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13.1  Introduction
Glycine (NH2CH2COOH, hereafter referred to as Gly) is the simplest amino 
acid and accordingly it is a paradigmatic compound to investigate the pri-
mordial chemical evolution of bio- molecular building blocks, namely, from 
its synthesis to its transformation into biopolymers under abiotic conditions.

Amino acids are organic compounds that contain amine (–NH2) and car-
boxyl (–COOH) functional groups. Polymerization of amino acids through 
condensation reactions leads to the formation of peptides, the building 
blocks of proteins. Proteinogenic amino acids (i.e., those forming pro-
teins) are α- amino acids, in which both the amine and the carboxyl groups 
are attached to the first (α- ) carbon. The generic formula is NH2CHRCOOH, 
in which NH2CHCOOH is the backbone chain and R the side chain. R is 
an organic substituent (normally an aliphatic chain ended by a particular 
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Chapter 13266

functional group) that allows one to differentiate a type of amino acid 
from the rest and dictates its chemical properties, e.g., non- polar, polar,  
acidic, basic, etc. For Gly, R = H, is the simplest case. An amino acid 
exhibits either a canonical (i.e., with NH2/COOH groups) or a zwitterionic  
(i.e., with NH3

+/COO− groups) state. The prevalence of one state over the other  
depends on the environmental conditions. In the gas phase, the canonical 
state is the most stable because the intramolecular charge separation of 
the zwitterion is not stable. In contrast, in solution at pH = 7 (e.g., in bio-
logical media), the zwitterion predominates due to the Coulomb screening 
power of water.

In an astrochemical context, Gly is considered to be a complex organic mol-
ecule (COM), due to its size (10 atoms). COMs are molecules between 6 and 
12 atoms, among which at least one is C.1,2 COMs have been detected in dif-
ferent astrophysical environments by means of astronomical observational 
measurements based on rovibrational emission spectroscopy.3–6 Although 
there is currently a hot debate on COM formation, one paradigm postulates 
that their synthesis can occur on the surfaces of interstellar grains.7–10 These 
grains are submicron dust particles consisting of a refractory core of silicates 
or carbonaceous materials usually covered in ice mantles, predominantly of 
H2O “dirtied” by other simple volatile species like CO, CO2, NH3 and CH3OH. 
The “on- grain” synthesis route states that simple reactants, coming from the 
gas phase, adsorb on the surfaces of the ice mantles, diffuse on them and, 
upon encountering, react to form COMs. Since observational detections of 
interstellar molecular species can only be possible if they are in a gaseous 
state, COMs formed by “on- grain” should move from the solid to the gas 
phase. For Gly this final step is problematic. Interstellar desorption of ice- 
adsorbates into the gas phase normally occurs by energetic processes such as 
uV or electron irradiation and shocks. Gly is sensitive to uV and electrons11 
and accordingly its survival in the gas phase after the desorption process is 
unlikely. Moreover, as Gly is a large COM, its detection in the microwave is 
hampered by a large number of rotational transitions resulting in a forest of 
weak lines that are hard to interpret. These two problems may well explain 
why unambiguous direct detections of interstellar Gly have not been success-
fully achieved so far.12–15

In carbonaceous chondrites, i.e., the most pristine, less altered meteorites 
known so far, a rich suite of complex organic compounds have been identi-
fied,16–21 some of them of biological relevance, such as amino acids, sugars 
and nucleobases. Nevertheless, in contrast to the interstellar COMs detected 
in observational measurements, these meteoritic organic compounds are 
chemically more complex. That is, molecules with more than 12 atoms and 
with a larger variety of chemical functional groups are abundant, includ-
ing aliphatic and aromatic hydrocarbons, alcohols, carbonyl compounds, 
amines, amides, nitrogen heterocycles, carboxylic and hydroxycarboxylic 
acids, sulfonic and phosphonic acids, amino acids and carbohydrates.22 In 
comets, although the chemical content is not so complex as the meteoritic 
one, there is also clear evidence of the presence of more evolved organic 

1

5

10

15

20

25

30

35

40

45

Administrador
Tachado
por qué se borra?



267The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

compounds than the interstellar COMs. For instance, large organic entities 
with elemental composition of C, H, N and O (and inlesser amounts, P and S) 
have been identified, which have been tentatively associated with polymeric 
materials.23–25 Moreover, organic volatiles have also been identified, the most 
relevant one being undoubtedly Gly in the Stardust's Wild 2 26,27 and Rosetta's 
67P28 comets. due to this enhanced chemical complexity, it is believed that 
most of these compounds were synthesized in the same asteroidal bodies, 
where they were trapped. In that respect, hydrothermal alteration processes 
undergone by the asteroidal bodies are of particular importance because 
they could have facilitated the occurrence of organic reactions in water solu-
tion that led to the formation of these more complex molecules.29–32 Remark-
ably, all these organic compounds (among them Gly) formed and/or present 
in the asteroidal bodies could have well chemically fed the primordial Earth. 
Indeed, meteoritic bombardment in the first billion years of the Earth's exis-
tence could have been an important source of abiogenic important mole-
cules. Along this line, the Earth late heavy bombardment (that occurred ca. 
4.1–3.8 Ga ago) was of significant importance, in which a disproportionate 
large number of asteroids collided with the early planets belonging to the 
inner Solar System.

In the sequence of organizational events that led to the origin of life on 
early Earth, biomolecular building blocks, irrespective of their origin (i.e., 
via exogenous delivery or endogenous synthesis), had to transform into 
more complex systems, in which at each step they gained more biologi-
cal relevance. A crucial step was the formation of biopolymers essential 
for life such as peptides, polynucleotides and polymeric carbohydrates. 
Peptides result from the linking of different amino acids through the nuc-
leophilic attack of the NH2 end of one amino acid with the COOH end of 
another amino acid, giving rise to the peptide bond plus a water mole-
cule (condensation reaction). The simplest case of a peptide bond is the 
joining of two Gly molecules, giving rise to glycylglycine, NH2CH2–C(=O)–
NH–CH2COOH: the –C(=O)–NH-  moiety is almost planar due to electron 
delocalization and its structural rigidity imparts specific conformations 
to peptides.

In condensation reactions, the release of water represents an important 
drawback in the prebiotic context: since reactants might have probably been 
diluted in watery environments, condensation reactions are thermodynam-
ically unfavorable.33,34 A plausible solution to overcome this “water release 
problem” advocates that condensation reactions could have taken place in 
environments where seasonal fluctuations of humidity and temperature 
allowed repeated periods of wet and dry cycles, the latter conditions being 
propitious for condensation reactions.35,36 In addition, J. d. Bernal proposed 
minerals as central players in the formation of the first biopolymers.37 He 
postulated that mineral surfaces were suitable places to adsorb and immo-
bilize the monomers (this way acting as concentrators), to activate them to 
react (this way acting as catalysts), and to preserve the resulting products 
from prompt hydrolysis (this way acting as protectors). In this sense, mineral 
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Chapter 13268

surfaces can adsorb and retain the water released during the process, in 
this way favoring the thermodynamics of the reactions.38,39 This theory has  
received the support of a great number of investigations for polypeptide and 
polynucleotide formation, both from the experimental34,40,41 and theoretical42,43  
sides. Thus, the “polymerization on the rocks” in combination with the  
fluctuating wet/dry environments opens up the propitious conditions for  
the occurrence of abiotic condensation reactions yielding the emergence of 
biopolymers in a prebiotic era.

As mentioned above, Gly has not been directly detected as an interstellar 
species but paradoxically its presence is recurrent in carbonaceous chon-
drites. However, the chemical history of Gly, particularly its interstellar forma-
tion and its prebiotic polymerization, has been investigated experimentally. 
There is clear experimental evidence that processing of interstellar ice ana-
logs results in Gly formation, among other amino acids and organic com-
pounds.44–49 Additionally, experiments have proved that C atom additions 
are also potential synthetic routes toward Gly formation.50 In the same way, 
different experiments devoted to Gly polymerization in the presence of min-
erals (e.g., silica, alumina, titania) have been successfully carried out.41,51–57 
despite these positive results, experiments cannot provide atomistic infor-
mation of these processes, which are mandatory to have unique details on the 
mechanistic steps, the structures and energetics, and to know the actual role 
of the surfaces (e.g., ice mantles, minerals) that enable the evolution of the 
reactions. Such information is currently possible by making use of the tools, 
methods and techniques of computational chemistry.43,58,59 In this book 
chapter, we review exclusively studies based on quantum mechanical simu-
lations devoted to elucidate the possible mechanism related to the birth and 
fate of Gly, i.e., from its synthesis in the ISM, passing through its transporta-
tion and delivery to the early Earth, and finally to its abiotic polymerization.

This chapter is distributed as follows. Section 2 provides a brief descrip-
tion of the quantum chemical methods and the surface modeling techniques 
usually employed in computational chemistry. Section 3 is the core of the 
chapter, where dedicated quantum chemical studies on the formation, trans-
portation and delivery, and polymerization of Gly are described. Finally,  
Section 4 exposes the main conclusions alongside future perspectives on the 
potentiality of computational chemistry in improving our current know- how 
on Gly- related events involved in primordial chemical evolution.

13.2  Computational Framework
The chemical processes presented here concern a wide variety of reaction 
types and mechanisms (e.g., proton/electron transfer, nucleophilic/electro-
philic attacks) occurring on structural models mimicking either the surfaces 
of ice mantles or that of minerals. Accordingly, accuracy of the results relies 
on (i) the quantum chemical methods describing the chemical reactions, 
and (ii) the modeling approach describing the surfaces where the reactions 
occurred.
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269The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

Within the quantum chemical context, when high accuracy is needed, 
approaches based on improvement of the wave function such as Møller–
Plesset and coupled cluster methods (e.g., MP2 and CCSd(T), respectively) 
are adopted.60,61 These methods, however, are extremely expensive for large 
systems and accordingly hitherto impractical when modeling surface pro-
cesses. Alternatively, since the late 1990s, approaches based on electron den-
sity, the so- called density functional theory (dFT) methods, have become 
computationally cheaper alternatives to those that are wave function based, 
as well- designed dFT methods provide acceptable accuracy.62–66

In relation to surface modeling, application of the periodic boundary con-
ditions (PBC approach) into a unit cell containing the adsorptive/catalytic 
sites is the natural method of choice. Alternatively, cutting out from the crys-
talline model a finite set of atoms containing the catalytic sites, the so- called 
cluster approach, is also possible.

Powerful computer codes have been developed over the years to solve the 
PBC problem for infinite systems. However, due to their infinite nature, appli-
cation of highly accurate, wave function based methods is overwhelming, 
although recent developments allow MP2 applicability.67–70 Thus, in prac-
tice, they can only be studied using dFT methods. Moreover, localization of 
transition state structures is less efficiently coded compared with molecular 
programs, and accordingly characterization of the potential energy surfaces 
(PESs) is limited to “simple” reactions. In contrast, a large variety of quan-
tum molecular programs can properly handle cluster models, characterizing 
PESs of complex chemical reactions (like in molecular systems) and using 
even CCSd(T) if the cluster size and the program allow one to do so.

despite these methodological advantages, the cluster approach can be 
limited by: (i) the need to ‘‘heal’’ dangling bonds resulting from cutting cova-
lent/ionic bonds from the extended system, and (ii) the cost of the calcula-
tion growing rapidly with the cluster size, which should be large enough to 
include the surface active sites and the nearest neighbors. Indeed, the clus-
ter sizes can become prohibitively large, particularly for amorphous systems, 
thereby reducing the aforementioned advantages when adopting molecular 
computer codes. A possible solution is to use embedding techniques like the 
ONIOM method,71 in which the region of main interest (normally the region 
close to the adsorptive/catalytic sites) is treated at a high level of theory [MP2, 
CCSd(T)], whereas the surrounding region is treated at a lower level (dFT, 
semi- empirical or even molecular mechanics).

13.3  Results and Discussion
13.3.1  Gly Formation on ISM: The Role of Water Ice Mantles
Although different gas- phase pathways for glycine formation in the interstel-
lar medium (i.e., through ion–molecule reactions or radical species) have 
been addressed by quantum chemical calculations,72–79 in this chapter we 
will mainly focus on the synthesis of glycine at the surfaces of interstellar 
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Chapter 13270

dust grains, since they can act not only as a catalyst but also as a third body 
dissipating the released reaction energies. As mentioned in the Introduction, 
the core of the interstellar grains is covered by H2O- dominant ice mantles. 
Thus, a reasonable path towards interstellar Gly can be inspired by what is 
happening in liquid water, i.e., the Strecker synthesis. This route comprises 
the synthesis of amino acids under acidic conditions by the reaction of alde-
hydes/ketones with ammonia and hydrogen cyanide. For the particular case 
of Gly, the reaction involves the three steps shown in Figure 13.1A. This 
reaction is particularly attractive from an interstellar viewpoint because the 
reactants (i.e., H2C=O, NH3 and HCN) are compounds usually identified as 
minor species in the ice mantles, and the NH=CH2 and NH2CH2C≡N inter-
mediates are compounds experimentally detected in different interstellar 
environments.

The interstellar Strecker synthesis on water ice mantles has been fully 
simulated80 (namely, accounting for all the reaction steps) using a cluster 
of 18H2O molecules as a model for the surface of an interstellar water ice 
mantle (see Figure 13.1B). The water cluster was generated by extracting 
a cluster from the crystalline P- ice (the proton- ordered analog to hexago-
nal Ih ice), which has been successfully used in the past to simulate water 
ice features.81 The outermost water molecules of the cluster, envisaging the 
classical hexagonal organization, exhibits an ideal H- bond network that 
allows the proton transfer, which is usually advocated in proton transfer  
processes in which water (normally as solvent) acts as a catalyst82 (see  
Figure 13.1C). In the interstellar Strecker synthesis of the Gly formation, the  
catalytic role of water is involved in all the reaction steps. Indeed, in both 
the formation of NH2CH2OH, its dehydration to form NH=CH2, the reac-
tivity of NH=CH2 with HCN to give NH2CH2C≡N and its final hydrolysis, 
surface ice water molecules act in proton transfer processes. This process is 
fundamental in reducing the kinetic energy barriers, when compared to the 
gas- phase analog processes. Figure 13.1d shows the localized transition 
states for the first and second Strecker steps, in which the proton trans-
fer catalysis was found to be more relevant. All the steps of the simulated 
interstellar Strecker synthesis were found to be thermodynamically favor-
able. However, the problem of this synthetic route is related to its kinetics. 
despite the proton- relay mechanism, the kinetic barriers are exceedingly 
high for the 10–20 K temperatures occurring in dense molecular clouds, 
being 60, 73 and 163 kJ mol−1 for steps (i), (ii) and (iii) of Figure 13.1A. For 
temperatures in the 100–200 K range, occurring in regions surrounding a 
newly born massive star (hot molecular cores) steps (i) and (ii) (i.e., forma-
tion of NH=CH2 and NH2CH2CN) become feasible, providing a plausible 
explanation for the experimental detection of these species in astrophysi-
cal environments.83 However, step (iii), that related to the actual Gly forma-
tion by hydrolysis of NH2CH2CN, is unlikely to occur even in these warmer 
regions. The main conclusion is that, in dark and cold molecular clouds, 
the Strecker- type mechanism occurring at the water ice surfaces seems to 
be not feasible for the synthesis of Gly by kinetic reasons.

1

5

10

15

20

25

30

35

40

45

Administrador
Tachado

Administrador
Texto insertado
observationally

Administrador
Tachado

Administrador
Texto insertado
participate in the

Administrador
Tachado

Administrador
Texto insertado
of

Administrador
Tachado

Administrador
Texto insertado
cores/corinos

Administrador
Tachado

marionasodupe
Tachado

marionasodupe
Tachado



271The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

Figure 13.1   (A) Steps involved in the Strecker synthesis for the formation of Gly. 
(B) Molecular cluster of 18H2O molecules as a model to represent the 
surface of an interstellar water, i.e., mantle. (C) Motion of the protons 
in a proton relay mechanism assisted by two H2O molecules. HA and B 
are the generic proton donating and receiving species, which convert 
into A− and HB+ after the process. (d) Transition state structures for 
the formation of NH2CH2OH, NH=CH2 and NH2CH2C≡N assisted by 
the external waters of the ice cluster model. Note that the waters at the 
bottom of the cluster are not shown for the sake of clarity. Adapted 
from ref. 80 with permission from the Royal Society of Chemistry.
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Chapter 13272

As mentioned in the Introduction, Gly is easily formed in the laboratory 
when ices are energetically processed, normally by irradiation of uV photons 
and high- energy particles. The underlying idea is that energetic fluxes of uV 
photons and particles activate the iced species, e.g., by generating reactive 
radicals, hence allowing their fast reactivity and, perhaps Gly synthesis. This 
idea has been investigated through ab initio computer simulations.84 Two 
cases were considered: (i) uV ice irradiation causing homolytic cleavage of 
water molecules, and (ii) ionization of water ice by cosmic rays. uV effects 
were modeled by removing one H atom of one water molecule belonging to 
the (H2O)8 water cluster mimicking the grain ice, ending up with a water clus-
ter exhibiting an OH· radical group (i.e., becoming a radical neutral cluster). 
Cosmic rays' effects were modeled by removing one electron of the (H2O)8 
cluster (i.e., becoming a radical cation cluster). Remarkably, for the latter 
case, geometry optimization of the cluster collapsed to a system exhibiting 
an OH· (responsible for the radical character) and a H3O+ (responsible for 
the cation character). The structures of all the considered cluster models are 
shown in Figure 13.2A. By using these two “processed” cluster models, Gly 
formation was simulated at dFT BHlYP level through two steps: (i) reaction  
of the OH· radical with an incoming CO to form the ·COOH radical, and  
(ii) reaction of the formed ·COOH radical with an incoming NH=CH2 molecule.  
It is worth mentioning that, according to this mechanism, the final product 
is not Gly, but one of its radical forms, ·NHCH2COOH. However, due to the H 
atom abundancy in ISM, the radical species can (barrierless) be transformed 
in Gly. When considering the radical neutral cluster, the first step (OH· + CO 
→·COOH) exhibits an energy barrier of about 13 kJ mol−1. However, the sec-
ond step (·COOH + NH=CH2 →·NHCH2COOH) exhibits a high energy barrier, 
about 52 kJ mol−1, kinetically hampering the reaction.

Similar energetics were computed in the presence of the radical cation 
cluster adopting the same mechanism, and accordingly, Gly formation is not 
expected to occur through this process. However, on the radical cation clus-
ter, an alternative route concerning the second step was identified as more 
favorable. It involves NH=CH2, a species detected experimentally in the ISM, 
reacting first with the H3O+ species at the cluster surface, to give the NH2

+=CH2 
cation, which then reacts with ·COOH, leading to the formation of Gly in its 
radical cation state. Figure 13.2B shows this entire path (first and second 
steps) on the radical cation cluster. The energetics of this alternative second 
step were found to be more favorable than the direct NH=CH2 + ·COOH cou-
pling, the energy barrier of the proton transfer and of the final NH2

+=CH2 
+ ·COOH reaction being about 4 and 26 kJ mol−1, respectively. To assess its  
kinetic plausibility, rate constants using the classical Eyring equation at  
T = 10, 50, 100 and 200 K were calculated. Results indicate that at 10–50 K the 
path is actually slow but, in contrast, at 100–200 K the reaction could evolve 
at reasonable speeds. These results clearly point out that defects on water ice 
surfaces caused by the impact of cosmic rays can activate, trigger and enable 
interstellar Gly formation, although its actual occurrence requires thermal 
energy, like that present in warmer regions such as hot molecular cores and 
protostellar envelopes, rather than in cold dense interstellar clouds.
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273The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

13.3.2  Gly Transportation and Delivery to Early Earth by 
Micro- asteroidal Bodies

Once formed, the next step of Gly is to evolve into a more biochemical com-
plex form in terrestrial environments. Therefore, it should be transported 
and delivered to the primitive Earth through asteroidal grains, either of 
cometary, meteoritic or any other cosmic origin. The mineral components 

Figure 13.2   (A) Cluster models for neutral (H2O)8, when removing a H atom  
(radical neutral) and when removing one electron (radical cation). 
(B) Reaction energy profiles (potential energies including zero- point 
energy corrections) calculated at BHlYP/6- 311++G(d,p) theory level for 
the Gly formation on the radical cation cluster. The first step is the 
reaction of OH· + CO → ·COOH and the second step the reaction of 
·COOH + NH2

+=CH2 → NH2CH2COOH·+ (Gly·+), in which previously 
the NH=CH2 molecule is protonated by the surface H3O+ species. Rela-
tive energy units are in kJ mol−1. Adapted from ref. 84 with permission 
from the American Astronomical Society, Copyright 2012.

1

5

10

15

20

25

30

35

40

45

Administrador
Comentario en el texto
in superindices

Administrador
Comentario en el texto
in superindices



Chapter 13274

of these micro- asteroidal bodies are highly complex and heterogeneous, but 
examples of the most identifiable families are silica based materials, metal 
oxides like sulfides, apatites and carbonates. The adsorption of Gly at the 
surfaces of specific minerals of that kind has already been investigated the-
oretically,85–93 showing moderate to very strong Gly/mineral interactions. 
Thus, the problem is not attaching Gly on these carriers, but rather its release 
once landed on the Earth's crust.

This “Gly release problem” (which can be extended to any other amino 
acids) has been investigated by studying the role of water in the release of Gly 
from the asteroidal grains. It has been found that the Gly/water/silicate(for-
sterite) system is more stable compared to Gly directly attached to the silicate 
surface (the water molecules solvating the attached Gly molecule).94 Simi-
lar results were found for the Gly/water/hydroxyapatite interface.95 However, 
these two interfaces were limited on the adopted number of water molecules. 
This implies that the desorbed state of Gly is unstable compared to the case 
of full solvation. This aspect was also accounted for in the simulation of the 
desorption of Gly from the FeS2 surfaces immersed in bulk aqueous solvent.88 
Indeed, the desorbed Gly was fully solvated by water solvent, resulting in a 
more stable state (between 125 and 200 kJ mol−1) compared with the solvated 
Gly/FeS2 complexes. This implies that, when solvent is properly taken into 
account, the fully solvated desorbed Gly state is stabilized over the adsorbed 
complex attached to minerals of micro- asteroidal bodies.

At the extreme case, Gly can also be released by the action of water solvent 
even when it is chemisorbed, at least on pure silica surfaces, as demonstrated 
by quantum chemical simulations.96 The underlying idea is that strained 
ring defects may be present at the silica surfaces, due to the harsh treatment 
occurring in the evolution of asteroidal bodies. These structural defects can 
chemically react with Gly forming a stable covalently bonded compound. 
The question is whether the chemically linked Gly can be restored as a free 
molecule upon the action of water. The first step shows the reaction of Gly 
with a (SiO)2 ring (so- called S2R), a well- known silica surface defect possess-
ing a high geometrical strain causing high reactivity. In the laboratory, the 
S2R motif appears when silica is heated to a temperature of about 600 °C,  
because of the surface vicinal silanol groups (Si–OH) condensation.  
Figure 13.3A shows the S2R defect at a silica surface as modeled by a cluster  
approach. The computed energy profile for the reaction of Gly with S2R 
indicates a very favorable process, being almost barrierless with a reaction 
energy of −113 kJ mol−1 (with respect to the infinitely separated reactants, see 
Figure 13.3B). The resulting product is the formation of a chemically bonded 
complex called surface mixed anhydride, i.e., Sisurf–O–C(=O)–CH2NH2, along 
with the formation of a SiOH group at the silica surface. Gly can be released 
back to the environment by reaction of the surface mixed anhydride with 
four water molecules: Gly is detached from the silica grain and released in 
the water environment (see Figure 13.3C). The calculated energetics revealed 
a free energy barrier and a reaction energy at 298 K of 88 and −60 kJ mol−1, 
respectively, the former easily surmountable under prebiotic conditions.
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275The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

Figure 13.3   (A) Silica surface cluster model containing a S2R defect. (B) Reaction 
energy profile (potential energies including zero- point energy correc-
tions) for the reaction of Gly with the S2R defect to give the surface 
mixed anhydride. (C) Free energy profile at 298 K for the reaction of 
the surface mixed anhydride with 4H2O molecules simulating the 
release of Gly alongside the formation of a hydroxylated silica surface.  
In (B) and (C) only the active part of the silica surface model is shown 
for the sake of clarity. Both energy profiles were calculated at the 
B3lYP/6- 31+G(d,p)//B3lYP/6- 31+G(d,p):MNdO [ONIOM2] theory level. 
Relative energy units are in kJ mol−1. Adapted from ref. 96 with permis-
sion the Royal Society of Chemistry.
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Chapter 13276

13.3.3  Gly “Polymerization on the Rocks” in the Prebiotic Era
The idea pursued by Orgel97 about the “polymerization on the rocks”, in 
which mineral surfaces may be the cradle of the early peptides through a 
process analogous to solid- phase synthesis, is based on two concepts: (i) the 
amino acid/mineral interactions can activate the reactants, hence reducing  
the kinetic energy barriers to facilitate the peptide bond formation; and  
(ii) the formed peptide has a mineral surface affinity that grows with the peptide  
length becoming almost irreversibly adsorbed for the long peptide. The bal-
ance between peptide elongation and hydrolysis depends on the chemical 
nature of the mineral and the pH conditions of the environment. Further-
more, it has been suggested that fluctuating environments of humidity and 
temperature could have provided a favorable geological setting for amino 
acid oligomerization through wet and dry cycles.35,36 Because of that, and 
also due to the difficulties in modeling mineral- induced processes in aqueous 
environments, most quantum chemical studies of peptide bond formation at 
the surface of minerals have been carried out considering dry conditions.

It is worth remembering that the formation of the shortest Gly peptide, 
glycylglycine through the 2NH2CH2COOH → NH2CH2CH(=O)NHCH2COOH 
+ H2O reaction in the gas phase exhibits a high free energy barrier (about 
190 kJ mol−1) and a slightly exergonic reaction free energy, −13 kJ mol−1, in 
normal conditions (see Figure 13.4). These figures may vary as a function of 
the adopted level of theory, especially the reaction free energy. The gas- phase 
condensation occurs in one step, envisaging a nucleophilic attack of the NH2 
group of a Gly to the C atom of the COOH group of the other Gly. A peptide 
bond is then formed after the proton transfer from the NH2 group to the OH 
group with the release of one water molecule. In the gas phase the mecha-
nism is concerted, while on the mineral surfaces the mechanism is stepwise, 
the nucleophilic attack and the dehydration steps being well separated.

Figure 13.4   Free energy profile at 298 K for the condensation reaction between 
two gas phase Gly molecules leading to the formation of the glycyl-
glycine dipeptide and one H2O molecule. Calculated at B3lYP- d3/ 
6- 311++G(d,p) theory level. Relative energy units are in kJ mol−1.
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The first modeling attempt to assess the “polymerization on the rock” idea 
was carried out on a feldspar sanidine (K0.75Na0.25AlSi3O8) modified model. 
The feldspar family of minerals was chosen for their widespread presence on 
the early Earth's crust. A cluster was defined from the crystal sanidine bulk, 
in which naturally occurring K+ and Na+ cations were substituted by protons, 
giving rise to pairs of lewis (Al3+) and Brönsted sites (Al–(OH)–Si). These sites 
act as a blocker (lewis) and activator (Brönsted) of adsorbed Gly allowing 
for a relatively easy Gly polymerization. A first explorative work98 adopted a 
minimal cluster model of sanidine, in which the key synergic role between 
lewis and Brönsted sites in the Gly oligomerization was proven. In a more 
extended work,99 the cluster was enlarged to better understand the role of the 
dispersion interactions between the newly formed oligopeptide (up to Gly3) 
and the sanidine surface. The main reaction scheme is synthesized in Fig-
ure 13.5. Calculations showed the dispersion interactions having an import-
ant role in stabilizing the adsorbed oligopeptide, while the kinetic barrier to 
the peptide bond formation is dramatically reduced compared to that in the 
gas phase, due to the fact that now the proton transfer from –NH2 to –OH is 
not produced directly but through the Brönsted site of the surface, which 

Figure 13.5   Free B3lYP/6- 31+G(d,p)+d//ONIOM2 energy profile at 298 K for the 
condensation reaction between up to three Gly molecules at the sani-
dine modified cluster model. Grimme's dispersion contribution (+d) 
has been included a posteriori. Relative energy units are in kJ mol−1. 
Adapted from ref. 99, https://doi.org/10.3390/ijms10030746, under 
the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/.
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significantly reduces the geometrical strain of the transition state structure, 
the value of which remains almost constant across the peptide elongation 
steps. It was argued that such an iteration process, possibly due to the Brön-
sted proton mobility at different surface sites, leads to the mineral surfaces to 
be covered by an “oligopeptide skin”, which may exhibit some pre- enzymatic 
catalytic power for other biochemically relevant processes.

Other very abundant Earth's crust inorganic materials are those based on 
silica minerals shown to facilitate oligopeptides' formation. Indeed, a com-
bined experimental and theoretical study52 demonstrated that pure silica 
surfaces can help the condensation reaction between CH3NH2 and HCOOH, 
used as a reaction model for two Gly molecules. Infrared spectroscopy mea-
surements elucidated that the presence of specific weakly interacting SiOH 
pairs is key for the reaction. That is, when these SiOH pairs were present 
at the silica surface prior to the reaction, the CH3NHC(=O)H product was 
detected, while when missing, no reaction was observed. This phenomenon 
was rationalized by theoretical calculations using a silica cluster model, the 
active site of which was defined by the specific weakly interacting SiOH pairs 
(see Figure 13.6A). The essential phenomenon is that these SiOH groups, 
which stay ∼5 Å apart (and hence exhibit a weak H- bond interaction), are 
sites that allow the adsorption of the reactants in their canonical and ionic 
states simultaneously, i.e., both the CH3NH2/HCOOH and CH3NH3

+/HCOO− 
pairs can be co- adsorbed close to the SiOH sites (see Figure 13.6A). This 
coexistence is fundamental for the occurrence of the reaction because the 
canonical pair is the reacting one (i.e., they are the condensing constituents), 
while the ionic pair acts as the actual catalyst. Specifically, the NH3

+ group 
transfers one of its acidic protons to the neutral OH group to form water in 
the dehydrating step (see Figure 13.6A). This step was found to be the bottle-
neck of the reaction having a calculated free energy barrier at 323 K (the T at 
which the experiments were carried out) of 77 kJ mol−1. Moreover, the reac-
tion free energy was computed to be −33 kJ mol−1, in which the surface SiOH 
groups retain the released water with stable H- bonds (see Figure 13.6A).

However, it has been reported that the surface SiOH groups can also have 
a direct catalytic role in the Gly condensation reaction rather than being 
indirect spectators.100 Indeed, silica rings of moderate strain present at the 
silica surfaces, such as the (SiO)3 ones (so- called S3R defects), can react 
with Gly forming a surface mixed anhydride (in the same way as S2R, see 
above and Figure 13.6B). This surface mixed anhydride has been suggested 
to be an activated form of Gly and accordingly it could easily react with a 
second Gly molecule to form a GlyGly dipeptide. However, calculations indi-
cate that, for the occurrence of this reaction, surface SiOH groups have to 
assist the proton transfer involved in the condensation (see Figure 13.6B). 
Such a proton transfer mechanism is the same as that promoted by water 
solvent molecules (see above) and accordingly, hydroxylated silica surfaces 
can be categorized as solid solvents. This SiOH- assisted condensation reac-
tion between the surface mixed anhydride and a second Gly molecule was 
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279The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

Figure 13.6   (A) Sequence of the condensation reaction between HCOOH and 
CH3NH2 in the presence of a silica surface presenting specific weakly 
interacting SiOH groups. Adapted from ref. 52 with permission from 
American Chemical Society, Copyright 2018. (B) Sequence of the con-
densation reaction between two Gly molecules on a silica surface pre-
senting a defective (SiO)3 ring (S3R). The first step is the reaction of Gly 
with S3R to form a surface mixed anhydride intermediate. The second 
step is the reaction of the surface mixed anhydride with a second Gly, 
which is assisted by surface SiOH groups. Adapted from ref. 100 with 
permission from American Chemical Society, Copyright 2016.
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Chapter 13280

computed to present a free energy barrier (T = 298 K) of 105 kJ mol−1, thus 
demonstrating the catalytic role of the surface SiOH groups in the reaction. 
Moreover, since the reaction does not release water but forms a new SiOH 
group (see Figure 13.6B), the reaction free energy was found to be largely 
favorable, −68.8 kJ mol−1.

The Earth's crust also contains certain minerals, which although not 
being abundant, possess very attractive catalytic properties. This is the case 
of TiO2, whose exclusive physicochemical and catalytic features have been 
extensively investigated for industrial and technological purposes. Interest-
ingly, for the cases in which the main feature of the minerals is their cata-
lytic properties, the amount of catalyst is not particularly relevant but its 
effectiveness and reusability is. The significance of TiO2 minerals in prebi-
otic chemistry has been addressed elsewhere.101–103 In the particular case of 
Gly polymerization, IR and mass spectrometry experiments carried out by 
Martra et al.57 revealed the formation of up to Gly16 oligopeptide on ana-
tase TiO2 nanoparticles from the gas phase Gly adsorption on TiO2. Atom-
istic interpretations of these experiments by means of quantum chemical 
calculations have been reported by simulating the condensation of two Gly 
molecules on the TiO2 (101) anatase surface.104 It was found that adsorption 
of Gly on the TiO2 surface enhances the electrophilicity of the C atom of the 
C=O group, which leads to a moderate decrease of the free energy barrier 
at normal conditions, to ≈150 kJ mol−1 (see Figure 13.7A). This free energy 
barrier is, however, exceedingly high to be surmountable under these condi-
tions. However, it was discovered that a third Gly molecule can act as a cat-
alyst, indeed reducing dramatically the free energy barriers to peptide bond 
formation. Specifically, the third Gly catalysed the initial proton transfer 
(see Figure 13.7B), reducing the free energy barrier down to 8 kJ mol−1. The 
origin of the energy barrier decrease is due to a combination of facilitated 
proton transfer and the reduced geometrical strain in the transition state 
structure. The remaining bottleneck of the entire condensation reaction is 
the dehydration step, with a free energy barrier of 74 kJ mol−1. Remarkably, 
the released water molecule is kept adsorbed on the TiO2 surface with a very 
favorable reaction free energy (−87 kJ mol−1) due to the large water adsorp-
tion energy onto Ti sites.

13.4  Conclusions and Perspectives
In this book chapter, a plausible journey of the Gly's life, from its likely forma-
tion in the ISM, passing through its transportation and release on a primitive 
Earth by bombardment of micro- asteroidal grains, up to its final evolution in 
the form of polypeptide, is described by means of quantum chemical simu-
lations. The chapter is dedicated to different theoretical works focusing on 
aspects concerning the birth and fate of Gly, and has put them together follow-
ing a consistent organizational sequence that provides evidence on the fea-
sibility of the “formation → transportation and delivery → polymerization”  
along the Gly's voyage.
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It is shown that Gly can be formed in the ISM through the role of water ice 
mantles activated by uV radiation and cosmic rays. The ionising capability 
of this high energy flux brings about both ·OH and H3O+ defective species,  
which trigger the formation of Gly starting from simpler molecules  
(CO, NH3, HCN). Calculations allowed one to speculate that Gly in the ISM can be  
efficiently trapped on asteroidal grains, since Gly can be chemisorbed at the 

Figure 13.7   Free energy profiles at 298 K for the condensation reaction between 
two Gly molecules on the TiO2 (101) anatase surface, in the absence 
(A) and in the presence (B) of a third Gly molecule acting as a proton 
transfer assistant. Calculated at PBE0- d2*//PBE- d2* theory level. Rel-
ative energy units are in kJ mol−1. Adapted from ref. 104 with permis-
sion from John Wiley & Sons, Copyright © 2018 Wiley – VCH Verlag 
GmbH & Co. KGaA, Weinheim.
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mineral surfaces exposed at asteroidal grains. Calculations also showed the 
essential role of water in primordial oceans to hydrolyse the chemisorbed 
Gly at grains. This step is essential for the abiotic polymerization of Gly into 
a polypeptide, a process helped (both thermodynamically and kinetically) 
by the mineral surfaces, such as silica, aluminosilicates and TiO2. The role 
played by these minerals is to immobilize, activate or capture the released 
water, depending on the type of mineral and the structural and chemical 
surface features.

despite these positive results, the route to elucidate this particular aspect 
of the prebiotic chemistry remains long and winding. Thus, there is still a 
large space to be explored, both theoretically and experimentally, even for 
the rather limited “Gly birth and fate” topic. In relation to Gly formation 
in the ISM on water- dominated ice mantles, other synthetic routes should 
be explored. Gly is a molecule of 10 atoms so different formation reaction 
channels are expected. The problem here is to identify these different chan-
nels. In this sense, computational strategies that allow the elucidation of 
different Gly formation pathways in an automatic way, such as the transition 
state search using chemical dynamics simulations (TSSCdS) method,105,106 
will be highly welcome. Also, in relation to Gly formation, a completely open 
field is its synthesis on micro- asteroidal bodies, namely, cometary/meteor-
itic grains and interplanetary dust particles. In view of the large amount and 
variety of amino acids identified in meteoritic samples, the occurrence of 
their formation in the same meteorite is a highly probable hypothesis to be 
explored. In spite of this, to the best of our knowledge, there are no theoret-
ical works dealing with this topic. Here, in addition to assessing if asteroi-
dal minerals play any role in the chemical reactions, an important point to 
address is if hydrothermal alteration is also of fundamental relevance, either 
directly (i.e., the presence of “hot” water) or indirectly (i.e., the presence of 
minerals that can only be formed by water alteration). As mentioned in this 
chapter, the interaction of Gly with mineral surfaces in dry conditions has 
already been investigated in different degrees of detail. However, this is not 
the case of its release in prebiotic watery environments. Works dedicated to 
determining the energetic features of Gly desorption from mineral surfaces 
immersed in bulk water are hitherto very scarce and, consequently, cur-
rently much required. They would be very useful in order to provide robust 
evidence that liquid water was also essential in the exogenous delivery of 
cosmic Gly. Finally, Gly condensation on mineral surfaces is certainly one of 
the topics most investigated theoretically in the field of prebiotic chemistry. 
However, an important gap remains to be filled: Gly polymerization in clays. 
Indeed, although in Bernal's original hypothesis clays were advocated to be 
the main minerals facilitating the reaction, to the best of our knowledge, 
only very few theoretical studies dealing with peptide bond formation cata-
lysed by mineral clays have been developed, as recently done using the force 
field method only.107 Furthermore, the role of layered double hydroxides, 
an important class of layered minerals on the prebiotic chemistry of bio-
polymers has recently been reviewed.108 Therefore, although some efforts 
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283The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

have been dedicated to improve our understanding on the birth and fate 
of Gly, it seems evident that there is still a lot of work to do in order to have 
a deeper understanding on this topic, which certainly will be addressed in 
due course.

Acknowledgements
The authors gratefully acknowledge financial support from MINECO (proj-
ect CTQ2017- 89132- P), Generalitat de Catalunya (project 2017SGR1323), and 
MIuR and Scuola Normale Superiore (project PRIN 2015, STARS in the CAOS 
– Simulation Tools for Astrochemical Reactivity and Spectroscopy in the 
Cyberinfrastructure for Astrochemical Organic Species, cod. 2015F59J3R). 
AR is indebted to the ‘‘Ramón y Cajal’’ program.

References
 1.  E. Herbst and E. F. van dishoeck, Annu. Rev. Astron. Astrophys., 2009,  

47, 427.
 2.  E. Herbst, Int. Rev. Phys. Chem., 2017, 36, 287.
 3.  C. Ceccarelli, P. Caselli, F. Fontani, R. Neri, A. lópez- Sepulcre, C. Codella, 

S. Feng, I. Jiménez- Serra, B. lefloch, J. E. Pineda, C. Vastel, F. Alves, R. 
Bachiller, N. Balucani, E. Bianchi, l. Bizzocchi, S. Bottinelli, E. Caux, A. 
Chacón- Tanarro, R. Choudhury, A. Coutens, F. dulieu, C. Favre, P. Hily- 
Blant, J. Holdship, C. Kahane, A. J. Al- Edhari, J. laas, J. Ospina, Y. Oya, l. 
Podio, A. Pon, A. Punanova, d. Quenard, A. Rimola, N. Sakai, I. R. Sims, 
S. Spezzano, V. Taquet, l. Testi, P. Theulé, P. ugliengo, A. I. Vasyunin,  
S. Viti, l. Wiesenfeld and S. Yamamoto, Astrophys. J., 2017, 850, 176.

 4.  C. Codella, C. Ceccarelli, P. Caselli, N. Balucani, V. Barone, F. Fontani, 
B. lefloch, l. Podio, S. Viti, S. Feng, R. Bachiller, E. Bianchi, F. dulieu,  
I. Jiménez- Serra, J. Holdship, R. Neri, J. E. Pineda, A. Pon, I. Sims,  
S. Spezzano, A. I. Vasyunin, F. Alves, l. Bizzocchi, S. Bottinelli, E. Caux,  
A. Chacón- Tanarro, R. Choudhury, A. Coutens, C. Favre, P. Hily- Blant, 
C. Kahane, A. Jaber Al- Edhari, J. laas, A. lópez- Sepulcre, J. Ospina, Y. 
Oya, A. Punanova, C. Puzzarini, d. Quenard, A. Rimola, N. Sakai, d. 
Skouteris, V. Taquet, l. Testi, P. Theulé, P. ugliengo, C. Vastel, F. Vazart, 
l. Wiesenfeld and S. Yamamoto, Astron. Astrophys., 2017, 605, l3.

 5.  F. Fontani, C. Ceccarelli, C. Favre, P. Caselli, R. Neri, I. R. Sims, C. Kah-
ane, F. O. Alves, N. Balucani, E. Bianchi, E. Caux, A. Jaber Al- Edhari, 
A. lopez- Sepulcre, J. E. Pineda, R. Bachiller, l. Bizzocchi, S. Bottinelli, 
A. Chacon- Tanarro, R. Choudhury, C. Codella, A. Coutens, F. dulieu, S. 
Feng, A. Rimola, P. Hily- Blant, J. Holdship, I. Jimenez- Serra, J. laas, B. 
lefloch, Y. Oya, l. Podio, A. Pon, A. Punanova, d. Quenard, N. Sakai, 
S. Spezzano, V. Taquet, l. Testi, P. Theulé, P. ugliengo, C. Vastel, A. I. 
Vasyunin, S. Viti, S. Yamamoto and l. Wiesenfeld, Astron. Astrophys., 
2017, 605, A57.

1

5

10

15

20

25

30

35

40

45

2087464
Texto insertado
This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (grant agreement No. 865657) for the project “Quantum Chemistry on Interstellar Grains” (QUANTUMGRAIN).



Chapter 13284

 6.  C. Codella, C. Ceccarelli, E. Bianchi, N. Balucani, l. Podio, P. Caselli, 
S. Feng, B. lefloch, A. lópez- Sepulcre, R. Neri, S. Spezzano and M. de 
Simone, Astron. Astrophys., 2020, 635, A17.

 7.  R. T. Garrod and E. Herbst, Astron. Astrophys., 2006, 457, 927.
 8.  R. T. Garrod, S. l. W. Weaver and E. Herbst, Astrophys. J., 2008, 682, 283.
 9.  J. Kalvāns, Astrophys. J., 2015, 806, 196.
 10.  K. I. Öberg, Chem. Rev., 2016, 116, 9631.
 11.  B. Maté, I. Tanarro, M. A. Moreno, M. Jiménez- Redondo, R. Escribano 

and V. J. Herrero, Faraday Discuss., 2014, 168, 267.
 12.  Y.- J. Kuan, S. B. Charnley, H.- C. Huang, W.- l. Tseng and Z. Kisiel, Astro-

phys. J., 2004, 593, 848.
 13.  l. E. Snyder, Origins Life Evol. Biospheres, 1997, 27, 115.
 14.  C. Ceccarelli, l. loinard, A. Castets, A. Faure and B. lefloch, Astron. 

Astrophys., 2000, 362, 1122.
 15.  l. E. Snyder, F. J. lovas, J. M. Hollis, d. N. Friedel, P. R. Jewell, A. Remi-

jan, V. V. Ilyushin, E. A. Alekseev and S. F. dyubko, Astrophys. J., 2005, 
619, 914.

 16.  S. Pizzarello, Acc. Chem. Res., 2006, 39, 231.
 17.  S. Pizzarello, Y. Huang and M. R. Alexandre, Proc. Natl. Acad. Sci. U. S. A., 

2008, 105, 3700.
 18.  Z. Martins and M. Septhon, in Amino Acids, Peptides, Proteins in Organic 

Chemistry, ed. A. B. Hughes, Wiley VCH, Weinheim, Germany, 2009,  
vol. 1, p. 3.

 19.  Z. Martins, Elements, 2011, 7, 35.
 20.  d. P. Glavin, M. P. Callahan, J. P. dworkin and J. E. Elsila, Meteorit. Planet. 

Sci., 2010, 45, 1948.
 21.  J. C. Aponte, J. E. Elsila, d. P. Glavin, S. N. Milam, S. B. Charnley and J. P. 

dworkin, ACS Earth Space Chem., 2017, 1, 3.
 22.  P. Schmitt- Kopplin, Z. Gabelica, R. d. Gougeon, A. Fekete, B. Kanawati, 

M. Harir, I. Gebefuegi, G. Eckel and N. Hertkorn, Proc. Natl. Acad. Sci.  
U. S. A., 2010, 107, 2763.

 23.  I. P. Wright, S. Sheridan, S. J. Barber, G. H. Morgan, d. J. Andrews and  
A. d. Morse, Science, 2015, 349, 6247.

 24.  F. duvernay, G. danger, P. Theulé, T. Chiavassa and A. Rimola, Astrophys. 
J., 2014, 791, 75.

 25.  F. duvernay, A. Rimola, P. Theule, G. danger, T. Sanchez and T. Chia-
vassa, Phys. Chem. Chem. Phys., 2014, 16, 24200.

 26.  S. A. Sandford, J. Aléon, C. M. O. d. Alexander, T. Araki, S. Bajt, G. A. 
Baratta, J. Borg, J. P. Bradley, d. E. Brownlee, J. R. Brucato, M. J. Burchell, 
H. Busemann, A. Butterworth, S. J. Clemett, G. Cody, l. Colangeli, 
G. Cooper, l. d'Hendecourt, Z. djouadi, J. P. dworkin, G. Ferrini, H. 
Fleckenstein, G. J. Flynn, I. A. Franchi, M. Fries, M. K. Gilles, d. P. 
Glavin, M. Gounelle, F. Grossemy, C. Jacobsen, l. P. Keller, A. l. d. Kil-
coyne, J. leitner, G. Matrajt, A. Meibom, V. Mennella, S. Mostefaoui, l. 
R. Nittler, M. E. Palumbo, d. A. Papanastassiou, F. Robert, A. Rotundi, C. 
J. Snead, M. K. Spencer, F. J. Stadermann, A. Steele, T. Stephan, P. Tsou,  

1

5

10

15

20

25

30

35

40

45



285The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

T. Tyliszczak, A. J. Westphal, S. Wirick, B. Wopenka, H. Yabuta, R. N. 
Zare and M. E. Zolensky, Science, 2006, 314, 1720.

 27.  J. E. Elsila, d. P. Glavin and J. P. dworkin, Meteorit. Planet. Sci., 2009, 44, 
1323.

 28.  K. Altwegg, H. Balsiger, A. Bar- Nun, J.- J. Berthelier, A. Bieler, P. Bochsler, 
C. Briois, u. Calmonte, M. R. Combi, H. Cottin, J. de Keyser, F. dhooghe, 
B. Fiethe, S. A. Fuselier, S. Gasc, T. I. Gombosi, K. C. Hansen, M. Haes-
sig, A. Jäckel, E. Kopp, A. Korth, l. le Roy, u. Mall, B. Marty, O. Mousis, 
T. Owen, H. Rème, M. Rubin, T. Sémon, C.- Y. Tzou, J. Hunter Waite and 
P. Wurz, Science, 2016, 2, e1600285.

 29.  l. Remusat, in Planetary Mineralogy, ed. M. R. lee and H. leroux, Euro-
pean Mineralogical union, london, 2015, vol. 15, p. 33.

 30.  H. S. Chan, Z. Martins and M. A. Sephton, Meteorit. Planet. Sci., 2012, 
47, 1502.

 31.  Z. Martins, P. Modica, B. Zanda and l. l. S. d'Hendecourt, Meteorit. 
Planet. Sci., 2015, 50, 926.

 32.  J. M. Trigo- Rodriguez and J. Blum, Publ. Astron. Soc. Aust., 2009, 26, 289.
 33.  A. Brack, Chem. Biodiversity, 2007, 4, 665.
 34.  J.- F. lambert, Origins Life Evol. Biospheres, 2008, 38, 211.
 35.  N. lahav, d. White and S. Chang, Science, 1978, 201, 67.
 36.  A. W. J. Muller and d. Schulze- Makuch, Phys. A, 2006, 362, 369.
 37.  J. d. Bernal, Proc. Phys. Soc., 1949, 62, 597.
 38.  J. V. Smith, Proc. Natl. Acad. Sci. U. S. A., 1998, 95, 3370.
 39.  l. E. Orgel, Origins Life Evol. Biospheres, 1998, 28, 227.
 40.  R. Saladino, G. Botta, S. Pino, G. Costanzo and E. di Mauro, Chem. Soc. 

Rev., 2012, 41, 5526.
 41.  J. P. Ferris, A. R. Hill, R. liu and l. E. Orgel, Nature, 1996, 381, 59.
 42.  H. James Cleaves II, A. Michalkova Scott, F. C. Hill, J. leszczynski,  

N. Sahai and R. Hazen, Chem. Soc. Rev., 2012, 41, 5502.
 43.  A. Rimola, M. Sodupe and P. ugliengo, Life, 2019, 9, 10.
 44.  M. P. Bernstein, J. P. dworkin, S. A. Sandford, G. W. Cooper and l. J. All-

amandola, Nature, 2002, 416, 401.
 45.  G. M. Muñoz- Caro, u. J. Meierhenrich, W. A. Schutte, B. Barbier, A. A. 

Segovia, H. Rosenbauer, W. H.- P. Thiemann, A. Brack and J. M. Green-
berg, Nature, 2002, 416, 403.

 46.  M. Nuevo, G. Auger, d. Blanot and l. d'Hendecourt, Origins Life Evol. 
Biospheres, 2008, 38, 37.

 47.  C. Meinert, J.- J. Filippi, P. de Marcellus, l. le Sergeant d'Hendecourt 
and u. J. Meierhenrich, ChemPlusChem, 2012, 77, 186.

 48.  C. Meinert, I. Myrgorodska, P. de Marcellus, T. Buhse, l. Nahon, S. V. 
Hoffmann, l. l. S. d'Hendecourt and u. J. Meierhenrich, Science, 2016, 
352, 208.

 49.  P. Modica, C. Meinert, P. de Marcellus, l. Nahon, u. J. Meierhenrich and 
l. l. S. d'Hendecourt, Astrophys. J., 2014, 788, 79.

 50.  S. A. Krasnokutski, C. Jäger and T. Henning, Astrophys. J., 2020,  
889, 67.

1

5

10

15

20

25

30

35

40

45



Chapter 13286

 51.  J.- F. lambert, M. Jaber, T. Georgelin and l. Stievano, Phys. Chem. Chem. 
Phys., 2013, 15, 13371.

 52.  A. Rimola, M. Fabbiani, M. Sodupe, P. ugliengo and G. Martra, ACS 
Catal., 2018, 8, 4558.

 53.  J. Bujdák and B. M. Rode, J. Inorg. Biochem., 2002, 90, 1.
 54.  J. Bujdák and B. M. Rode, Catal. Lett., 2003, 91, 149.
 55.  M. A. Iqubal, R. Sharma, S. Jheeta and Kamaluddin, Life, 2017, 7, 15.
 56.  C. deiana, Y. Sakhno, M. Fabbiani, M. Pazzi, M. Vincenti and G. Martra, 

ChemCatChem, 2013, 5, 2832.
 57.  G. Martra, C. deiana, Y. Sakhno, I. Barberis, M. Fabbiani, M. Pazzi and 

M. Vincenti, Angew. Chem., Int. Ed., 2014, 53, 4671.
 58.  A. Pérez- Villa, F. Pietrucci and A. M. Saitta, Phys. Life Rev., 2018.
 59.  P. ugliengo, Phys. Life Rev., 2019.
 60.  C. d. Sherrill, J. Chem. Phys., 2010, 132, 110902.
 61.  J. Řezáč and P. Hobza, J. Chem. Theory Comput., 2013, 9, 2151.
 62.  S. F. Sousa, P. A. Fernandes and M. J. Ramos, J. Phys. Chem. A, 2007, 111, 

10439.
 63.  C. J. Cramer and d. G. Truhlar, Phys. Chem. Chem. Phys., 2009, 11, 10757.
 64.  P. Hao, J. Sun, B. Xiao, A. Ruzsinszky, G. I. Csonka, J. Tao, S. Glindmeyer 

and J. P. Perdew, J. Chem. Theory Comput., 2013, 9, 355.
 65.  G.- J. Kroes, J. Phys. Chem. Lett., 2015, 6, 4106.
 66.  S. Grimme, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2011, 1, 211.
 67.  C. Pisani, M. Schütz, S. Casassa, d. usvyat, l. Maschio, M. lorenz and A. 

Erba, Phys. Chem. Chem. Phys., 2012, 14, 7615.
 68.  G. Kresse and J. Furthmüller, Phys. Rev. B, 1996, 54, 11169.
 69.  M. Marsman, A. Grüneis, J. Paier and G. Kresse, J. Chem. Phys., 2009, 

130, 184103.
 70.  M. Cutini, l. Maschio and P. ugliengo, J. Chem. Theory Comput., 2020, 

16, 5244.
 71.  l. W. Chung, W. M. C. Sameera, R. Ramozzi, A. J. Page, M. Hatanaka, G. 

P. Petrova, T. V. Harris, X. li, Z. Ke, F. liu, H.- B. li, l. ding and K. Moro-
kuma, Chem. Rev., 2015, 115, 5678.

 72.  d. Scuderi, A. Pérez- Mellor, J. lemaire, S. Indrajith, J.- X. Bardaud,  
A. largo, Y. Jeanvoine and R. Spezia, ChemPhysChem, 2020, 21, 503.

 73.  M. Sanz- Novo, A. largo, P. Redondo and C. Barrientos, ACS Earth Space 
Chem., 2019, 3, 1170.

 74.  A. Sato, Y. Kitazawa, T. Ochi, M. Shoji, Y. Komatsu, M. Kayanuma,  
Y. Aikawa, M. umemura and Y. Shigeta, Mol. Astrophys., 2018, 10, 11.

 75.  Y. Jeanvoine, A. largo, W. l. Hase and R. Spezia, J. Phys. Chem. A, 2018, 
122, 869.

 76.  M. Kayanuma, K. Kidachi, M. Shoji, Y. Komatsu, A. Sato, Y. Shigeta,  
Y. Aikawa and M. umemura, Chem. Phys. Lett., 2017, 687, 178.

 77.  H. M. lee and J. C. Choe, Chem. Phys. Lett., 2017, 675, 6.
 78.  Z. P. Nhlabatsi, P. Bhasi and S. Sitha, Phys. Chem. Chem. Phys., 2016, 18, 

20109.
 79.  d. M. Koch, C. Toubin, G. H. Peslherbe and J. T. Hynes, J. Phys. Chem. C, 

2008, 112, 2972.

AQ4

AQ5

1

5

10

15

20

25

30

35

40

45

pu
Nota
This author does not have a name. In all his publication as well as on his webpage only Kamaluddin is present. Therefore the reference is correct as it is

pu
Nota
P. Ugliengo, Phys. Life Rev. 2020, 34-35, 139.

pu
Nota
Phys. Life Rev., 2020, 34-35, 105.



287The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth

 80.  A. Rimola, M. Sodupe and P. ugliengo, Phys. Chem. Chem. Phys., 2010, 
12, 5285.

 81.  C. Pisani, S. Casassa and P. ugliengo, Chem. Phys. Lett., 1996, 253, 201.
 82.  A. J. Chalk and l. Radom, J. Am. Chem. Soc., 1997, 119, 7573.
 83.  A. Belloche, K. M. Menten, C. Comito, H. S. P. Müller, P. Schilke, J. Ott, 

S. Thorwirth and C. Hieret, Astron. Astrophys., 2008, 482, 179.
 84.  A. Rimola, M. Sodupe and P. ugliengo, Astrophys. J., 2012, 754, 24.
 85.  A. Rimola, d. Costa, M. Sodupe, J.- F. lambert and P. ugliengo, Chem. 

Rev., 2013, 113, 4216.
 86.  A. Rimola, M. Sodupe and P. ugliengo, J. Phys. Chem. C, 2009, 113, 5741.
 87.  C. Boehme and d. Marx, J. Am. Chem. Soc., 2003, 125, 13362.
 88.  N. N. Nair, E. Schreiner and d. Marx, J. Am. Chem. Soc., 2006, 128, 13815.
 89.  A. Rimola, M. Corno, C. Zicovich- Wilson and P. ugliengo, J. Am. Chem. 

Soc., 2008, 130, 16181.
 90.  M. Corno, A. Rimola, V. Bolis and P. ugliengo, Phys. Chem. Chem. Phys., 

2010, 12, 6309.
 91.  A. Rimola, J. M. Trigo- Rodríguez and Z. Martins, Phys. Chem. Chem. 

Phys., 2017, 19, 1217.
 92.  S. Pantaleone, A. Rimola and M. Sodupe, J. Phys. Chem. C, 2017, 121, 

14156.
 93.  S. Pantaleone, A. Rimola and M. Sodupe, Phys. Chem. Chem. Phys., 2020, 

22, 16862.
 94.  E. Escamilla- Roa and F. Moreno, Planet. Space Sci., 2013, 75, 1.
 95.  A. Rimola, M. Corno, C. M. Zicovich- Wilson and P. ugliengo, Phys. 

Chem. Chem. Phys., 2009, 11, 9005.
 96.  A. Rimola and P. ugliengo, Phys. Chem. Chem. Phys., 2009, 11, 2497.
 97.  l. E. Orgel, Origins Life Evol. Biospheres, 1998, 28, 227.
 98.  A. Rimola, M. Sodupe and P. ugliengo, J. Am. Chem. Soc., 2007, 129, 8333.
 99.  A. Rimola, P. ugliengo and M. Sodupe, Int. J. Mol. Sci., 2009, 10, 746.
 100.  A. Rimola, M. Sodupe and P. ugliengo, J. Phys. Chem. C, 2016, 120, 

24817.
 101.  S. Civiš, R. Szabla, B. M. Szyja, d. Smykowski, O. Ivanek, A. Knížek,  

P. Kubelík, J. Šponer, M. Ferus and J. E. Šponer, Sci. Rep., 2016, 6, 23199.
 102.  S. d. Senanayake and H. Idriss, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 1194.
 103.  R. Saladino, u. Ciambecchini, C. Crestini, G. Costanzo, R. Negri and  

E. di Mauro, ChemBioChem, 2003, 4, 514.
 104.  S. Pantaleone, P. ugliengo, M. Sodupe and A. Rimola, Chem. -  Eur. J., 

2018, 24, 16292.
 105.  E. Martínez- Núñez, J. Comput. Chem., 2014, 36, 222.
 106.  E. Martínez- Núñez, Phys. Chem. Chem. Phys., 2015, 17, 14912.
 107.  V. Erastova, M. T. degiacomi, d. G. Fraser and H. C. Greenwell, Nature, 

2017, 8, 2033.
 108.  G. Arrabito, R. Pezzilli, G. Prestopino and P. G. Medaglia, Crystals, 2020, 

10, 602.

1

5

10

15

20

25

30

35

40

45


	Ch13-9781839161773.pdf
	Chapter 13 - The Birth and Fate of Glycine: From the Interstellar Medium to Primitive Earth
	13.1 Introduction
	13.2 Computational Framework
	13.3 Results and Discussion
	13.3.1 Gly Formation on ISM: The Role of Water Ice Mantles
	13.3.2 Gly Transportation and Delivery to Early Earth by Micro-asteroidal Bodies
	13.3.3 Gly “Polymerization on the Rocks” in the Prebiotic Era

	13.4 Conclusions and Perspectives
	Acknowledgements
	References





