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ABSTRACT

The analysis of the organic matter of meteorites made it possible to identify over
70 amino acids (AA), including 8 of those found in living organisms. However, their
relative abundances vary drastically with the type of the carbonaceous chondrite, even
for isomers of same chemical formula. In this report we address the question whether
this difference may have its origin in the relative stability of these isomers according
to the conditions they experienced when they were formed and after. To this end, we
rely on the fact that for most of the species observed so far in the interstellar medium
(ISM), the most abundant isomer of a given generic chemical formula is the most
stable one (minimum energy principle (MEP)). Using quantum density functional
theory (DFT) simulations, we investigate the relative stability of the lowest energy
isomers of alanine (Ala) and amino butyric acid (ABA) in the neutral, protonated,
and zwitterionic structures together with corresponding nitrile precursors. It is shown
that B-alanine and y-ABA are the most stable in a protonated form whereas a-AA
are the most stable in the zwitterionic structure. The different composition of the
carbonaceous chondrites CIs and CMs could be linked to the chemical context of the

aqueous alterations of the parent bodies.
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1 INTRODUCTION

The idea of a possible input of organic matter from space to
the building of the early bricks of life has really taken shape
and received increasing attention following the recovery of
the first carbonaceous chondrite. (Kvenvolden et al. 1970;
Oro et al. 1971) Over 70 amino acids (AA) were isolated
in the Murchison meteorite (fall in 1969), most of which
were non-proteinogenic on Earth (Cronin & Chang 1993),
but eight out of the 22 present in living organisms were
identified (Cooper et al. 1992). This suggests that meteorites
could have played an important role in the origin of life,
namely carbonaceous chondrites of Renazzo (CR), Murray
(CM) and Ivuna (CI) types, an hypothesis reinforced by the
presence of an enantiomeric excess in some of them (Botta
et al. 2002; Botta & Bada 2002; Botta et al. 2007; Martins
& Sephton 2009; Glavin et al. 2011). CIs have exactly the
elemental composition of the Sun photosphere (except for
the most volatile elements), which means that they consist
of matter inherited from the Solar nebula almost without
any chemical transformation.

* E-mail: yves.ellinger@sorbonne-universite.fr
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A consensus has developed that AA found in mete-
orites form via complex processes, but supposedly differ-
ent for CM and CI chondrites (Ehrenfreund et al. 2001) in
view of the difference of the amino acids compositions be-
tween the two families. The most plausible synthetic route
to the AA detected in CM chondrites (Cronin et al. 1995)
implies that the precursors, ammonia, hydrogen cyanide,
aldehydes, and ketones existed or were formed in the pro-
tosolar nebula, and later incorporated in the asteroidal par-
ent body where Strecker-cyanohydrine synthesis would have
then taken place. For the amino acids in CI chondrites, an-
other route was suggested implying ammonia and unsatu-
rated nitriles (Botta & Bada 2002). Among all AA, alanine
(Ala), the first of them containing 3 carbon atoms, is one
of the most abundant species of small molecular weight. Its
abundance, as already remarked for the other AA, varies
drastically with the type of chondrites (see e.g. Botta et al.
(2002)). The relative abundance with respect to glycine
(Gly), that contains 2 carbon atoms, has been considered
as a possible indicator to trace the nature of the parent
body, based on the plausible chemical mechanisms of AA
formation. Another information to take into account is the
fact that the relative abundance of the B- to the a-isomer
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(D+L) of Ala swaps from 0.75 to 15 between Murchison
and Orgueil, i.e., between a CM and a CI chondrite.

In this report we address the question from a different
angle that is to say whether this difference may have its ori-
gin in the relative stability of these two isomers depending
on the conditions they experienced when they were formed
(and/or destroyed), which may bring new constraints on the
constitutions of the parent bodies. In other words, can the
degree of aqueous alteration be a key factor able to influ-
ence the relative abundance of amino acids and distributions
in carbonaceous chondrites? Whether this hypothesis(Botta
et al. 2002; Glavin et al. 2011; Ehrenfreund et al. 2001; Rubin
et al. 2011) can be generalized is investigated by considering
AA containing 4 carbon atoms, i.e. the isomers of amino bu-
tyric acid (ABA). To the well documented studies mentioned
above we added the results obtained recently on the organic
matter found in the Paris meteorite (Martins et al. 2015;
Elsila et al. 2016; Vinogradoff et al. 2017). One specificity of
this meteorite is that it is considered to be the least aque-
ously altered carbonaceous CM chondrite analyzed so far.
The following investigation makes use of theoretical results:
i) A systematic study of the abundance ratios of species ob-
served in different isomeric forms in the interstellar medium
(ISM) has shown that the most abundant isomers of the
same chemical formula are the most stable. This result (Lat-
telais et al. 2009, 2010) is based on state of the art computa-
tions of the stability of the isomers of same generic chemical
formula, and the observations of their relative abundances
towards astronomical sources available in the literature. We
called this the minimum energy principle (MEP)I, which can
be seen as a simplification of the concept of the minimiza-
tion of the Gibbs energy under thermodynamic equilibrium
circumstances. Over the whole ~200 of extragalactic and in-
terstellar molecules observed only a few exceptions can be
found (less than ~10%). Among the many reasons advanced
to rationalize these exceptions, the differential adsorption at
the surface of interstellar ices could play a major role (Lat-
telais et al. 2011a; Ellinger et al. 2020), as shown by both
quantum chemical simulations and/or thermal programmed
desorption (TPD) experiments. Consequently, even if this
principle is not an absolute rule, it can be used as a prag-
matic tool to predict with a high efficiency which molecules
should be the more abundant.

ii) An application of the MEP to the study of the iso-
mers of glycine in different chemical environments showed
(Lattelais et al. 2011b) that the relative stability of these
different isomers varies drastically. We found that Gly is by
far not the most stable species in neutral conditions, which
may explain why it is so difficult to observe in the inter-
stellar medium. Surprisingly enough, Gly becomes the most
stable if protonated or if trapped in water or adsorbed on
icy grains in a zwitterionic form.

In what follows we present a similar type of study for
C3 and C4 amino acids (AA) namely, Ala and ABA deriva-
tives, considering the neutral, protonated and zwitterionic

I Here we use the word principle according to the definition given
in the ARTFL Project, The University of Chicago (2001): In sci-
ence, principle refers to laws which certain observations have first
shown to be probable and to which the most extensive generality
has then been given.

forms than can plausibly exist during the aqueous alteration
period. In addition we present also the relative stability of
the most important nitrile precursors. All these possibilities
are discussed in the light of the MEP. The theoretical ap-
proach is summarized in Sect. 2 and the results are reported
in Sect.3. The discussion of the consequences of our calcula-
tions is presented in the last section in a meteoritic context.

2 THEORETICAL METHODS

In an ideal situation, we would have used the highest pos-
sible level of post Hartree-Fock theory with extended basis
sets to position the different isomers on the energy scale.
However, in view of the large number of systems to con-
sider, a balance has to be made between the level of theory
and the computational efficiency. Hereafter, the compromise
was to use density functional theory (DFT), coupling the
B3LYP formalism with the standard 6-311G(d,p) basis set.
This level of theory was designed for the best reproduction
of the structural properties, energies and spectroscopic pa-
rameters (vibrations, dipole moments...) of normal organic
molecules, namely, molecules well represented by a unique
Lewis structure. Each structure, fully optimized, was verified
to be a stationary point by vibrational analysis. All conform-
ers were studied for each molecule but only the most stable
one is reported here. For a comprehensive presentation of
DFT methods and their applications, the reader should re-
fer to Lee & Scuseria (1995)(Lee & Scuseria 1995) and Koch
& Holthausen (2001)(Koch & Holthausen 2001).

For the treatment of zwitterionic forms, a recent study
of Gly isomers (Lattelais et al. 2011b) showed that using
post Hartree-Fock MP2 was at least necessary to properly
describe correlations effects in this case. This level of the-
ory, associated with diffuse atomic functions is used here,
coupled with the polarizable continuum model (PCM) to
simulate the water environment (Tomasi & Persico 1994)
during the hydration phase of the meteorite or parent body.
The volume of the cavity in which the AA zwitterion is con-
fined in the continuum has been enlarged to account for the
spatial extension of the electronic density by adding a po-
larizable domain around the hydrogen atoms.

The relative energies reported here include zero point
vibrational effects. All calculations were performed using the
GAUSSIANOQ9 package(Frish et al. 2009).

3 RELATIVE STABILITIES OF GLYCINE,
ALANINE, AMINO BUTYRIC ACID AND
AMINO NITRILES PRECURSORS

Limiting the analysis to glycine, the first aminoacid of
[2C,5H,20,N] formula, does not allow any general conclu-
sion about the behavior of (AA) in meteoritic environments
because it is the only compound possible with a -COOH
and a -NH; functional groups in its family. The next amino
acids of [3C,7H,20,N] and [4C,9H,20,N] formulae are then
added to the study since they can appear under several iso-
meric forms with the same two -COOH and -NH, functional
groups in their families. More precisely, this choice covers
the first basic series possible for (AA) and derivatives that
can be formed with the [2C,5H,20,N], [3C,7H,20,N] and
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[4C,9H,20,N] sets of atoms. These 3 series include the sim-
plest AA (Gly), the first ramified a-AA of biological interest
(a-Ala) and its linear sibling (3-Ala) to which add five amino
acid isomers of the aminobutyric acid (ABA family) listed
below:

v-ABA, i.e. NH,CH,CH,CH,COOH

a-ABA i.e. CH3CH,CH(NH,)COOH,

B-ABA i.e. NH,CH(CH;3)CH,COOH,

AIB i.e. NH,C(CH3),COOH,

B-AIB i.e. NH,CH,CH(CH;)COOH,
It should be noticed that none of these five isomers en-
ters protein formation.2 The cyclic isomers and those con-
taining an NO bond were not considered for energetic rea-
sons(Chiaramello et al. 2010; Lattelais et al. 2010)

3.1 a) Neutral glycine, alanine and amino butyric
acid isomers

The relative stabilities of the different Gly isomers have al-
ready been discussed in relation with the non observation of
this compound in the ISM(Lattelais et al. 2011b). Hereafter
we focus on the structures obtained by substituting, one at
a time, an H of Gly isomers by a CHs group (Table 1).
We consider only the isomers that contain a carboxyl group
or an amino group, those with a formyl group being much
higher in energy according to our previous study. As for
[2C,5H,20,N], the most stable isomer of the [3C,7H,20,N]
system is a carbamic acid,CH3-CH,-NH-COOH, not Ala.

It should be noted that this compound is obtained by re-
placement of an H of the methyl group in the most stable Gly
isomer CH3-NH-COOH, by CH3. The next compound on the
energy scale is a carbamate, CH3-CH;,-O-CO-(NH,), also
obtained by H/CHj substitution on the second more stable
isomer CH3-O-CO-(NH,) of the Gly series. The energy sepa-
rations are comparable, namely 3.3 and 4.7 kcal/mol for the
alanine and Gly series respectively. Three other compounds
including lactamide, HO-CH(CHj3)-CO-(NH;), a precursor
of biological lactic acid, are found on the energy scale be-
low biological a-Ala. In fact, both a- and B-Ala are close
in energy, ~11 kcal/mol over the most stable isomer. This
energy separation is close to that of 10.6 kcal/mol between
Gly and its most stable isomer. In both series, the a-AA
structure is not energetically favored. Another a-AA, sar-
cosine, CH3-NH-CH,-COOH, also found in the Murchison
carbonaceous chondrite(Pizzarello et al. 2004) appears even
higher in energy, namely, ~7.5 kcal/mol over a-Ala.

The same protocol is used for the ABA isomers, i.e.
the [4C,9H,20,N] set of atoms. The different structures are
obtained by substituting a H atom of the neutral isomers of
Ala by a CHj group. The results are presented in Table 1.

The lowest energy isomer is the N-isopropyl carbamic
acid (CH3),CHNHCOOH. It is the structure coming from
the replacement of H of the CH, methylene by CHj3 on the
N-ethyl carbamic acid CH3;CH,NHCOOH that is the most
stable structure of the [3C,7H,20,N] set of atoms. In the
same way, the second isomer is the isopropyl carbamate,

2 Although not constituent of proteins, 7y-ABA, i.e.
NH;CH,;CH;CH,COOH plays

an important biochemical role since it is active in the mechanism
of neurotransmission.
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(CH3),CHOCONH, arising from the same type of H/CHj3
replacement on the ethyl carbamate CH3CH,OCONH, that
is second on the Ala energy scale.

In third position one finds N-propyl carbamic acid CH3-
CH,-CH,-NH-COOH practically at the same energy as iso-
propyl carbamate above the most stable N-isopropyl car-
bamic acid, both compounds deriving formally from N-ethyl
carbamic acid. Next on the energy scale one has n-propyl
carbamate CH3CH,CH,OCONH, obtained directly from its
analogue ethyl carbamate by the formal H/CHj replace-
ment.

The first a-AA, NH,C(CH3),COOH is 10.8 kcal/mol
above the most stable isomer. Such energy separation is sim-
ilar to those between a-Ala and Gly with respect to the low-
est energy carbamic acids isomers in their respectives series,
i.e. ~10.7 kcal/mol. Much higher in energy is found y-ABA,
at 14 kecal/mol.

The remarkable result to keep in mind is that the most
stable species are the alkyl carbamic acids, followed by car-
bamates. None of the AA is the most stable compound of
the 3 series, which may be a plausible reason for the lack
of detection in the ISM gas phase (Lattelais et al. 2011b).
However, carbamic acids are kinetically very unstable com-
pounds in any Earth conditions giving the corresponding
amines while carbamates are slowly hydrolyzed in the cor-
responding amines and alcohols. Thus, amides give amines
and carboxylic acids, reactions dramatically accelerated in
water, whatever the conditions, basic or acidic. It means
that, in the list of Table 1, only amino acids can survive
for a very long time in the neutral, acidic or basic aqueous
media inside meteorites.

3.2 b) Protonated glycine, alanine and amino
butyric acid isomers

As for glycine we consider all the [3C,7H,20,NJH* and
[4C,9H,20,NJH* structures that are possible when a pro-
ton is attached to the neutral isomers. As shown in Table 2,
the isomers of the protonated AA are now the most stable,
unlike their neutral parents.

The most stable structures are those with the longest
carbon chain i.e. B-Ala(H") and y-ABA(H"). In the case of
[3C,7H,20,NJH* the lowest energy compound is S-Ala(H™)
whose enhanced stability can be rationalized by the possible
formation of a 6-membered cycle closed by a hydrogen bond
between a hydrogen of the protonated amine and the oxygen
of the C=0 group. This structure is more stable than the 5-
membered cycle that can be formed by a-Ala(H*), which is
consistent with a position ~ 6 kcal/mol higher on the energy
scale.

In the case of [4C,9H,20,N]JH" the lowest energy com-
pound is y-ABA(H"). Here the hydrogen bonded cycle is
a T7-membered structure, a priori less stable than the 6-
membered one. In fact, y-ABA(H") is followed on the en-
ergy scale by the protonated forms of g-Ala substituted by
H/CHj replacements on all possible sites, i.e .

B-ABA(HY), NH;CH(CH3)CHZCOOH,

B-AIB(H™), NH;CHZCH(CH3)COOH,

N-methyl g-alanine(H"), CH3;NH; CH,CH, COOH,
all of them able to give 6-membered cycles. The reason is to
be found in the destabilizing steric interactions due to the
CHj substituents.
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Table 1. Relative thermodynamic stability of glycine, alanine and amino butyric acid neutral isomers (kcal/mol)

Neutral Neutral Neutral
Glycine isomers AE  Alanine isomers AE  ABA isomers AE
CH3-NH-COOH 0.0 CH3-CH,;-NH-COOH 0.0 (CH3)2CH-NH-COOH 0.0
CH3-OCO(NH>) 4.7  CH3-CH2-OCO(NH3) 3.3 (CH3),CH-OCO(NH3) 1.9
NH,CH,COOH 10.3  (CH3)2N-COOH 7.0 CH3-CH;,-CH,-NH-COOH 2.0
HOCH,-CO(NH;) 12.0 HOCH(CHj3)-CO(NH,) 10.3 CHj3-CH,-CH,-O-CO(NH>) 5.4
HOCH,NHCHO 18.0 CH3;-OCONH-CHj3 10.6  CHj3-CH2-N-(CH3)COOH 7.8
NH,CH,OCHO 30.8 NH,CH(CH3)-COOH 10.8  (CH3)2C(OH)-CO(NH3) 8.9
NH,CH,-CH,-COOH 11.5 CH;3-CH(OH)-CH;,-CO(NH3) 9.7
HOCH;-CH,-CO(NH,) 11.7 CH3-CH(NH;)-CH,-COOH 10.7
HOCH,-CO-NH-CHj3 17.8 NH,C(CHz3),-COOH 10.8
CH;3-NH-CH,-COOH 18.3 CHj3-CH,-CH(OH)-CO(NH,) 12.1
CH3-0-CH»-CO-(NH3) 21.2 NH,CH,-CH(CH3)-COOH 12.3
CH3-CH,-CH(NH;,)-COOH 13.9
NH,CH,-CH,-CH,-COOH 14.0

HOCH,-CH(CH;3)-CO(NH,)  14.1

HOCH;-CH;-CH,-CO(NH>) 14.4
CH3-CH,-NH-CH,-COOH 18.3
CH3-NH-CH(CH3)-COOH 18.5

The a-AA(H*) i.e. AIB(H*) (9 kcal/mol), a-ABA(H™),
CH3CH,CH(NH3)COOH (12 kcal/mol), protonated N-
methyl alanine, CH3NH} CH(CH3)COOH (~13 kcal/mol),
protonated ~N-ethyl glycine, CH3CH,NH]CH,COOH
(~13 kcal/mol) and protonated dimethyl glycine,
(CH3),NH*CH,COOH (~18 kcal/mol) are all higher
in energy.

Protonation of the oxygen atoms of the neutral Ala and
ABA isomers leads in all cases to either the transfer of the
proton to the nitrogen atom or to dissociation. Stable pro-
tonation of the oxygen occurs only when the C=0 and N
atom are linked together; in all other cases, H* attaches to
nitrogen.

3.3 ¢) Zwitterionic glycine, alanine and amino
butyric acid isomers

In the presence of water, i.e. the aqueous alteration phase,
AA are known to be in zwitterionic form, this intramolecu-
lar ion pair being unstable in the gas phase. Theoretically,
it has been shown that as few as two HyO molecules, when
properly positioned around glycine, are sufficient to induce
the proton transfer from the carboxylic group to the amino
group leading to the NH;CHQCOO_ zwitterion (Kassab
et al. 2000).

Taking the dielectric constant of liquid water (e = 80)
to describe the environment in the PCM model (Tomasi &
Persico 1994) we obtain the energetic orders given in Table
3. Primary amino groups produce more stable zwitterions
than secondary and tertiary groups. The important result
is that the @-AA are the most thermodynamically stable
structures, those able to participate in the chiral structures
of biologic interest.

3.4 d) Nitrile precursors of glycine, alanine and
amino butyric acid

The Strecker synthesis has been proposed to be at the origin
of the AA in meteorites (Peltzer et al. 1984; Ehrenfreund
et al. 2001; Bernstein et al. 2004). Starting from HCN, NHj
and a carbonyl compound it produces amino nitriles that
lead to the corresponding a-AA after hydrolysis. This same
mechanism was proposed earlier (Brown et al. 1977) for the
formation of interstellar Gly but it has taken 10 more years
to detect amino acetonitrile NHyCH,CN in Sgr B2 (Belloche
et al. 2008).

Hereafter, the relative energies of the nitriles assumed to
be precursors of C2, C3 and C4 amino acids are reported in
Table 4. The most stable species that can be formed from the
[2C,4H,2N], [3C,6H,2N] and [4C,8H,2N] atomic distributions
contain the -CN group.

In acidic water, the corresponding acid are formed. Fur-
thermore all of them are @-amino nitriles, i.e. those leading
to the most stable AA zwitterions by hydrolysis. Immedi-
ately above the amino nitrile isomers one finds the -NH-CN
group at the end of the carbon chains (~3 kcal/mol up the
energy scale). Higher in energy, the -HN- group is inserted
in the carbon chains.

4 DISCUSSION

The aim of the present work was to determine whether dif-
ferences in the abundance ratios of - to a-Ala (see data
by Botta et al. (2002)(Botta & Bada 2002), Botta et al.
(2007)(Botta et al. 2007), Martins & Sephton (2009)(Mar-
tins & Sephton 2009), Glavin et al. (2011)(Glavin et al. 2011)
and Martins et al. (2015)(Martins et al. 2015) in Tables 5
and 6, could be related to a chemical environment that would
ultimately be linked to the type of carbonaceous chondrite
in which they are found. Based on the minimum energy prin-
ciple, we find that all a-, 8- and y-AA are far from being
the most stable isomers that can be formed from the neu-
tral [3C,7H,20,N] and [4C,9H,20,N] set of atoms (see Table

MNRAS 000, 1-11 (2015)
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Table 2. Relative thermodynamic stability of glycine, alanine and amino butyric protonated isomers (kcal/mol)

Prootonated Protonated protonated
Glycine isomers AE  Alanine isomers AE  ABA isomers AE
NH}-CH,-COOH 0.0  NHj-CH,-CH,-COOH 0.0  NHj-CH,-CH,-CH,-COOH 0.0
CH3-NH-C(OH); 2.2 NHj-CH(CH3)-COOH 5.8 NHj-CH(CH3)-CH,-COOH 2.4
CH3-O-C(OH)*-NH; 4.7  HO-CH,-CH,-C(OH)*-NH, 6.5  NHj-CH,-CH(CH3)-COOH 5.9
HOCH;-CH,-C(OH*)-NH, 6.0 CH3-CH,-O-C(OH)*-NH, 9.5 CH3-NH}-CH,-CH»-COOH 6.6
NH}-CH,-COOH 15.4  CH3-CH,-NH-C(OH); 9.6 HO-(CH;)3-C(OH)"-NH, 7.8
HOCH,;NH-CH(OH)* 16.0 CH3-NH;-CH,-COOH 10.2  NHj-C(CH3),-COOH 8.6
NH{CH=C(OH), 19.9 HO-CH(CH3)-C(OH)*-NH, 11.2 HO-CH(CH;3)-CH,-C(OH)*-NH, 9.2
NH} CH(OH)-CHO 27.9  (CH3)>N-C(OH)3 14.2  CH3-CH,-CH(NHJ)-COOH 12.5
HO-CH,-C(OH)*-NH-CHj3 16.2 CH3-NH;-CH(CH3)-COOH 12.9
CH3-O-C(OH)*-NH-CHj3 16.3  CH3-CH,-NH}-CH,-COOH 13.0
NH;-CHchZC(OH)z 21.5 (CH3),CH-O-C(OH)*-NH, 14.1
(CH3),CH-NH-C(OH)*-OH 15.4
(CH3),C(OH)-C(OH)*-NH, 15.9

Table 3. Relative thermodynamic stability® of zwitterionic glycine, alanine and amino butyric acid isomers (kcal/mol).

Zwitterionic Zwitterionic Zwitterionic
Glycine isomers AE  Alanine isomers AE ABA isomers AE
NH}-CH»-COO~ 0.0 NHj}-CH(CH3)-COO~ 0.0  NHj-C(CH3),-COO~ 0.0
CH3-NH*-COO~ 3.3 NHj;-CH,-CH,-COO~ 0.5  NHj-CH(CH3)-CH,-COO~ 0.8
CH3-CH,-NH3-COO~ 3.7 NHj-CH,-CH(CH3)-COO~ 3.2
CH3-NH}-CH,-COO~ 8.7  CH;3-CH,-CH(NHJ)-COO~ 3.8
(CH3),NH*COO~ 10.2  (CH3)2CH-NH3-COO~ 4.0
NH;-(CH2)3-COO_ 4.9

CH3-CH,-CH,-(NH})-COO~ 7.1

CH3-NH§-CH2-CH2-COO_ 10.5
CH3—NH§—CH(CH3)—COOf 10.6
CH3-CH2-NH;-CH2-COO_ 10.9
CH;3-CH,-NH*-(CH3)-COO~  11.7
(CH3),NH*-CH,-COO~ 17.3

* All calculations in this table are carried out at the MP2/6-3114+G**level. The difference between the energies of the lowest two
isomers of the C3 (Ala) is rather low (AE 0.46 kcal/mol) , that is less than 0.5 kcal/mol; consequently the energy gap has been

recalculated at the CCSD(T) level as 0.73 kcal/mol in order to check the energetic ordering of the two isomers.

Table 4. Relative thermodynamic stability® of nitrile precursors of glycine, alanine and amino butyric acid isomers (kcal/mol).

Nitrile Nitrile Nitrile
Glycine isomers AE  Alanine isomers AE  ABA isomers AE
NH;-CH»-CN 0.0 NH-CH(CH3)-CN 0.0 NH,-C(CH3),CN 0.0
CH3-NH-CN 3.1 NH,-CH-CH2-CN 0.4 NH»-CH(CH3)-CH,-CN 0.3
CH3N=C=NH 3.3 CH3-CH,-NH-CN 3.4 NH;-CH,-CH(CH3)-CN 2.1
HN=CH-CH=NH 11.3 CH3-NH-CH;,-CN 9.2 NH,-CH,-CH(CN)CH,-CH3 2.3
HN=CH-N=CH, 13.6  (CH3),N-CN 9.5 NH,-(CH;)3-CN 2.4
NH,-CH,-NC 18.5 (CH3),CH-NH-CN 3.2
CH3-CH;-CH,-NH-CN 5.9
CH3-NH-CH,-CH,-CN 8.5
CH3-NH-CH(CH3)-CN 8.8
CH3-CH;,-NH-CH;-CN 9.6
CH3-CH,-N(CH3)-CN 10.3
(CH3)2N-CH,-CN 13.7

5

* All calculations in this table are carried out at the B3LYP/6-311G**level. In view of the low difference (AE < 0.5 kcal/mol) between

the energies of the lowest two isomers of the C3 (Ala) and C4 (ABA) series (0.43 and 0.34 kcal/mol respectively) these energy gaps
have been recalculated at higher levels of theory using the B3LYP/6-311G** optimized geometries: Ala: CCSD/cc-pVQZ= 0.52;

CCSD(T)//cc-pVQZ= 0.69 (kcal/mol), ABA: CCSD/cc-pVQZ= 0.94; CCSD(T)//cc-pVQZ= 1.31 (kcal/mol). These numbers confirm

the stability of the energetic ordering.

MNRAS 000, 1-11 (2015)
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1). This result, valid in gas phase conditions, says that it is
unlikely that their relative abundances, as deduced from the
analysis of the organic matter of the meteorites, be related
to their presence in the gas phase, which rules out the hy-
pothesis of the accretion of these compounds after they are
formed.

Most chondrites suffered extensive transformations on
their parent bodies: thermal metamorphism in petrographic
types 3 and above (only the Allende CV3 in Table 5),
and aqueous alteration moderate to severe in petrographic
type 2s(Renazzo, Murchison, Murray, Nogoya and Tagish
Lake) and extensive in type 1s (Orgueil and Ivuna). Es-
sebi, although classified as an ungrouped type 2 is known
to also have suffered extensive alteration on its parent-
body(Metzler et al. 1992).

It is unlikely that the AA contents of all these chon-
drites remained unaffected by such processes and still reflect
pre-accretionary conditions. Indeed, Table 5 on meteorite
falls’ shows systematic differences between type 2s and
the more heavily altered CIls and Essebi. In the former
B- and a-Ala concentrations average several hundreds up
to a thousand ppb with a close to 1 ratio. In the latter
Clls type, on the other hand, only the concentration of
B-Ala is in that same range, whereas concentrations of
a-Ala are only ~200 ppb. This suggests that a-Ala was
preferentially destroyed in the alteration conditions that
prevailed on the parent CI and Essebi parent bodies. The
recent results obtained on the Paris meteorite (Martins
et al. (2015))(Martins et al. 2015) show a B/a ratio of ~
0.7-0.9 totally consistent with CM2 petrologic classification.

It is worth noting that meteorite finds, most of which
experienced terrestrial weathering, exhibit a totally different
pattern (Table 6) while the range of variations appears
much larger than in falls, (up to tens of thousands ppb of
a-Ala in some CR chondrites). The B-Ala concentration
tends to be low (down below the detection limit in a few
cases) and almost systematically depleted with respect to
a-Ala, with a 8/« ratio ~0.1, except in a few petrographic
type 1 (MET 01070, SCO 06043 and one replicate of GRO
95577). This suggests preferential destruction of B-Ala in
the course of terrestrial weathering (type 1 MET 01070,
SCO 06043 and GRO 95577 having presumably started with
B-Ala much higher than a-Ala due to previous parent-body
alteration).

From the quantum simulations, the minimum energy
principle gives that the @- and B-Ala isomers are the most
stable species that can be formed from the [3C,7H,20,N] set
of atoms in only two conditions, namely in protonated or
in zwitterionic forms (see Tables 2 and 3). However, it is
remarkable that the stability order is not the same in both
cases. Additional information on the nature of the parent
bodies of the carbonaceous chondrites can be obtained with
the values of the relative abundances of the ABA isomers

3 Falls means that the date of the fall is known and the meteorite
collected soon after. Finds means that the date when the mete-
orite was found is known but that the time during which it has
been exposed to the terrestrial environment is unknown.

1000

100 A

10 4

Relative abundances (log)

| Orgueil & huna

Relative energies with respect to y-ABA

Figure 1. Relative abundances of the 5 C4H9NO; isomers present
in chondrites Orgueil and Ivuna as a function of the energy gap
(kcal/mol) to the most stable protonated isomer

according to the type of chondrite from which they are ex-
tracted.

The work of Guo & Eiler (2007)(Guo & Eiler 1994)
demonstrates indeed that the hydration phase lasted long
enough to reach a local thermodynamic equilibrium both in
CM and in CI chondrites. It is a perfect situation for PEM
application as a pragmatic tool on the relative abundances of
ABA isomers in protic (Ivuna, Orgueil) and neutral (Murchi-
son, Murray) environments respectively. Unfortunately, all
the ABA isomers necessary to assist in the characterization
of Paris have not been identified in the laboratory. Any-
how there are enough data to single out typical examples
of CM and CI meteorites for the comparison of the relative
abundances with the relative stabilities as a function of the
environment.

4.1 Amino acids in CI carbonaceous chondrites

The AA abundances determined in CI chondrites Orgueil
and Ivuna(Ehrenfreund et al. 2001; Martins & Sephton
2009) are very similar. According to our calculations the
most abundant is Gly followed by B-Ala and y-ABA in
a protic environment. These AA are indeed the most sta-
ble species that can be formed as protonated species from
the [2C,5H,20,NJH*, [3C,7H,20,N]H" and [4C,9H,20,N]JH*
sets of atoms (Table 1).

It can be seen that B-Ala(H") is more stable than bi-
ological a-Ala(H"). In the same way, when comparing the
abundance ordering of AA of C4H9NO, raw formula iden-
tified by analysis of the organic matter in CI chondrites
with the stability ordering of the corresponding protonated
species, we find the same ordering. It can be concluded that,
in the case of CI chondrites, the more stable is the proto-
nated AA(H"), the larger should be the abundance of the
corresponding neutral AA; it is what is effectively observed
according to laboratory analyses, i.e. 8-Ala and y-ABA for
3C and 4C AA respectively.

Another point to outline is the perfect similarity of the
abundance ratios of the higher energy isomers to that of the
most abundant y-ABA in both Ivuna and Orgueil. Regard-
less of the uncertainties on the measured abundances Figure
1 shows that there is a linear relation between the relative
energies of the protonated isomers and the abundances of

MNRAS 000, 1-11 (2015)
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Table 5. Average concentrations of glycine, @- and B-alanine in carbonaceous falls (ppb) taken from Botta et al. (2002), Botta et al.

(2007), Martins & Sephton (2009), Glavin et al. (2011) and Martins et al. (2015) together with (B-Ala)/(e-Ala) abundance ratios.

Meteorite Type glycine a-alanine B-alanine B/a Ref #
Allende CV3 457 131 317 2.4 MS(2009)
Renazzo CR2 875 170 223 1.3 MS(2009)
Mighei CM2 788 587 897 1.5 MS(2009)
Murchison CM2 2919 888 809 0.9 Bot(2007)
1676 1269 0.8 Bot(2002)
1310 1081 0.8 Gla(2011)
1282 1419 1.1 Gla(2011)
Murray CM2 2110 1264 1063 0.8 MS (2009)
Nogoya CM2 1118 457 796 1.7 MS (2009)
Paris non hydrolyzed = CM(2.7/2.8) 729 620 0.85 Mar (2015)
Paris hydrolyzed CM(2.7/2.8) 1671 1250 0.71  Mar(2015)
Tagish Lake C2 147 95 64 0.7 MS(2009)
Essebi C2-ung 495 241 1396 5.8 MS(2009)
Ivuna CI1 617 239 1401 5.9 MS(2009)
Orgueil CI1 707 174 2732 15.7 Gla(2011)
235 1579 6.7 Bot(2002)
235 1579 6.7 Bot(2007)

Table 6. Average concentrations of @- and B-alanine in carbonaceous finds (ppb) taken from Botta et al. (2002), Botta et al. (2007),

Martins & Sephton (2009), Glavin et al. (2011) and Martins et al. (2015) together with (B8-Ala)/(@-Ala) abundance ratios.

Meteorite Type a-alanine B-alanine f/a Ref #
ALH83100  CM2 244 338 1.5 MS(2009))
ALHA77306 CM2 160 160 0.9 MS(2009)
B-7904 CM2 2 1 MS(2009)
LEW90500 CM2 695 442 0.6 Gla(2006)
LON94102 CM2 1568 821 0.5 Gla(2011)
Y-74662 CM2 1247 MS(2009))
Y-79331 CM2 4 MS(2009)
Y-791198 CM2 5808 1425 0.2 MS(2009)
ALHS88045 CM1 994 197 0.2 MS(2009)
LAPO0227 CM1 429 16 0.0 MS(2009)
METO01070 CM1 39 187 4.8 Gla (2011)
SC099077  CMl 20 122 6.1  Gla (2011)
QE 99177 CR3 7133 1954 0.3 Gla(2011)
EET 92042 CR2 43961 3046 0.1 MS(2009)
81433 4161 0.1 GlaD(2009)
GRA 95229 CR2 103606 3143 0.0 MS(2009)
Shisr 033 CR2 604 62 0.1 MS(2009)
GRO 95577 CR1 170 122 0.7 MS(2009))
81 295 3.6 Gla(2011)

the corresponding neutral AA. The slope of the regression
line (~ 0.3) is the same for Ivuna and Orgueil*. Such ev-

4 Error bars in Figures 1-3 are determined as the range of the

ratios between the highest and lowest values measured for the
isomer considered and the mean value measured for the most

abundant isomer

MNRAS 000, 1-11 (2015)

idence leads to consider that the abundances of AA in CI
chondrites are linked to the energies of the AA(H*) species
by a type of Boltzmann relation, which is totally consistent
with the state of local thermodynamic equilibrium.(Guo &

Eiler 1994)
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Table 7. Abundances (in ppb) of the AA isomers of C4H9NO, (upper panel) and C3HsNO, (lower panel) present in chondrites Orgueil
and Ivuna. Abundance ratios of the most abundant isomer y-ABA and B-Ala to the other detected AA: (y-ABA)/(other ABA isomers)
and (B-Ala)/(other Ala isomer); relative energies (kcal/mol) of the corresponding protonated derivatives AE (AA(H")

Amino Structure Abundances Abundance ratios AE (AA(H"))
acid Orgueil Ivuna Orgeuil Ivuna
PN
y-ABA  HoN COOH o3, 994 ~600 1 1 0.0
COOH
B-ABA NH, 332+ 99 438+142 1.9 1.4 2.4
COOH
HoN™~
B-AIB 148+ 70 84+ 12 4.2 7.1 5.9
a-AIB H2N><COOH 39+ 37 46+ 33 16.1 13 8.6
HyN
a-ABA \)\COOH 13+ 11 12+ 7 48 50 12.5
/\/COOH
B-Ala HzN 2052+ 311 1401+ 146 1 1 0.0
H,oN

a-Ala /\\COOH 138+ 18 239+36 14.9 5.9 5.8

4.2 Amino acids in CM carbonaceous chondrites 1R2
R'R“CO Rl INHZ R! /NHZ H,0 R ,NHZ
The AA abundances determined in CM chon- NH, — ©C-cNn — _;7C0 —— E‘ C=
drites(Ehrenfreund et al. 2001; Martins & Sephton R2 R® nNH, -(NHj) R® o
HCN +H,0

2009) as Murchison, Murray are very different from those
in CI. In addition to Gly, the most abundant is a-AlB,
the a-Ala and B-Ala isomers being a little less abundant
though close to each other as measured in the laboratory
analyses of the organic matter. The situation is summarized
in Table 8 and Figures 3 and 4.

In a neutral water environment, that favors the zwit-
terionic structures, a-Ala is more stable than the S-isomer
and for the same energetic reason should be more abundant.
It is precisely what is found in meteorite finds listed in Table
6 that experienced terrestrial weathering.

The unweathered and least parent-body altered(Rubin
et al. 2011) CM2 Murchison and Murray have concentrations
of both @- and B-Ala in the thousand ppb range. As pointed
above, this is unlikely to reflect a pre-accretionary process
that would take place in gas phase conditions as @- and
B-Ala are far from being the most stable isomers that can
be formed. It is more likely to reflect the initial Ala global
budget of the rocks synthetized in neutral to slightly acidic
conditions, either at the onset of parent-body alteration at
the expense of a more stable isomer inherited from the gas
phase, or in a yet to be determined environment such as
within CHON-bearing irradiated ices.

The large quantity of a-AIB (comparable to Gly) found
in CM chondrites has led Miller and co-workers (Wolman et
al 1972) to suggest that Strecker synthesis can be the dom-

Figure 2. Strecker reaction leading after hydrolysis to @-amino
acids inside the meteorites parent bodies of CM chondrites; gen-
erally R! and R? are carbonaceous fragments (if R!'=R2= H, the
AA obtained is glycine)

inant mechanism of AA formation in these types of mete-
orites. The reaction between HCN, NHj3 and carbonyl com-
pounds leads to an equilibrium in aqueous solution between
cyanohydrines and aminonitriles, these intermediates giving
a-amino-acids irreversibly upon hydrolysis. These reactions
are supposed to take place in the meteorites parent bodies.

Considering the plots of the abundances of AA versus
the energy separations in Figures 3 and 4 suggests the
existence of a quasi linear relation in Murchison and Murray
between higher energy isomers and that of the most stable
a-AIB, this being valid for both the zwitterions and the
corresponding aminonitriles precursors. In both cases, the
regression lines are very close with values of ~0.6 and ~0.9
for zwitterions and aminonitriles, respectively. It confirms
that the relative distribution of the AA isomers is equivalent
in the two CM chondrites and makes to think of a direct filia-
tion between the aminonitriles and the direct AA derivative.

MNRAS 000, 1-11 (2015)
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Table 8. Abundances (in ppb) of the AA isomers of C4H9gNO, (upper panel) and C3HsNO; (lower panel) present in chondrites Murchison
and Murray. Abundance ratios of the most abundant isomer a-AIB and -Ala to the other detected AA: (a-AIB)/(other ABA isomers)
and (B-Ala)/(other Ala isomer). Relative energies (kcal/mol) of the corresponding zwitterionic AE (A*A™) and nitrile precursors AE

(CN)
Amino Structure Abundances Abundance ratios AE (A*A™) AE (CN)
acid Murchison Murray Murchison  Murray Zwitterion Nitrile
a-AIB HoN COOH 2901+ 328 1968+ 350 1 1 0.0 0.0
\/\COOH
B-ABA NH, 708+ 171 424+ 18 4.1 4.6 0.8 0.3
HoN
a-ABA \/‘\COOH 642+ 209 463+ 68 4.5 4.3 3.8 2.3
COOH
H2N/\r
B-AIB 343+ 102 147+ 88 8.5 13.4 3.8 1.7
NN
y-ABA  HeN COOH 13314 412 717+ 192 2.2 2.7 4.9 2.4
HoN
a-Ala /‘\COOH 1676+ 266 1264+ 137 1 1 0.0 0.0
B-Ala HZN/\/COOH 1269+ 202 1063268 1.3 1.2 0.5 0.4
. 100 100
™ —
[eT1]
2 S
— =
o O
c (8]
© c
o ©
c ©
s C
] 2
3 ©
2 2
© =] 1 T T T T T T T
TJ i} 05 1 15 2 25 3 3.5 4 % 0 05 1 15 2 25 3 3,5 4
o | W Murchison A& Muray | o | W Murchison A Murray |

Relative abundances with respect to a-AlB zwitterion

Figure 3. Relative abundances of 4 isomers of C4H9NO; formula
present in chondrites Murchison and Murray as a function of the
energy gap (kcal/mol) to the most stable zwitterionic isomer: a-
AIB. The y-ABA isomer is not considered in these plots: see text
below.

We remark that the correlation coefficients in the CMs
are smaller than in the case of the protonated AA in the
CIs. However, even with larger uncertainty margins, it is
still possible to consider that the abundances of the AA are
approximately distributed in a Boltzmanian way relative to

MNRAS 000, 1-11 (2015)

Relative abundances with respect to a-AlB nitrile

Figure 4. Relative abundances of 4 isomers of C4H9NO, formula
present in chondrites Murchison and Murray as a function of the
energy gap (kcal/mol) to the most stable nitrile isomer: a-AIB.
The y-ABA isomer is not considered in these plots: see text below.

their stabilities in the environments. The distance to linear-
ity found in this study might be due to a weakness of the
theoretical representation of the conjectured liquid medium
which is most probably not pure water inside the parent
bodies. Despite being one of the more realistic models to
represent solute - solvent electrostatic interactions, taking
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the solvent as a continuous medium cannot accurately ac-
count for the dynamical aspect of hydrogen bonds.

How relevant is the energetic ordering calculated for the
AA nitriles on their respective energy scales is a crucial in-
formation. Rising the level of theory from B3LYP to CCSD
and CCSD(T) to account for more electronic correlation con-
firms the stability ordering of the lowest two energy isomers
in the C3 (Ala) and C4 (ABA) nitrile series, that is to say,
that NH,CH(CH3)CN and NH;-(CHj3),-CN are more stable
than NH,CH,CH;CN and NH,-CH(CHj3),-CN.

The case of zwitterions could be more complex, in fact
less tractable, since the energies had yet been evaluated with
large basis sets due to the necessary inclusion of diffuse func-
tions for describing the liquid environment, as well as higher
level of theory. Yet, the only questionable point, i.e. the gap
between the isomers of the Ala series has been recalculated
at the CCSD(T) level as for the sensitive points of the nitrile
case. These calculations confirm that NH} CH(CH3)COO~
is more stable than the NH;CHZCHZCOO_ isomer.

In the discussion of AA in CM chondrites we have not
considered y-ABA whose large abundance falls out the pat-
tern shown by the other four isomers (Table 8). At least two
reasons can be mentioned for explaining this surprising ob-
servation. Following Glavin et al. (1999), it could be traced
back to the fact that this compound is known to be a wide
spread terrestrial contaminant of bacterial origin. Beyond a
biochemical source, rather unlikely to apply in the case of
meteorite falls, we prefer to consider a kinetic origin, namely
that the large abundance of y-ABA could also be due to a
large activation barrier creating an energetic well prevent-
ing rearrangement towards a more stable structure; y-ABA
is linear whereas all the other isomers are ramified.

The fact that the only AA precursor detected in the ISM
i.e. NH,CH,CN (precursor of Gly) in Sg B2 (Belloche et al.
2008) ) is the most stable molecule of the [2C,4H,2N] series
is consistent with the MEP of Lattelais et al, (2009, 2010).
It is a strong incentive to the search for the most stable C3
amino nitrile NHyCHCH3CN, the first chiral e-aminonitrile
that would lead to the first chiral AA.

5 CONCLUSION

One has first to recall that the thermodynamically most sta-
ble compounds are those kinetically stable in standard con-
ditions on the Earth. Then, before drawing any conclusion
for meteorites it should also be reminded that this study re-
lies on two types of a priori disconnected data, namely, lab-
oratory experiments on the meteoritic organic matter and
theoretical quantum calculations.

On the one hand, the laboratory analysis of the or-
ganic matter of carbonaceous chondrites, from which the
AA abundances are deduced, is performed after extractions
in harsh acidic conditions. In these circumstances, original
functional groups can be strongly altered so that the pri-
mary nature of the AA functionality has been erased. The
best example is that of @-amino nitriles which cannot sur-
vive as such the acidic extraction and are irreversibly trans-
formed into the corresponding AA. Such drastic chemical
modification may have dramatic consequences in that, the
abundances deduced from the analysis are not those of the
original AA but the addition of all those of the precursors

that are transformed into AA in the process of acidic extrac-
tion. For instance, aminoacetonitrile, a precursor of glycine,
has been detected in the ISM (Belloche et al. 2008) but never
identified in meteorites whereas glycine is a major compo-
nent found in carbonaceous chondrites.

On the other hand the numerical simulations are able to
track from scratch the most plausible structures before (gas
phase) and during (water conditions) the hydration phase,
namely neutral, protonated, zwitterionic as well as that of
the nitrile precursors.

Relying on the work that showed that the hydration
phase lasted long enough to reach a local thermodynamic
equilibrium both in CM and in CI chondrites we are confi-
dent in the ability of the PEM as a pragmatic tool to predict
the relative stabilities of the possible isomeric structures not
identifiable in situ. In the end, two working hypotheses can
be presented according the type of chondrite, CI or CM.

i) For Cls, the present work suggests that after synthe-
sis in neutral to slightly acidic conditions, Ala was partly
destroyed in physico-chemical conditions that were rather
acidic in parent-body altered Orgueil, Ivuna and Essebi. In
this case we have to suppose that the surrounding medium
was adequately acidic for the AA be present mostly in a pro-
tonated form, that is with a pH ~2, i.e. a typical value for the
carboxylic function of an amino acid. Terrestrial weathering,
on the other hand, was also responsible for the partial de-
struction of Ala, but took place in a more neutral meteoritic
aqueous environment.

ii) For CMs, we have to suppose that the surrounding
medium was neutral or slightly basic for amino acids and
amino nitriles to be present in the parent bodies. This situ-
ation tends to demonstrate that the pH of the aqueous phase
should be comprised in the range of 2 and 10, i.e. an interval
typical of the separation between the pK of the carboxylic
and amino functions of an amino acid. It is compatible with
the study by Dufresne & Anders, almost 60 years ago, re-
porting a pH interval between 6 and 10 for the aqueous phase
for the CM chondrites(Dufresne & Anders 1962).

Finally, on the basis of our relative stability simulations,
the presence or not of a protic environment that can be de-
duced from the @- to B-alanine abundance ratio and more
certainly from the relative abundances of the ABA isomers
in unweathered falls could thus be considered as an addi-
tional criterion to constrain the nature of the parent bodies
of carbonaceous chondrites.
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