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ABSTRACT

We have investigated the synthesis of the simplest amino acid, glycine, by Galactic cosmic-ray particles in extra-
terrestrial ices. Laboratory experiments combined with electronic structure calculations showed that a methylamine
molecule [CH;NH,(X '4’)] can be dissociated through interaction with energetic electrons in the track of a cosmic-
ray particle to form atomic hydrogen and the radicals CH,NH,(X 24’) and CH;NH(X 24’). Hydrogen atoms with
sufficient kinetic energy could overcome the entrance barrier to add to a carbon dioxide molecule [CO,(X 1E;{)],
yielding a trans-hydroxycarbonyl radical, HOCO(X 24"). Neighboring radicals with the correct geometric orien-
tation then recombine to form glycine, NH,CH,COOH(X '4), and also its isomer, CHsNHCOOH(X '4). These
findings expose for the first time detailed reaction mechanisms of how the simplest amino acid glycine and its iso-
mer can be synthesized via nonequilibrium chemistry in interstellar and cometary ices. Our results offer an impor-
tant alternative to aqueous and photon-induced formation of amino acids in comets and in molecular clouds. These
results also predict the existence of a hitherto undetected isomer of glycine in the interstellar medium, suggest that
glycine should be observable on Saturn’s moon Titan, and help to account for the synthesis of more complex amino

acids in the Murchison and Orgueil meteorites.

Subject headings: astrobiology — astrochemistry — cosmic rays — ISM: general — ISM: molecules —

molecular processes

1. INTRODUCTION

The interstellar medium, the vast space between the stars, is a
rich reservoir of molecular material ranging from simple di-
atomic molecules to more complex, astrobiologically important
molecules such as cyanopolyacetylenes (Winstanley & Nejad
1996) and the carbon hydrate glycolaldehyde (Butler et al.
2001). During the last several years, observational astronomy
has refined its spectroscopic detection methods, and particular
attention has been devoted to identifying interstellar biomole-
cules that may provide important insights into the history of the
solar system and the origins of life on Earth (Charnley et al.
2002). Amino acids are classic examples of such molecules,
since they are the important building blocks of biological sys-
tems in, for instance, proteins. The simplest of these amino acids
is glycine, NH,CH,COOH. Higher homologues of amino acids
can be derived from glycine by replacing one hydrogen atom of
the methylene group (CH,) by an organic group (March & Smith
2001).

Numerous searches for interstellar glycine have been con-
ducted since the spectrum of glycine was established in the
laboratory more than 30 years ago by Brown et al. (1978).
Brown et al. (1979) also conducted the first radio search for
glycine in Galactic molecular clouds. While not absolutely
confirming the presence of glycine, they tentatively estimated a
glycine column density limit of 10'>~10'4 cm~2 in Sgr B2 and
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Ori A. Surveys for interstellar glycine, however, are hampered
by the intrinsic weakness of the lines being searched for and the
problems of contamination of spectra by other molecules (Kuan
et al. 2003). A recent survey of three hot molecular cores,
Sgr B2(N-LMH), Orion KL, and W51 el/e2, provided tentative
evidence that the neutral form of glycine actually exists in these en-
vironments. Kuan et al. (2003) reported 27 glycine lines in 19 dif-
ferent spectral bands with column densities of about 10'* cm~2;
this translates to fractional abundances with respect to hydrogen
of about 2.1x 1071 for SgrB2, 1.5% 10~? for Orion, and 2.1 x
10719 for W51. Note that amino acids have also been detected in
solar system bodies (Cronin et al. 1995). In particular, meteorite
samples are a rich source of amino acids: 70 amino acids have
been identified in the Murchison meteorite sample alone (Cronin
etal. 1995). These amino acids vary in complexity and structure,
with both D and L enantiomers being detected.

To date, most laboratory experiments have focused on in-
vestigating the liquid synthesis of amino acids and produced
1:1 mixtures of D and L isomers. Biological systems on Earth are
almost exclusively based around L-amino acids (Brack 1998).
If amino acids are formed in solution, then, at present, there is
no explanation for the nonracemic nature of amino acids in ter-
restrial life (Cohen & Chyba 2000). One of the mechanisms to
explain the predominantly levorotatory nature of Earth-based
systems arises from the existence of circularly polarized light,
which has been detected in OMC-1 in the interstellar medium
(Bailey et al. 1998). If amino acids on meteorites are at least
partially formed from the effects of ultraviolet (UV) irradiation
and not in aqueous parent-body reactions, then an enantiomer
excess is possible. Bernstein et al. (2002) and Ehrenfreund et al.
(2001) demonstrated that, using unpolarized ultraviolet radia-
tion of an astrophysical ice analog, the amino acids serine and
alanine can be produced in a racemic mixture. If the UV light
had been circularly polarized, then the formation of excess le-
vorotatory molecules may have been possible. However, to
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date there have been no experiments performed to test this
hypothesis.

Despite the importance of amino acids in the astrobiological
evolution of the interstellar medium and of our solar system, little
is known about how these species are actually formed in extra-
terrestrial environments. Four formation mechanisms have been
postulated. These are (1) a formation in the solid state via high-
energy particles of the cosmic radiation field, (2) a gas-phase syn-
thesis of amino acids (Blagojevic et al. 2003), (3) in the case of
meteoritic material, a synthesis of the amino acids in aqueous so-
lution (Peltzer et al. 1984), and (4) a Urey-Miller—type synthesis.
The Urey-Miller experiment was performed for the first time in
the 1950s. Miller (1953) showed the formation of amino acids
using a simulated primitive Earth environment. By passing an
electrical discharge through a simulated primitive Earth envi-
ronment containing water and an appropriate mixture of the gases
methane (CH4), ammonia (NHj3), water (H,0), and molecular
hydrogen (H,), it is possible to synthesize amino acids such as
glycine, «-alanine, and (-alanine. This approach, however, does
not explain the amino acid levorotatory excess on Earth and is
limited, as we do not have a complete understanding of the
exact conditions of the primitive Earth environment. In addition,
modern atmospheric models predict a less strongly reducing en-
vironment for the primitive earth, one similar in composition to
volcanic outgassing, composed of carbon dioxide (CO,), nitro-
gen (N,) with traces of carbon monoxide (CO), hydrogen (H,),
and reduced sulfur gases (Kasting 1993). Therefore, the validity
of these experiments remains questionable.

Blagojevic et al. (2003) investigated gas-phase ion-molecule
reactions in the interstellar medium. They were able to produce
glycine and (-alanine, as well as acetic and propanoic acid from
reactant molecules already detected in the gas phase. Glycine
was formed from the reactions of acetic acid with ionized and
protonated hydroxylamine via (Blagojevic et al. 2003)

1\11‘1230H+ + CH;COOH — NH2,3CH2COOH+ + H,O (1)
. NH,;OH"(CH;COOH).  (2)

They propose that neutral glycine could then be produced from
dissociative recombination and electron-transfer reactions,
with dissociative recombination being the favored channel
(Blagojevic et al. 2003), since glycine has a high proton affinity.

Sorrell (2001) predicted a possible route to glycine through
the UV photoprocessing of water (H,0), methane (CH4), am-
monia (NHj3), and carbon monoxide (CO) ice mixtures. UV
photons from 4 to 13 eV have been postulated to generate radi-
cals such as the hydroxyl (OH), methyl (CH3), and amino (NH,)
species. Radical-radical reactions may occur with essentially no
entrance barrier, so they are speculated to be sources for the for-
mation of complex large organics (Sorrell 2001) via the reaction
sequence

CO(X 'S%) + OH(X °IT) — COOH(X *4"),  (3)
CH;(X 24) + COOH(X 24’) — CH;COOH(X 24"), (4)
NH,(X %B,) + CH;COOH(X %4") —

NH,CH,COOH(X 24") + H('S). (5)

However, in order to react via multiple reaction sequences, these
radical species have to diffuse either inside the ices or onto their

surfaces. These diffusive processes involve significant energy
barriers (Atkins & de Paula 2001). It therefore is highly unlikely
that the reaction sequence (3)—(5) forms the amino acid glycine.
In addition, Ehrenfreund et al. (2001) noted that amino acids are
susceptible to UV photodestruction. This means that amino acids,
once released from the interstellar grain in the hot core phase into
the gas phase, are unlikely to exist in large quantities in the in-
terstellar medium.

While gas-phase and solid-state reactions may proceed in the
interstellar medium, and complex organic molecules can be
formed in photon-screened environments, these organics need
a transport mechanism and an environment in which they are
protected from the damaging effects of ultraviolet photons. One
such favorable site would be on icy dust grains in the interstellar
medium or in comets, as any products formed can be protected
from the ultraviolet photons deep within the ice layers (Moore
et al. 2001). Laboratory studies have shown that substantial
chemical reactions can take place on the surfaces of dust grains
and comets (Moore et al. 2001). Once they are exposed to (suc-
cessions of) solar photons, ion irradiation, cosmic rays, and
electron bombardment, chemical modifications of the ices can
occur and lead to the breakdown and formation of complex
chemical species. Munoz Caro et al. (2002) investigated the
irradiation of a mixture of water (H,O), methanol (CH;OH),
ammonia (NHj3), carbon monoxide (CO), and carbon dioxide
(CO,) with a photon flux of 1.5x 10" s~! for 24 hr and found
that detectable quantities of amino acids were produced. The resi-
due was analyzed after acid hydrolysis with gas chromatography—
mass spectrometry (GC-MS) to detect the levels of amino acids.
The authors found glycine to be the most abundant, quoting a
quantum yield of ¢ ~ 3.6x 107>, This means that one out of
30,000 photons produces a glycine molecule. Note, however,
that the authors elucidated neither the basic formation mecha-
nisms (were they actually formed in the ices or during the hy-
drolysis?) nor the dependence of the quantum yield on the photon
wavelength.

Potential reaction pathways to form amino acids have also
been investigated theoretically. Woon (2002) utilized quantum
chemical modeling of astrophysical ices. He showed that one
possible reaction mechanism for the formation of glycine is the
recombination of the COOH(X 24") radical with CH,NH,(X 24").
The most obvious source of the CH,NH, radical seems to be
methylamine, CH;NH,(X '4), which actually has been detected
in the interstellar medium toward Sgr B2 and Ori A in its @, 5;5—
506 (73.0 GHz), and s, 414404 (86.1 GHz), transitions (Kaifu et al.
1974). However, this pathway has not yet been confirmed in
laboratory experiments.

The primary aim of this paper is to investigate the formation
of the simplest amino acid glycine in well-defined laboratory
simulation experiments. Here, binary mixtures of methylamine
(CH3NH,) and carbon dioxide (CO,) are prepared at tempera-
tures of 10 K. This temperature is representative for ices con-
densed on interstellar grain material (Minh & van Dishoeck
2000). The binary ice mixtures simulate the existence of neigh-
boring CH;NH,—CO, complexes on icy grains in dark (mo-
lecular) clouds. We would like to stress that so far, methylamine
has only been detected in the gas phase of the interstellar
medium. However, recent laboratory experiments showed ex-
plicitly that methylamine can be formed via recombination of
neighboring methyl (CH3; X 245) and amino radicals (NH,;
X ’B)) in a matrix cage through (R. I. Kaiser et al. 2005, in
preparation)

CH;(X 24Y) +NHy(X 2B;) — CH;NHy(X '4)).  (6)
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Since the methane and ammonia precursor molecules (which
can form the methyl and amino radicals via simple C—H and
N—H bond rupture processes) have actually been detected on
icy grains in molecular clouds (Gtirtler et al. 2002), methyl-
amine is expected to exist on interstellar grains as well, but at
concentrations of less than 1%—too low to be detected by cur-
rent infrared spectroscopy observational techniques.

In our experiments the ices are processed by bombardment
with 5 keV electrons. We demonstrated earlier that the parti-
cles of Galactic cosmic-ray field, which consists of about 98%
protons ( p, H") and 2% helium nuclei (c-particles, He'?) at a
distribution maximum of about 10 MeV with ¢ = 10 particles
em~? 57! (Kaiser & Roessler 1998), lose 99.99% of their ki-
netic energy via transfer of their kinetic energy to the electronic
system of the target molecules (here carbon dioxide and me-
thylamine). This electronic energy transfer generates energetic
electrons (6-electrons) with energies of a few keV perpendic-
ular to the trajectory of the cosmic-ray MeV implant (Bennett
et al. 2004). The electronic linear energy transfer of MeV pro-
tons to the ice target holds a similar value to the 5 keV electrons
used in the present experiments (see § 2). This is not surprising,
since Marlowe and TRIM calculations showed that 99% of the
energy of the primary MeV cosmic-ray implant is being trans-
ferred via electronic interactions to the kinetic energy of ener-
getic electrons with kinetic energies up to a few keV (Kaiser &
Roessler 1998). This conclusion gains strong support from pre-
vious MeV proton and electron irradiation of cometary-analog

ion gauge
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of the experimental setup.

ices (Kobayashi et al. 1995; Kasamatsu et al. 1997). Here the
authors found, after a hydrolysis of the irradiated samples, sim-
ilar production rates of amino acids in MeV proton (which lose
99% of their kinetic energies to the generation of electrons via
electronic interaction processes) and electron-irradiated samples.
Therefore, our laboratory experiments mimic the formation of
glycine in carbon dioxide—methylamine neighboring complexes
via charged particles through electron energy-loss processes in
interstellar ices as condensed on grains in molecular clouds at
10 K. Once the cold cloud passes through the hot molecular core
stage, the newly formed glycine molecules can sublime at ele-
vated temperatures to be detected in the gas phase via radio
telescopes.

2. EXPERIMENTAL

The simulation experiments were carried out in a contamination-
free ultrahigh vacuum (UHV)) chamber; the top view of this
machine is shown in Figure 1. A detailed description of this
vessel is given in Bennett et al. (2004). Briefly, the machine
consists of a 15 liter cylindrical stainless steel chamber that can
be evacuated down to 8 x10~!"! torr by a magnetically suspended
turbopump backed by an oil-free scroll pump. A rotatable, two-
stage closed-cycle helium refrigerator is interfaced to the lid of
the machine and holds a polished silver monocrystal. This crystal
is cooled to 10.8 = 0.2 K and serves as a substrate for the ice
mixture. The ice condensation is assisted by a precision leak
valve. The latter is connected to a gas reservoir and is attached on
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Fic. 2.—Infrared spectrum of the carbon dioxide—methylamine ice at 10 K. The assignments of the peaks are compiled in Table 1.

a linear transfer mechanism. During the gas condensation, the
deposition system is moved to be 5 mm in front of the silver
target. This experimental setup guarantees a reproducible thick-
ness and composition of the frosts at 10 K. The actual ice sample
was prepared at 10 K by depositing binary gas mixtures of me-
thylamine (CH3NH,; 15 torr, 99.99%) and carbon dioxide (CO»;
10 torr, 99.999%) at a main chamber pressure of 10~ torr for
10 minutes onto the cooled silver crystal. Figure 2 depicts a
typical infrared spectrum of the frost at 10 K; the absorptions are
compiled in Table 1.

To determine the ice thickness and composition quantita-
tively, we integrated the infrared absorption features of carbon
dioxide at 3708 cm~! (integral absorption coefficient 4 = 1.4 x
10~'® cm) and 3600 cm ™! (4 = 4.5x107'° cm) and of methyl-
amine at 1600 cm™!' (4 = 4.3x107"¥ cm) and 1150 cm™! (4 =
1.5%x107'® ¢m) and applied a modified Lambert-Beer relation-
ship (Bennett et al. 2004). This suggests a methylamine to carbon
dioxide ratio in the ices of about 30. Accounting for the column
densities and the densities of carbon dioxide (1.7 + 0.1 gecm™;
Klinger et al. 1985) as well as of methylamine (0.85 + 0.05 g
cm—3; Atoji & Lipscomb 1953), we have an optical thicknesses
of 9 + 6 nm in carbon dioxide ice and 436 &+ 13 nm in methyl-
amine ice, i.e., a thickness of the binary ice mixture of 445 +
19 nm. Using the CASINO code (Gauvin et al. 2002), each
5 keV electron loses 2.8 4+ 0.2 keV of its kinetic energy while
penetrating the binary ice target; this corresponds to an aver-
aged electronic energy transfer of 5.4 + 0.4 keV yum~!, ie., a
similar energy loss to that which 10 MeV cosmic-ray protons
experience while penetrating the ice [LET(10 MeV H') =
4.8+ 0.3 keV um~'].

The ices were irradiated at 10 K with 5 keV electrons generated
in an electron gun by scanning the electron beam over an area of
3.0 £ 0.4 cm?. Accounting for the extraction efficiency of 78.8%
of the electrons, the target is exposed to 1.8 x10'¢ electrons over
an irradiation time of 60 minutes. Comparing the electronic linear
energy transfer in our experiments to the actual cosmic-ray energy
deposition (Kaiser & Roessler 1998), 1 s of our laboratory ex-
periments simulates a processing of interstellar ices over (1.9 £
0.3)x10'! s. Therefore, our laboratory experiments mimic a

timescale of about 107 yr (a typical lifetime of an interstellar
cloud).

To guarantee an identification of the reaction products in the
ices and those subliming into the gas phase on-line and in situ, a
Fourier transform infrared spectrometer (FTIR; solid state) and
a quadrupole mass spectrometer (QMS; gas phase) were utilized.
The Nicolet 510 DX FTIR spectrometer (5000—500 cm™!)

TABLE 1

INFRARED ABSORPTIONS OF THE CARBON DIOXIDE—METHYLAMINE MIXTURE
AND ASSIGNMENTS OF THE OBSERVED BaNnDs aT 10 K

Frequency
(em™h) Molecule  Assignment Characterization
CO, vyt s Combination
CO, 2uy) + 15 Combination
CH3NH, 121 NH, symmetric stretch
CH;NH, v CHj; antisymmetric stretch
CH;NH, vy CHj; antisymmetric stretch
CH;NH, V3 CHj; symmetric stretch
CO, V3 Asymmetric stretch
13co, vy (3CO,)  Isotope peak
CH3NH, vy NH, scissor
CH;NH, Vs CHj; antisymmetric deformation
CH;NH, V1o CHj; antisymmetric deformation
CH;NH, 123 CHj; symmetric deformation
CH}NHZ V13 NHZ twist
CH}NHZ Vig CH3 rocking (shoulder)
CH3NH, 1z CHj rocking
CH;3NH, Vg CN stretching (shoulder)
CH3NH, 12 NH, wagging
CO, V) In plane/out of plane bending
CO, vy (3CO,)  Isotope peak

Notes.—The symmetric stretch fundamental (v;) of carbon dioxide at
1384 cm™! is concealed by the 3 fundamental of methylamine at 1357 cm™!.
The v;5 torsion fundamental of methylamine at 268 cm~! is below our detection
range, and the v/}, asymmetric stretch fundamental of methylamine at 3427 cm™! is
concealed by the | fundamental of methylamine. Note that the peak at 645 cm™!
might be also assigned to a complex formation due to the interaction between
the free electron pair from the nitrogen atom and the carbon atom in the carbon
dioxide molecule ( Dartois et al. 1999).
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Fi6. 3.—HOCO absorption band (1846 cm™") as seen after a 60 minute ir-
radiation of the sample at 10 K with electrons.

operates in an absorption-reflection-absorption mode (reflec-
tion angle o = 75°, resolution 0.5—-2 cm ™). The infrared beam
is coupled via a mirror flipper outside the spectrometer, passes
through a differentially pumped potassium bromide (KBr) win-
dow, is attenuated in the ice sample prior to and after reflection
at a polished silver wafer, and exits the main chamber through a
second differentially pumped KBr window before being mon-
itored via a liquid nitrogen—cooled detector. The gas phase is
monitored by a quadrupole mass spectrometer (Balzer QMG
420; 1-200 amu mass range) with electron impact ionization
of the neutral molecules in the residual gas analyzer mode at
electron energies of 100 eV and the photomultiplier operating at
2000 V; the dwell time was chosen to be between 1 s and 0.5 ms.
After the irradiation, the sample was kept isothermal at 10 K
and warmed up at 0.5 K minute™! to 293 K. The solid residues
were then cooled back down to 10 K to record an infrared
spectrum.

3. COMPUTATIONAL APPROACH

We have applied the density functional B3LYP methods (Becke
1993; Lee et al. 1988) to optimize the molecular structures of
the glycine anion (NH,CH,CO; ) and its CH3;NHCO; isomer
with the 6-311G(d,p) basis set (Krishnan et al. 1980). Using
these structures, we have calculated the vibrational frequencies
and infrared intensities, which are compared with the experi-
mental infrared spectra. All computations were carried out us-
ing the Gaussian 98 program package (Frisch et al. 2002). The
energies stated in the text are corrected with the zero-point vi-
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Fic. 4—CO; absorption band (1657 cm™") as seen after a 60 minute irra-
diation of the sample at 10 K with electrons.

Wavenumber (cm")

Fic. 5.—Glycine absorption (1381 cm™') as seen after a 60 minute irra-
diation of the sample at 10 K with electrons.

brational energies obtained with the B3LYP/6-311G(d,p) level
of theory.

4. RESULTS
4.1. Infrared Spectroscopy

The FTIR spectra are analyzed in two steps. First, we inves-
tigate the new features qualitatively and assign them to specific
transitions. Then we calculate production rates of the synthe-
sized molecules in units of molecules cm~2 (column density).
The effects of the electron irradiation of the CH3;NH,/CO, target
at 10 K are shown in Figures 3—5 and are compiled in Table 2. A
comparison of the pristine sample (Fig. 2) with the irradiated
ice at 10 K shows new absorption features that can be attributed
to carbon monoxide [CO(X 1X")] at 2139 cm™! (v, CO stretch-
ing). We also observed the v, CO stretching fundamental of
HOCO(X %4") at 1846 cm~! (Jacox 1988; Fig. 3) and one peak
attributed to the CO; ion (X 24;) at 1657 cm~! (Fig. 4; Jacox &
Thompson 1989). An absorption is also present at 1381 cm™!,
which can be attributed to the symmetric COO stretch of zwit-
terionic glycine (Fig. 5). The position of the peaks is in good
agreement with previous measurements of these species (Rosado
et al. 1998) listing the v, COO feature at 1367 cm™' from the-
oretical calculations and at 1401 cm™! from an experimental
determination.

After electron irradiation, the sample was annealed to 300 K
and then recooled to 10 K. Prominent absorption features appear
in the region of 1200-1800 cm~! (Fig. 6; Table 3). Since the
peaks overlapped considerably, we have deconvoluted the raw
data giving peaks at 1335, 1381, 1416, 1495, 1596, 1667, and
1708 cm~! (Table 3). To assign the carriers unambiguously, we

TABLE 2

NEW INFRARED ABSORPTIONS OF THE PROCESSED SAMPLE AT 10 K AFTER
AN IRRADIATION WITH 5 keV ELECTRONS

Frequency
(ecm™h Molecule Assignment Characterization
vy, COO Symmetric CO, stretch
V3 OCO asymmetric stretch
12 CO stretch
vy CO stretch
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Fic. 6.—Deconvoluted infrared absorptions of the processed sample after warming up to 300 K followed by a successive cooling back to 10 K.

started with the 1381 cm~! band, which was already attributed
at 10 K to the v4coo) fundamental of the glycine zwitterion. To
verify this assignment, we identified peaks 1416 (vycoo)),
1495 (OyNm3)), and 1596 cm™! (Vas(cooy), Which are unique to
the glycine zwitterion. Note that on the metal surface, the v4coo)
is actually split up; this correlates nicely with earlier experi-
ments of Rosado et al. (1998). Comparing our data with those of
Rosado et al. (1998) yields excellent agreement ( Table 4). Here,
the bands actually observed hold the largest integrated absorp-
tion coefficients in the 1200—1800 cm™! region (3.86x10~!7 to
8.77x107'7 cm); the remaining absorption coefficients of the
glycine zwitterion in this region are less by at least a factor of 3
(Table 4). Integrating the peak areas, accounting for the integral
absorption coefficients, we yield a column density of newly syn-
thesized glycine zwitterions of (2.1 £ 1.5)x10!6 ¢cm~2. Having
assigned the carriers of the zwitterionic glycine, we were able

to allocate the remaining carriers, and we can attribute the
1667 cm™! absorption to the anionic glycine molecule. This
value correlated nicely with the calculated one of 1664 cm™! (the
anharmonicities have been accounted for by multiplying the un-
scaled frequencies by a factor of 0.97; this peak actually presents
the most intense absorption band of the anionic glycine; Table 5).
The 1335 cm ™! peak can be assigned either to the v fundamen-
tal of the anionic glycine or to the wcy, mode of the zwitterionic
glycine. These results suggest column densities of the glycine
anion of (2.8 + 1.0)x 10'5 cm~2. Finally, the 1708 cm™! feature
could be assigned to the v5 mode of the isomer of anionic gly-
cine, i.e., CH3NHCO; (Table 6). The position is in very good
agreement with the theoretically calculated one of 1699 cm™';
note that this absorption holds also the highest integrated ab-
sorption coefficient of 8.01 x107'¢ cm. Please note that a frac-
tion of the 1381 cm™' absorption, previously assigned to the

TABLE 3
NEW INFRARED ABSORPTIONS OF THE PROCESSED SAMPLE AFTER WARMING Up 10 300 K FoLLOWED BY A SuccEissive CooLING Back 1o 10 K

Frequency Peak Area FWHM
(em™1) (em™h) (em™h) NH; CH,COO~ NH,CH,COO~ CH;NHCO;

33 94.3 w CH, Vo
0.1 21.5 v, COO Vg
0.4 414 vy, COO
43 95.5 8, NH;
6.2 80.0 Vgs COO
1.7 46.9 .. s
2.1 68.5 s




TABLE 4
INFRARED ABSORPTION FREQUENCIES OF THE GLYCINE ZWITTERION

Theoretical Wavenumber Integral Absorption Coefficient 4 Experimental Wavenumber
(em™ (cm molecule™") (cm™1) Assignment
217 x 1077 3176, 3040 V4 NH;3
1.43 x 107V 3176, 3040 Vas NH3
6.46 x 10718 2899 v, NH;
1.21 x 10718 3007 V4s CH,
1.01 x 10~'8 2970 v, CH,
8.77 x 10717 1596 Vas COO
1.81 x 1077 1615 845 NH;3
7.36 x 10718 1615 6,5 NH;
439 x 107V 1525, 1505 8y NHj
1.61 x 10718 1460, 1444 6 CH,
3.86 x 10717 1413, 1401 vy, COO
1.16 x 10717 1334 w CH,
442 x 10718 1310 tw CH,
143 x 10718 1131 NH;
47 x 10718 1112 p NH;
1.38 x 10718 1034 v CN
525 x 10718 911 p CH,
1.86 x 1077 893 v CC
498 x 1071° 698 § COO
83 x 1071 608 w COO
3.07 x 10718 504 5 CCO
5.43 x 10718 358 § NCC
7.97 x 1071 520 7 CN
3.49 x 1071 T CC
TABLE 5

CaLcULATED HARMONIC INFRARED ABSORPTION FREQUENCIES OF THE MoLECULE NH,CH,CO5

Unscaled Frequency Scaled Frequency Integral Absorption Coefficient 4
Assignment (em™) (em™) (cm molecule™)
3462 3358 23 x 10717
3366 3265 5.8 x 10717
3038 2947 1.2 x 10716
2979 2890 1.5 x 10716
1715 1664 6.9 x 10716
1681 1630 9.3 x 10717
1472 1428 32 x 10718
1376 1335 2.8 x 10717
1360 1319 3.8 x 10716
1288 1249 5.8 x 10717
1153 1118 5.9 x 107V
1121 1087 3.6 x 10717
995 965 2.0 x 10716
942 913 9.8 x 10”18
857 831 1.3 x 10710
679 658 2.5 x 1077
573 555 7.8 x 10718
483 468 1.1 x 10717
306 297 3.1 x 10717
238 231 7.1 x 10717
109 106 6.4 x 10718

Note.—Frequencies were also scaled by a factor of 0.97 to account for the anharmonicity.
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TABLE 6
CAaLcULATED HARMONIC INFRARED ABSORPTION FREQUENCIES OF THE CH3;NHCO, MOLECULE

Unscaled Frequency

Scaled Frequency Integral Absorption Coefficient 4

Assignment (em™) (em™h) (cm molecule™")
3555 3448 5.7 x 10718
3095 3002 1.9 x 10717
2943 2855 3.0 x 10716
2857 2771 3.8 x 10716
1752 1699 8.0 x 10710
1513 1467 1.8 x 1077
1489 1444 1.4 x 1077
1422 1379 1.4 x 10710
1396 1354 7.2 x 1077
1305 1266 4.4 x 10716
1155 1120 1.3 x 10716
1141 1106 1.7 x 10717
1089 1056 3.1 x 10717

885 858 1.8 x 10716
820 795 7.6 x 10717
739 716 1.0 x 10716
577 560 7.9 x 10717
537 521 2.5 x 107V
300 291 1.6 x 1077
163 158 2.1 x 10718
153 148 4.4 x 1071

Note.—Frequencies were scaled by a factor of 0.97 to account for the anharmonicity.

glycine zwitterions, could also account for the g mode of the
CH;NHCO, isomer. These data suggest a column density of
(2.7 + 1.3)x10" cm™2.

4.2. Mass Spectrometry

It is interesting to correlate the infrared observations with the
mass spectrometric analysis during the irradiation phase (Fig. 7).
During the isothermal state, molecular hydrogen (m/e = 2) was
observed in the gas phase. We would like to stress that no other
molecule was detected to be released into the gas phase during
the irradiation process. Therefore, we can exclude that the mo-
lecular hydrogen is a fragmentation product of higher molecular
products. Note that as we anneal the sample to 13 K, additional
hydrogen molecules are released. This finding correlates well
with previous studies of silane, d4-silane, and methane ices,
which were found to store hydrogen atoms and molecular hy-
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Fic. 7.—Time-evolved mass spectrum showing the evolution of molecular
hydrogen in the ice sample together with the temperature of the experiment.

drogen even at 10 K to be released during the heating phase
(Sillars et al. 2004).

5. DISCUSSION

We must now try to determine the mechanisms by which
the glycine zwitterion (NH; CH,COO™), the anionic glycine
(NH,CH,COO™), and its CH;NHCOO™ isomer are synthe-
sized in low-temperature methylamine—carbon dioxide ices, both
in the irradiation phase at 10 K and/or after heating the target to
300 K. The experimental data can be readily understood in terms
of an initial hydrogen loss of the methylamine molecule upon
electron irradiation:

CH3;NH,(X '4") — CH;NH (X *4") + H(’S0),  (7)
CH3;NH,(X '4’) — CH;NH(X 24") + H(*S1 0).  (8)

Since the methylamine molecule holds two nonequivalent hy-
drogen atoms at the methyl and the amino group, we can expect
the formation of two distinct radicals via a carbon-hydrogen
(eq. [7]) and through a nitrogen-hydrogen (eq. [8]) bond rupture
process. Our calculations show that both reactions are endoer-
gic by 369 and 394 kJ mol~!, respectively, with the amino-
methyl radical, CH,NH,(X 24’), more stable by 25 kJ mol~!
compared to the methyl amino radical, CH;NH(X 24’). Both
pathways have also been observed in photodissociation experi-
ments and during collisions of methylamine with metastable
noble gases (Tao et al. 1987; Waschewsky et al. 1995; Yang
et al. 1997; Hubin-Franskin et al. 2002). Note that this mech-
anism is similar to the charged particle—induced rupture of the
carbon-hydrogen bond in the methane (CH4; X '4;) molecule to
form atomic hydrogen and the methyl radical (CH3) via

CH4(X '4)) — CHy(X *43) + H(S) o). 9)
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Fic. 8.—Feasible primary reaction pathway in the methylamine—carbon dioxide mixture upon electron irradiation, which may lead to glycine and its isomers. The
most stable structure of neutral glycine (in the gas phase) is the confirmation (a) shown in Fig. 9.

However, the intense absorptions of the methylamine matrix
do not allow direct infrared spectroscopic detection of the
CH,NH,(X 24’) and CH;NH(X 24’) species. Here, the most
intense CH, (v, 615 cm™!) and NH, umbrella modes (v,
697 cm™ "), modes of the CH,NH,(X 24’) radical, and the CH;
(v3, 2884 cm™'; 15, 2991 cm™!) asymmetric stretching modes
are obscured by the fundamentals of methylamine and carbon
dioxide (Table 1; Fig. 2). However, we were able to detect mass
spectroscopically molecular hydrogen at m/e = 2, i.e., a recom-
bination product of two hydrogen atoms inside the ice sample
(Kaiser & Roessler 1998):

H(*S12) + H(*S12) — Ha(X 'S)). (10)

What is the fate of the generated the CH,NH,(X 24’), CH;NH
(X 24"), and H(S},) species? These open-shell reactants can
interact via multiple reaction pathways with a matrix isolated
carbon dioxide molecule, as shown in Figure 8. First, the hy-
drogen atom can interact with the 7 bond of the carbon dioxide
molecule and can add either to the carbon atom (pathway [1] of
Fig. 8) or to the oxygen atom (pathway [2] of Fig. 8). The cor-
responding reaction energies are +65.6 and —3.3 kJ mol~!
(Zhu et al. 2001). Alternatively, the CH;NH(X 24’) and
CH,NH,(X 24’) radicals can follow a similar reaction scheme

via reactions (3)—(6) in Figure 8. Note that these processes are
endoergic by 27, 227, 108, and 95 kJ mol .

What is the dominant reaction pathway? We can compare
the schematic reaction sequence (Fig. 8) with the experimen-
tally observed species after the irradiation at 10 K (Table 2).
Here, we identified the trans-HOCO(X 24’) radical via the
C=0 stretching mode at 1846 cm~!. This suggests that at least
route (2) is open at 10 K. Although the pristine sample does
not absorb between 1700 and 2000 cm~!, we were unable to
observe any of the most intense bands of the CH;NHOCO
(X 24") radical at 1813, 1841, and 1860 cm™! (pathway [4] of
Fig. 8) or of the NH,CH,OCO(X 24’) radical at 1774, 1762,
and 1813 cm™! (pathway [6] of Fig. 8). The strongest absorp-
tions of CH3NHCOO(X 24") and NH,CH,COO(X 24’) at 1612
and 632 cm~! are obscured by the pure ices in the sample.
Therefore, the trans-hydroxycarbonyl radical, HOCO(X 24’),
is the only species of the reaction pathways (1)—(6) in Figure 8
that has been positively identified so far. This scenario can be
readily understood in terms of the dynamics of the reactions.
Assume, for example, that 200 kJ mol~! is available after the
initial rupture of the hydrogen-nitrogen bond. In a simple gas-
phase model, angular momentum conservation dictates that the
majority of the available energy is channeled into kinetic energy
of the light particle (here 193.47 kJ mol~! for the hydrogen
atom), whereas only a small fraction goes into kinetic energy of
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the heavy particle [here 6.6 kJ mol~! for the CH;NH(X 24")
and CH,NH,(X %4’) radicals]. Note that for the polyatomic rad-
icals, this presents an upper limit due to the rotational and vi-
brational excitation of the radical species. In the solid state, the
hydrogen atom is not in thermal equilibrium with the 10 K ma-
trix and therefore must be defined as suprathermal. The excess
kinetic energy of the hydrogen atom can then be utilized to
overcome the entrance barrier of addition of 113 kJ mol~! of the
reaction to form the HOCO(X 24’) radical (Morton & Kaiser
2003; Yu et al. 2001; Zhu et al. 2001); the latter can then be
stabilized in the surrounding matrix via phonon coupling. Sim-
ilarly, vibrational energy in the polyatomic species can be used
to compensate for the endoergicity and the involved entrance
barriers of pathways (3)—(8) in Figure 8, as well. However,
vibrationally exited polyatomic species are more likely to cou-
ple their internal energy to the surrounding matrix via phonon in-
teraction. This effect has been observed in the CH4/CO system
(Bennett et al. 2005), where the methane molecule was cleaved
upon electron irradiation via equation (9), and only the hydro-
gen atom was found to react with the carbon monoxide mol-
ecule to form the spectroscopically observed formyl radical
(HCO; X 24"); no product of the methyl radical plus carbon
monoxide reaction could be observed. We therefore suggest that
upon release of a hydrogen atom from the methylamine mol-
ecule via equations (7) and/or (8), the suprathermal hydrogen
atom overcomes the barrier to addition forming the spectro-
scopically observed trans-hydroxyl radical, HOCO(X 24"), in
an exoergic reaction (—14.6 kJ mol~") via

COx(X 'S7) + H(*S))2) — HOCO(X *4"). (11)

Since the reaction is exoergic, and hence the transition state
is “early,” kinetic energy is very efficient to overcome the en-
trance barrier (Steinfeld et al. 1998). It is important to stress that
we observed not only the HOCO(X 24’) radical, but also the
CO; (X 24;) anion at 1657 cm™!. Two pathways are likely to
form this anion, i.e., a reduction of the carbon dioxide molecule,
which is correlated with an acceptance of the electron in the lowest
unoccupied molecular orbital of the carbon dioxide molecule
(scenario 1),

COX 'S)) 4+ — CO; (X 4y), (12)

or a proton transfer from the frans-hydroxylcarbonyl species
(an acid) to a methylamine molecule in the matrix (a base;
scenario 2),

HOCO(X %4") + CH3;NH (X '4") — CO5 (X ?4))
+ CH;NH7 (X '4").

(13)

Since we did not observe any CO; (X 24,) anion during the
irradiation of a pure carbon dioxide ice at identical tempera-
tures, irradiation currents, and electron energies (Bennett et al.
2004), we suggest that a proton transfer process is more likely.
Note that we also detect the strongest fundamental of the
CH;NH;"(X 24') cation at 3355 cm~! (7). To form the amino
acid glycine, the HOCO(X 24’) species has to react with the
CH,NH,(X 24') radical. However, since the latter is immobile
at 10 K, the reaction must take place between neighboring
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radicals that hold the correct reaction geometry in the matrix
cage via

HOCO(X 24") + NH,CH,(X 24") — NH,CH,COOH(X '4').
(14)

Recall that this radical-radical recombination reaction requires no
entrance barrier and hence is feasible at 10 K. However, we were
not able to detect any absorption of the neutral glycine con-
formers, although the 1810, 1778, 1784, and 1808 cm™! absorp-
tions are not obscured by any absorption from the matrix material
(Reva et al. 1995; Ivanov et al. 1998; Alexandrov et al. 1998).
Instead, we identified the zwitterionic form of the glycine mole-
cule at 1381 cm™! (Table 2) at column densities of (1.2 4 0.2) x
10" cm™2. Therefore, the data suggest that in the alkaline me-
thylamine matrix, the glycine molecule may undergo a proton
transfer to the zwitterionic structure at 10 K. We would like to
stress that the overall reaction to form neutral glycine from the
methylamine and carbon dioxide reactants has been calculated
to be endoergic by, depending on the glycine conformer, at least
41 kJ mol~! (Fig. 9). This also underlines the necessity of non-
equilibrium (suprathermal ) chemistry to actually synthesize gly-
cine via energetic particle and nonthermal sample processing.
The arguments developed in the previous paragraphs help us to
understand the spectroscopic detection and the formation mech-
anism of the glycine zwitterion in the low-temperature matrix. We
attempt now to rationalize the enhanced column density of the
glycine zwitterion [NH; CH,COO™, (2.1 & 1.5)x10'® cm 2]
and the observation of anionic glycine [NH,CH,COO™, (2.8 &+
1.0)x 10" em™?] and its NH,CH,COO™ isomer [(2.7 % 1.3) x
1015 ¢cm™2] after warming the sample to 300 K followed by a
successive recooling to 10 K. The enhancement of the column
density by 3 orders of magnitude after the heating process of the
glycine zwitterion suggests an additional, temperature-dependent
production route upon warming the ice sample. Here, the anneal-
ing phase and hence the enhanced temperature may increase
the mobility and hence diffusion coefficient of matrix isolated
HOCO(X %4"), CH;NH(X 24"), and CH,NH,(X %4’) radicals.
Since aradical-radical recombination involves no entrance barrier,
a reaction of the trans-hydroxylcarbonyl radical with CH;NH
(X 24") and CH,NH,(X 24’) could explain the formation of
additional carbon-carbon and carbon-nitrogen single bonds.
However, we were not able to observe any glycine molecules
or its isomers, but only the glycine zwitterion as well as the
NH,CH,COO™~ and CH3;NHCOO™ anions. This is likely to be
an effect of the silver substrate on which these species are ad-
sorbed. Barlow et al. (1998) suggested that upon chemisorption
of neutral glycine on metal surfaces such as copper {110}, a
fraction of the glycine molecules can donate a proton, and the
resulting ion forms a complex and/or chemical bond with the
metal surface. The identification of the CH;NHCOO™ anion
also presents a further proof that upon annealing of the matrix,
the hydroxycarbonyl radical can also recombine with the thermo-
dynamically less stable methyl amino radical, CH;NH(X 24"),

HOCO(X 24") + CH3;NH(X 24") — CH3;NHCOOH(X '4"),
(15)

followed by a chemisorption of the corresponding anion to the
metal surface; the latter has been formed via equation (8).
Finally, we would like to investigate whether the experi-
mentally observed column densities [NH; CH,COO™, (2.1+
1.5)x 10 em~%; NH,CH,COO~, (2.8 + 1.0)x10" cm™?;
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CH;NHCOO™, (2.7 + 1.3) x 10'* cm™2] can be supported en-
ergetically. Here, (2.4 + 1.5) x 10'® em™2 CH,NH,(X ?4’) and
(2.8 & 1.0) x 10" cm™2 CH;NH(X 24’) have to be generated.
Accounting for the bond dissociation energies and the target
surface, (3.0 £ 0.5) x 10!7 eV are necessary to cleave the carbon-
hydrogen and nitrogen-hydrogen bonds; in addition, each hy-
drogen atom must have an excess energy of at least 1.1 eV to
overcome the barrier of addition to the carbon dioxide mole-
cule. This accounts for an additional (0.80 & 0.1)x 10'7 eV,
i.e., summing up to (3.8 & 0.4) x 10'7 eV. Considering the total
energy deposition of the implanted electrons of (5.1 £ 0.5) x

10" eV into the target, the experimentally observed column

densities can be synthesized here, but only about 0.7% =+ 0.2%
of the available energy is utilized to form the glycine zwitterion
and its anion together with its isomer.

6. ASTROPHYSICAL IMPLICATIONS

Our experiments are the very first step to a systematic under-
standing of the formation of amino acids (glycine being the
simplest member) in extraterrestrial ices found in cold molec-
ular clouds, comets, and in our outer solar system. The explicit
identification of the amino acid glycine at low temperature (10 K)
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Fic. 10.—Optimized structure of the van der Waals complex between methylamine and carbon dioxide obtained with the B3LYP/6-311G(d,p) level of calculation.
The bond length and bond angles are in angstroms and degrees, respectively. The binding energy is calculated to be 12.9 kJ mol~".

suggests that energetic d-electrons, which are generated in the
ultra track of Galactic cosmic-ray particles penetrating ice
samples, primarily induce a carbon-hydrogen bond rupture
process in the methylamine molecule CH;NH,(X '4’) to gen-
erate a CH,NH,(X 24’) radical plus atomic hydrogen. Based on
energy and angular momentum conservation, most of the ex-
cess kinetic energy is given in the form of translational (kinetic)
energy to the light hydrogen atom. The CH,NH,(X 24’) radi-
cal also gets vibrationally excited but, because of its larger
mass, is unable to diffuse inside the ice matrix. The vibrational
excitation can be coupled into the phonon modes of the ice
sample. The generated hydrogen atom is not in thermal equi-
librium with its surrounding 10 K (hence, suprathermal hy-
drogen atom) and can add to the carbon dioxide molecule to
form the trans-hydroxycarbonyl, HOCO(X 24"), radical. If both
the CH,NH, (X ?4’) and the HOCO(X ?4’) radicals are formed
in the same matrix cage and if they are in a proper geometric
orientation with respect to both radical centers, then they can
recombine to form the amino acid glycine. The overall reaction
was found to be endoergic by at least 41 kJ mol~!, thus un-
derlining the crucial involvement of suprathermal reactants; the
formation of the latter can be triggered by Galactic cosmic-ray
particles and the inherent formation of é-electrons. We would
like to stress that we also investigated the energetics of forming
glycine in a bound methylamine—carbon dioxide van der Waals
cluster (Fig. 10). Here, the endoergicity is actually increased by
about 13 kJ mol~!. It is important to outline that the production
rates of glycine at 10 K during the irradiation process are very
small (smaller by a factor of 500) compared to the glycine
column density found after the warming up period to 293 K and
recooling of the residue back to 10 K. Note that the 10 K matrix
stores a significant amount of HOCO and CH,NH,/CH;NH
radicals, which are immobile at 10 K. The warming up period,
simulating the transition from a cold molecular cloud to the hot
core stage, also triggers a diffusion and hence possible recom-
bination of the radical species that are not mobile at 10 K.
Therefore, nonequilibrium chemistry, which initially generates

the radical species, and the thermal processing of the irradiated
grain particles are both important components of the synthesis
of glycine on interstellar grain particles. Once the glycine has
been formed on interstellar grains in, for example, photon-
shielded molecular clouds such as Barnard 68 (B68), these
species can sublime once the cloud reaches the hot molecular
core stage. However, the nascent gas-phase abundances can be
altered and hence reduced dramatically, since amino acids were
found to be very susceptible to photon destruction, in particular
if the hot star heats the grain particles (Ehrenfreund et al. 2001).
We would like to stress that at the present stage, we cannot rule
out the involvement of the CO; anion in our experimental
conditions or the recombination with CH,NH,(X 24’) and/or
CH3;NH(X 24’) to form NH,CH,COO~ and CH3;NHCOO,
respectively. This is currently under investigation. In addition,
it should be pointed out that alternative production routes may
exist in low-temperature ices, which involve nonequilibrium
chemistry. These are, for instance, radical-radical recombination
of an amino radical (NH,; X 2B,), generated via a cosmic-ray
particle—induced nitrogen-hydrogen bond cleavage in an ammo-
nia molecule, with the CH,COOH(X 24’) radical, formed by
a carbon-hydrogen bond cleavage of the neutral acetic acid
molecule,

NH,(X 2B;) + CH,COOH(X %4") — H,NCH,COOH(X '4").
(16)

Alternatively, suprathermal NH radicals, which can be formed
via Coulomb explosions in the infra track of cosmic-ray particles,
can insert into the carbon-hydrogen bond of the acetic acid mol-
ecule to form glycine in a one-step, formally spin-forbidden re-
action sequence,

NH(X 3% ") + CH;COOH(X '4") — H,NCH,COOH(X '4").
(17)



952 HOLTOM ET AL.

These processes are also currently under investigation. The elu-
cidation of formation mechanisms of more complex amino acids
is currently underway. We would like to stress again that the
laboratory experiments mimic the existence of methylamine—
carbon dioxide complexes inside interstellar ices. Therefore,
a quantitative extrapolation of our results to interstellar ices is
not an easy task; future experiments will investigate the effect of
water-dominated ices with small amounts of carbon dioxide—
methylamine admixtures. Nevertheless, this will not influence
the conclusions drawn about the generalized reaction mecha-
nism to form glycine and its isomers, but it will have implica-
tions on the absolute production rates of both isomers.
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