

Fig. 3. Linear fit to the Arrhenius plot of ln(k) vs. 1/T for the methy-
lammonium methylcarbamate thermal formation in the 80–110 K tem-
perature range. The fitted slope infers −Ea/R(Ea = 3.7 ± 0.5 kJ mol−1)
and the intercept at 1/T = 0 gives A = 1.1 min−1.

The set of CO2 half-times onto interstellar icy grains are
listed in Table 3. Table 3 shows the comparison between these
values and the residence times of CO2 on water ice as a function
of the corresponding temperature. This comparison is helpful for
determining the possibility of the methylammonium methylcar-
bamate thermal formation on interstellar icy grains located in
protostellar environments during a typical time of 106–107 years.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912850&pdf_id=3
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Table 2. Reaction rate k measured for methylammonium methylcarbamate formation at a fixed temperature.

Temperature Ice mixtures (XCH3NH2 )0 k′ k
(K) CO2:CH3NH2:H2O molar fraction (min−1) (min−1)
80.8 3.9:13:10 0.48 (3.0 ± 0.3) × 10−3 4.2 × 10−3

91.7 1.5:5.2:10 0.31 (4.1 ± 0.7) × 10−3 7.0 × 10−3

98.6 1.5:5.9:10 0.34 (7.3 ± 0.7) × 10−3 1.2 × 10−2

102 2.0:6.0:10 0.33 (8.8 ± 0.9) × 10−3 1.5 × 10−2

107 1.0:4.9:10 0.31 (8.3 ± 1.2) × 10−3 1.4 × 10−2

Table 3. Comparison between the calculated CO2 half-times involved
in the methylammonium methylcarbamate (C) thermal formation and
the calculated residence times of CO2 on water ice at different temper-
atures.

Temperature CO2 half-times to CO2 residence times
(K) C formation (yr) on water ice1 (yr)
50 8 × 10−2 7 × 104

60 2 × 10−2 5 × 100

70 6 × 10−3 6 × 10−3

80 3 × 10−3 4 × 10−5

90 2 × 10−3 7 × 10−7

100 9 × 10−4 3 × 10−8

Reference. (1) Sandford & Allamandola (1993).

3.3. Photolysis of pure methylammonium methylcarbamate
(C) at low temperature

The photolysis of methylammonium methylcarbamate is
achieved independently of its thermal formation in water-
dominated ice. Pure methylammonium methylcarbamate pho-
tolysis at 10 K gives rise to new infrared absorption bands
relative to newly formed species. In Fig. 4e, we display the dif-
ference spectrum recorded between 240 min of VUV photoly-
sis and before any photolysis, where the remaining methylam-
monium methylcarbamate contributions have been subtracted.
Hence, Fig. 4e depicts only the infrared features relative to
the photochemical products. We identify methylcarbamic acid
(CH3NHCOOH) (Fig. 4a) and methylamine (CH3NH2) (Fig. 4b)
by comparing the infrared spectra of the respective pure sam-
ples (Bossa et al. 2008a; Durig et al. 1968). The formation of
both products is consistent with a proton transfer induced by ul-
traviolet photons from methylammonium cation [CH3NH+3 ] to
methylcarbamate anion [CH3NHCOO−] as described below:

[CH3NH+3 ][CH3NHCOO−]
hν−→ CH3NH2 + CH3NHCOOH. (7)

The infrared spectra corresponding to both products cannot ex-
plain the difference spectrum of the irradiated sample. Some fea-
tures, such as the most intense band at 1565 cm−1 are not yet
assigned and suggest the formation of a third species.

Glycine can exist in different forms depending on the
environment (acid, neutral/zwitterionic, or basic). A com-
parison with the spectra of glycine, in either a neutral
(NH2CH2COOH) or a zwitterionic form (NH+3 CH2COO−), is
indecisive (Gomez-Zavaglia & Fausto 2003; Rosado et al.
1998). In a basic environment, glycine exits as a glycinate
salt [NH2CH2COO−]. The infrared spectrum of commercial
sodium glycinate [Na+, NH2CH2COO−] (Fig. 5a) is close
to the unknown infrared features. Closer agreement is ob-
tained with the infrared spectrum of methylammonium gly-
cinate [CH3NH+3 ][NH2CH2COO−] (Figs. 4c and 5b). The in-
frared absorption bands of methylammonium glycinate (noted

Fig. 4. Formation of methylammonium glycinate [CH3NH+3 ]
[NH2CH2COO−] from the vacuum ultraviolet photolysis of pure
methylammonium methylcarbamate [CH3NH+3 ][CH3NHCOO−] at
low temperature (10 K). Comparison between the infrared spectra
of a) pure methylcarbamic acid (CH3NHCOOH); b) pure methy-
lamine (CH3NH2) at 10 K; c) pure methylammonium glycinate
[CH3NH+3 ][NH2CH2COO−] at 10 K; d) sum of spectra a) + b) + c) and
e) difference spectrum after VUV photolysis (240 min) minus before
VUV photolysis with the remaining methylammonium methylcarba-
mate (C) contributions subtracted. The minor discrepancy between
e) and d) spectra can be explained by environment effects that are
not taken into account in the sum spectra. The infrared absorption
feature (*) is relative to the dimer form of methylcarbamic acid (Bossa
et al. 2008a) and its pure infrared spectra has been omitted for clarity.

G) are listed with their assignments in Table 1. These assign-
ments are confirmed by comparing the infrared spectrum of the
sodium glycinate (Fig. 5a) with that of methylammonium glyci-
nate (Fig. 5b). The main differences with the sodium glycinate
spectrum come from the methylammonium [CH3NH+3 ] counter-
ion, which adds several features in the infrared spectrum.

The detection of G from the pure C photolysis is
then straightforward, mainly by means of the methylammo-
nium [CH3NH+3 ] vibrational bands (Waldron 1953; Cabana &
Sandorfy 1962; Castellucci 1974; Bossa et al. 2008a) located
between 3200 and 2500 cm−1 as well as the most intense G con-
tributions corresponding to the CO−2 asymmetric and symmet-
ric modes at 1565 cm−1 and 1403 cm−1 (Figs. 5b and c). A
simple addition of the spectra corresponding to methylcarbamic
acid (Fig. 4a), methylamine (Fig. 4b), and methylammonium
glycinate (Fig. 4c) reproduces rather faithfully the photochem-
ical product infrared spectrum (Figs. 4d and e). The minor dis-
crepancy between both spectra can be explained by the environ-
ment effects that are not taken into account in the sum spectrum

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912850&pdf_id=4
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Fig. 5. Comparison between the infrared spectra of a) ATR spectrum
of the glycine sodium salt [Na+, NH2CH2COO−] at room temperature;
b) methylammonium glycinate [CH3NH+3 ][NH2CH2COO−] at 10 K;
c) difference spectrum after VUV photolysis (240 min) minus before
VUV photolysis with the remaining methylammonium methylcarba-
mate (C) contributions subtracted. Comments: Vibration mode: stretch-
ing (ν) and twisting (tw). Indication: asymmetric (as) and symmetric (s).

(Fig. 4d) and are known to affect both the band profiles and the
band strengths.

3.4. Estimation of methylammonium glycinate (G) produced
by pure methylammonium methylcarbamate (C) during
the VUV photolysis

We quantify the methylammonium glycinate production by
the VUV irradiation of pure methylammonium methylcarba-
mate. This is achieved by calculating the total column den-
sity of G formed and C consumed. The quantitative analysis of
G formed is derived from its infrared spectrum (Fig. 4c) adjusted
to achieve the best fit to the difference spectrum (Fig. 4e). The
column density of G formed is measured from the optical depth
located at 1403 cm−1, corresponding to the νs CO−2 fundamental
mode but its band strength is unknown. This value is determined
by the thermal conversion of a pure sample of methylammonium
glycinate into zwitterionic glycine (NH+3 CH2COO−), noted Z,
represented by

[CH3NH+3 ][NH2CH2COO−]
Δ−→ CH3NH2+NH+3 CH2COO−. (8)

We choose a Z band at 1414 cm−1 without any overlap to deter-
mine its band strength (AZ). Preparing a calibrated KBr pellet of
commercial Z, we found a AZ value of 4.5×10−18 cm molecule−1

for this band. From the equation, AG = AZ × (
∫
τv,Gdv/

∫
τv,Zdv),

we deduce the infrared band strength of G located at 1403 cm−1

(AG = 2.7×10−18 cm molecule−1). The column density of C con-
sumed is measured from its optical depth over two characteristic
absorption bands: 1410 cm−1 (0.5 × 10−17 cm molecule−1) and
819 cm−1 (0.3 × 10−18 cm molecule−1) (Bossa et al. 2008a). We
provide a rough quantitative estimation of the branching ratio,
G(producted)/C(totalconsumed) ∼ 65%. This result indicates that the
isomerization induced by UV photons is more favorable than the
proton transfert process (Eq. (7)).

After irradiation (240 min), 50% of the C is consumed by
the photolysis. From these measurements, we can obtain a rough

quantitative estimation of the photolysis yield of glycinate pro-
duced to be about 32%. Nevertheless, the same irradiation exper-
iment with methylammonium methylcarbamate diluted in water
should lower this photolysis yield.

4. Discussion

During their lifetime in a protostellar environment (106–
107 years), interstellar ices can be submitted to both thermal and
UV photolysis processing that change the grain chemical com-
position.

Our investigations show that a glycine isomer salt, methy-
lammonium methylcarbamate (C) can be produced in a water-
dominated ice from the thermal reaction between carbon dioxide
and methylamine. The relative abundance of carbon dioxide on
icy grains is about 20% compared to water (Ehrenfreund &
Charnley 2000; Charnley et al. 2001). Methylamine is observed
in the gas-phase of the interstellar medium, and is expected to ef-
ficiently condense onto the icy grain surface. Because of its non-
detection in solid-state materials with current remote infrared
observational techniques, the molar fraction of methylamine in
icy grains should be at concentrations of less than 1% relative to
water.

The calculation of Arrhenius parameters (A and Ea) and
rate constants (k) relative to the thermal reaction in a water-
dominated ice allow us to determine by extropolation the possi-
bility of C formation in protostellar environments. Table 3 com-
pares the CO2 half-times involved in the reaction with the CO2
residence times onto water ice in the corresponding tempera-
ture range (Sandford & Allamandola 1993). The CO2 half-times
are fast in the 50–70 K temperature range (10−2–10−3 years)
compared to the longer or equivalent CO2 residence time (104–
10−3 years). The CO2 half-times are also faster than the typi-
cal ice lifetime (106–107 years). Methylammonium methylcar-
bamate (C) is hence likely to be present in the icy grains warmed
in the 50–70 K temperature range of protostellar environments.
Since cometary ices are related to interstellar ices, the same as-
sumption should be applicable to them. In the hot core regions,
temperatures readily exceed 50 K and are conclusive to C for-
mation on the icy grains. In the inner protostellar disk, as the
temperature decreases in the radial direction, the 50–70 K tem-
perature range corresponds approximatively to 30–15 UA from
the young sun (Hayashi 1981). This implies that the icy mate-
rials accreted in the 30–15 UA distance range should provide
ideal conditions for C formation. Assuming that the abundance
of CH3NH2 into icy grains is less than 1% relative to water and
that CH3NH2 is totally consumed in the thermal reaction during
the typical ices lifetime, we predict the abundance of C in icy
grains to be less than 0.50% relative to water. This implies that
C may not be detectable by current remote infrared observational
techniques.

Methylammonium methylcarbamate is more refractory than
H2O or the precursor molecules, implying that it acts as a CO2
and CH3NH2 molecules reservoir. This could partially explain
the CO2 depletion in the protostellar hot core gas (Charnley et al.
2001). Methylammonium methylcarbamate remains stable for a
wide range of temperatures but, for T > 240 K, it decomposes
successively into methylcarbamic acid (CH3NHCOOH), then
into CH3NH2 and CO2 as clearly illustrated by mass spectrom-
etry by their respective peaks at m/z = 75 (CH3NHCOOH+•),
m/z = 44 (CO+•2 ), and m/z = 31 (CH3NH+•2 ). The instability of
methylcarbamic acid (CH3NHCOOH) in the gas phase makes its
detection in the interstellar medium difficult by radio astronomy.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912850&pdf_id=5
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Pure methylammonium methylcarbamate acts as a glycine
salt precursor in VUV environments. We determine the yield of
the isomerization process induced by ultraviolet photons to be
about 32% in anhydrous conditions. This was inferred indepen-
dently of the C thermal formation to facilitate the characteriza-
tion of the photochemical products. This yield should drastically
decline during similar VUV irradiation in a water-dominated ice.
The pure C photolysis is also achieved at 10 K rather than in
the 50–70 K temperature range so as not to combine both ir-
radiation and thermal effects. Since CH3NH2 and CO2 are pri-
mary and secondary photochemical products, respectively, there
would be competition between the processes of the thermal for-
mation of C and its photolysis. This increases the difficulties
in both the characterization and the quantitative approach. The
240 min irradiation time corresponds to ∼8 × 106 years in a
dense cloud (Prasad & Tarafdar 1983; Gredel et al. 1989). We
assume that the upper relative abundance of C produced in the
interstellar ices is 0.50%. During a period of ∼8×106 years, less
than 32% of C is converted into G in anhydrous conditions. We
therefore predict that the relative abundance of G in interstellar
ices is lower than 0.16%, and it follows that its direct detection
with infrared telescopes should be almost impossible.

In a protostellar environment, the VUV photons emitted
from the young stellar object (YSO) are probably sufficient to
transform C into G, before their introduction into comets by
icy grains coagulation occurring in the protostellar disk. Comets
are then later able to bring prebiotic molecules (amino acids) to
primitive earths (Delsemme 1994; Maurette 2006). The glycine
salt formation arises inside grains. These grains can then pro-
tect G from the intense UV radiation and ensure that it sur-
vives longer. On the other hand, in the star-forming regions, the
survival of gaseous phase amino acids is limited to short time
(Ehrenfreund et al. 2001b). The radio-astronomical searches of
gas phase glycine have therefore been unsuccessful.

Several reactional mechanisms can explain the formation
of G from C during the VUV irradiation. One of the simplest
is summarized in reactions of Eqs. (9), (10), and (11). The first
step starts with a carbon-nitrogen bond rupture on methylcar-
bamate anion [CH3NHCOO−], yielding a carbon dioxide anion
radical (CO−2 ) and a methyl amino radical (CH3NH). Then a
methyl amino radical (CH3NH) rearranges itself into a more sta-
ble aminomethyl radical (CH2NH2) (Woon 2002). Finally, gly-
cinate [NH2CH2COO−] formation is achieved by a barrierless
radical-radical recombination between a carbon dioxide anion
radical (CO−2 ) and an aminomethyl radical (CH2NH2).

[CH3NHCOO−] + hν→ CH3NH + CO−2 (9)

CH3NH→ CH2NH2 (10)

CH2NH2 + CO−2 → [NH2CH2COO−]. (11)

A comparison can be made between our results and the analysis
of cometary grains collected by the Stardust spacecraft ejected
from the comet P81/Wild 2. After an acidic hydrolysis proce-
dure, the latter analysis indeed detected traces of methylamine
and glycine (Sandford et al. 2006; Glavin 2008). It was also sug-
gested that these freely detected molecules were stored predom-
inantly in an acid-soluble residue before any chemical treatment
of the returned samples. This assumption is consistent with our
observations of G, which could be one of the acid labile residues
that would release free methylamine and free glycine after the
chemical treatment of cometary grain samples.

A confirmation of the detection of these molecules and
more specifically carbamate or glycinate, should be provided

by the ROSETTA mission, including the gas analyser COSAC
(COmetary SAmpling and Composition experiment) instrument
onboard the lander Philae designed to identify complex organic
molecules released from the comet nucleus.

5. Conclusion

Icy grains into the ISM can play an important role
in prebiotic molecule formation. A glycine isomer salt
[CH3NH+3 ][CH3NHCOO−] (C) is thermally produced from car-
bon dioxide (CO2) and methylamine (CH3NH2). The rate
constant in a water-dominated ice is estimated to be 1.1 ×
exp(−3700/RT ). This reaction can occur in a 50–70 K temper-
ature range, which is consistent with protostellar environments.
We predict that the upper limit to the abundance of C produced
in the interstellar ices is 0.50% relative to water. Because of this
low abundance and the gas phase decomposition, its detection is
therefore impossible by current observational methods.

The identification and the quantitative analysis of the pho-
tochemical products yielded during the pure methylammonium
methylcarbamate VUV irradiation, are performed independently
of its thermal formation. The presence of methylammonium
glycinate [CH3NH+3 ][NH2CH2COO−] (G) is straightforwardly
identified by an in situ analysis. Hence, in a VUV environment,
[CH3NH+3 ][CH3NHCOO−] acts as a glycine salt precursor. We
calculated the photolysis yield of G to be about 32% in anhy-
drous conditions. We predict that the abundance of G produced
in the interstellar ices is lower than 0.16% relative to water. Its
detection is also impossible with current observational methods.

We propose a new pathway leading to a glycine salt in in-
terstellar ices. Interstellar glycine might be formed by thermal
processing followed by the VUV processing of ices containing
carbon dioxide and methylamine. The reactions involved in these
processes are summarized below:

CO2 + 2 CH3NH2
50−70 K−→ [CH3NH+3 ][CH3NHCOO−] (12)

[CH3NH+3 ][CH3NHCOO−]
hν−→ [CH3NH+3 ][NH2CH2COO−].

(13)

Our result is consistent with the detection of both glycine
and methylamine within the samples returned from comet
81P/Wild 2. The pathway that we propose originates from in
situ experimental evidence and does not need any specific treat-
ment such as water extraction, acid hydrolysis, and derivatiza-
tion. Methylammonium methylcarbamate or methylammonium
glycinate could consist of both interstellar and cometary ices.
We believe in the importance of considering thermal process-
ing, VUV photolysis, but also cosmic-ray processing of the in-
terstellar salts that will be produced from the primitive mate-
rial. Deriving such a chemical scenario on the basis of laboratory
work can help astronomers to constrain the sources in which pre-
biotic molecules could be detected.
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